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1.1 Executive Summary  
Exploration for minerals is one of the few remaining hunter/gatherer activities - together with 

fishing - that plays any significant role in today’s global economy. Success in both sectors is 

dependent on finding a hidden treasure, whether under the surface of the sea or in the earth’s 

crust. The risk of not finding anything is also high for both fishermen and prospectors. 

Exploration is the base for all mineral and metal production, which in turn is the starting point 

for most industrial activities and hence plays a crucial role in the global economy.  

In spite of recent theoretical and technological innovations exploration is still a high-risk 

business. In the recent decade there has been some 200 000 exploration permits active in any 

one year globally, around 5 000 deposits have been taken to the next stage of drilling, 1 000 

projects are under-going definition drilling to determine volume of resources, only 600 projects 

have reached the feasibility stage where detailed technical and economic studies are 

undertaken and 300 projects are under construction. This means that it takes roughly 1 000 

initial geological projects to find one mine.  

The main driver of mineral exploration is mineral/metal prices, and only indirectly future metal 

demand. The fact that short term (i.e. recent and 2-3 years into the future) developments of 

metal prices and stock market sentiments, and not future societal need for metals and minerals 

or corporate need for additional resources, to a large extent determine exploration investments 

are increasing the uncertainties about future metal production levels in both the short and long 

term and is a major problem. This situation is exacerbated by the fact that the time lag between 

exploration and actual mineral production is never less than 10 years and often considerably 

longer. In addition the focus of exploration efforts is probably not optimal from a societal 

perspective either. Gold, for example, accounts for 41 % of exploration investment while it is not 

considered less strategically or economically important than many other metals and minerals.  

Global commercial exploration in 2014 was slightly over 11 000 million USD (MUSD). Over the 

past 20 years exploration expenditure shows strong variations in spite of a steadily growing 

demand for metals and minerals. Between 2002 and 2012 the growth in exploration was almost 

1 000 %, from 2 000 MUSD to close to 22 000 MUSD. 2014 was the second year of strong decline 

from the peak in 2012 down by almost 50 % over two years.  

The present extreme fluctuations in exploration activities over time are detrimental to the long 

term ability of the exploration sector to secure future demand for metals and minerals without 

new price spikes like the recent so called “super cycle”. It also causes uncertainties all through 

the economies of both producers and consumers of metals/minerals. 

In spite of a contracting mining industry there are still some exploration investments made in 

Europe, in total 452 MUSD and the EU accounting for 85 % of this. The Nordic region is the most 

dynamic part of Europe. In 2013, Sweden and Finland were the top countries, with around 80 
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MUSD each. Spain was the third country in terms of commercial exploration with about 40 

MUSD spent.  

There is a need for steadily increasing exploration for several reasons. The most important are: 

Demand for metals globally grows with increasing population, urbanization and industrialisation. 

New deposits are getting more difficult to find as they are deeper underground, have lower 

grades are in more remote areas and more complex chemical and mineralogical composition. 

The competition for land is increasing. Political decisions and geopolitical risk situation are 

increasingly reducing the areas available. With the above factors taken into consideration the 

optimal exploration expenditure over time should be increasing to cater for the increased rate 

of depletion while also growing due to the increasing difficulties of geological, technical, 

financial and political/geo-political character. At the same time technical progress could work in 

the opposite direction and lower necessary exploration expenditure over time.  

There are certain key elements that are more crucial than others in mineral and exploration 

investment decisions: 

1. Geological potential        

2. Political stability          

3. Suitable mineral policies    

Among the mineral policy issues the following are usually considered to be most important: 

Tenure of rights; Repatriation of profits; Management control; Equity control; Tax regime. 

European exploration is lagging behind. The Nordic region is an exception to this trend and 

Sweden, Finland and Greenland is continuing to attract exploration investments. It is an 

attractive geology in combination with a stable and conducive business environment that are 

underlying factors to the Nordic exploration success.    

In order to support exploration activities and attract investments it is important to make sure 

that there are up-to-date and complete geological data from all European Union countries. At 

present both the coverage and quality of available geological base data varies considerably from 

country to country. Harmonisation across EU member countries would increase the 

attractiveness for exploration investments. 

The success rate of exploration has possibly gone down over the past decades. It is clear that 

there is a need for expanded R&D efforts in the areas of geology and exploration. There is also a 

lack of trained and experienced staff to work in these areas. 

A next step would be to do a study focusing further on trends in the EU, and make more detailed 

propositions on what the EU can do to support future exploration both by European companies 

outside of Europe and within the member states as well as by foreign companies into the union. 

Potential collaborations with for example China and Africa should be further explored. Other 
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regions and countries should certainly also be surveyed but these regions could potentially have 

a specific interest to cooperate with Europe. 

The European Commission should take a more proactive role to attract more exploration 

investments into the EU countries. A first step could be to coordinate the various national 

efforts in this area and present a common window to the world of investors at international 

conferences and trade shows. 

Continued exploration successes, together with technological developments of exploration 

methods, equipment and models and optimal legal and financial conditions are key 

preconditions for exploration to support securing future mineral raw materials supply.   
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1.2 Introduction 

1.2.1 Relevance of the topic 

Exploration for minerals is one of the few remaining hunter/gatherer activities - together with 

fishing - that plays any significant role in today’s global economy. Success in both sectors is 

dependent on finding a hidden treasure, whether under the surface of the sea or in the earth’s 

crust. The risk of not finding anything is also high for both fishermen and prospectors. 

Exploration is the base for all mineral and metal production, which in turn is the starting point 

for most industrial activities and hence plays a crucial role in the global economy. In spite of 

recent theoretical and technological innovations exploration is still a highly risky business. In the 

recent decade there has been some 200 000 exploration permits active in any one year globally, 

around 5 000 deposits have been taken to the next stage of drilling, 1 000 projects are under-

going definition drilling to determine volume of resources, only 600 projects have reached the 

feasibility stage where detailed technical and economic studies are undertaken and 300 projects 

are under construction. This means that it takes roughly 1 000 initial geological projects to find 

one mine.  

Continued exploration successes, together with technological developments of exploration 

methods, equipment and models and optimal legal and financial conditions are key 

preconditions for exploration to support securing future mineral raw materials supply.   

When metal production grows there should be an increase in exploration expenditure to 

counterbalance the increased speed of depletion of resources and reserves. Trends in 

exploration investments are relevant because their size and focus, both geographically and 

targets (metals searched for)  will give a clear indication of the size and location of future mines 

and production levels – in the EU as well as on a global level. 

Exploration in this foresight includes all types of activities to find economically viable mineral 

deposits both industrial exploration and small scale prospecting, i.e. traditional searching for 

metals with simple tools. Geological mapping i.e. to create an understanding of an area’s 

geological basics without the purpose of finding a deposit is not included in the analysis. 

The focus in this study is on exploration for metals. Production of aggregates and industrial 

minerals and coal do not require much exploration as they are more universally present in 

mineable quantities and qualities. Some metals are also less exploration intensive such as iron 

ore and bauxite as they are also globally available and there are other factors than to have 

access to the optimal deposit, which determines the future supply of them.  

Actors in exploration are both commercial companies and government bodies. In some 

countries, mainly formerly or presently centrally planned economies such as Russia and China, 

government is a major force in exploration. Total government exploration spend, including 

China, Russia, India and others also in market economies, is of the same order of magnitude as 

commercial exploration,  15 000 million US dollars (MUSD) in 2013. Total global exploration 



          

                                                                     

10 
WP6 – Foresight Study 

 

 

 

Minerals4EU  FP7-NMP.2013.4.1-3 

expenditure in 2013 including both governments and corporate spending is around 30 000 

MUSD annually.  

An interesting case in point is China, which if including governmental exploration expenditure is 

the country with the highest investment level globally. Despite a decrease by 9.8 % between 

2012 and 2013 total exploration investment reaches 46 000 million yuan1 (RMB), approximately 

7 500 million USD. Governmental investments accounted for 47 % of Chinese investments in 

2013, which is an increase compared with 2012. Also in other countries such as Finland, 

considerable exploration spend arises from government-funded programs.  

Exploration is more and more undertaken by so called junior companies, i.e. companies which 

do not have a cash flow but are only set up to explore for and find new ore bodies. These 

companies are small, flexible and often have highly-trained staff with capacity to make quick 

and risky decisions that major companies often avoid. Their most close comparison in other 

industrial sectors is high tech biotechnological and IT companies. Further they can take greater 

political risks. They may be listed on a stock exchange, but often privately held. In both cases 

they depend mostly on private capital, which is sometimes willing to go into areas where a 

major, established and listed company is not able to operate (due to for example its CSR 

undertakings or ethical guidelines). Junior companies’ business idea is to find a deposit, outline 

it and sell it off to a major company, that has the financial, managerial and technical capabilities 

and human resource capacity to develop the deposit into a producing mine.  

The juniors make money for their shareholders by an increasing, sometimes very steeply, share 

price at the prospect of finding something valuable, a ‘bonanza’ deposit, giving huge increases in 

share prices, sometimes several hundred per cent in a limited period of time. This makes the 

juniors much more risk prone and the element of speculation in their exploration programs 

increases. There are also serious drawbacks with juniors in that they lack the capacity to turn a 

deposit into a mine. In these phases there is a need of more capital and other skills than what is 

necessary to run a relatively small exploration only company. Their dependence on the capital 

markets makes them vulnerable when general stock market climate is down and they often have 

to stop activities due to lack of capital in spite of having objectively interesting projects at hand. 

There is also a risk that speculative companies help to destroy the reputation of mining in 

general if they go bankrupt wasting not only their shareholders’ capital but sometimes also 

forcing governments to take on for example unpaid environmental costs.   

In this study we use the terms investments, activities or simply exploration to cover all parts of 

exploration. Due to the lack of data we can only briefly discuss the effectivity of the funds spent 

on exploration. There is direct proportionality between exploration expenditures and 

exploration activities. Given the low success rate of exploration, as discussed above, it should be 

underlined that exploration in its own right is an interesting branch of the mining sector. If a 

deposit is located and a mine eventually constructed this is an additional benefit but in general 

                                                           
1
 Ministry of Land and Resources, PRC, China Mineral Resources, 2014, Geological Publishing House, 
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the main economic effects of exploration is running of the exploration itself rather than a 

potential mine.  Particularly in the often peripheral regions, where exploration is undertaken 

these funds can play an important economic role. 

The main driver of mineral exploration is mineral/metal prices, and only indirectly future metal 

demand. The fact that short term (i.e. recent and 2-3 years into the future) developments of 

metal prices and stock market sentiments, and not future societal need for metals and minerals 

or corporate need for additional resources, to a large extent determine exploration investments 

create a major problem. Demand for minerals is basically related to long term economic 

development phase and speed, while metal and mineral prices are dependent on a number of 

short term factors. This situation is exacerbated by the fact that the time lag between 

exploration and actual mineral production is never less than 10 years and often considerably 

longer. Hence exploration efforts are often started too late. 

1.2.1.1 Price variations and their impact  

From a societal point of view the strong, short term variations up and down in exploration 

expenditure are increasing the uncertainties about future metal production levels in both the 

short and long term. The variations are further a waste of resources as in periods of high 

demand for exploration services, costs for these services increase at a higher pace than in other 

parts of the economy and hence cause inflation in exploration prices. The strong volatility also 

means that staff are laid off and in addition to the personal problems this creates it means that 

the continuity, which is particularly important in a long term business such as exploration where 

it often takes many years to find a deposit, is broken and knowledge easily lost and work has to 

be repeated or is even done again because later geologists might not know of work previously 

undertaken. 

Exploration costs are gradually increasing for a number of reasons which are discussed in detail 

in chapter 4. 

The optimal exploration expenditure should not only be increasing to cater for the increased 

rate of depletion but also growing due to these increasing difficulties of geological, technical, 

financial and political/geo-political character.  

By researching key drivers of exploration investments, and current and historic trends, it is 

possible to make forecasts whether the optimal exploration expenditure is being reached. 

Exploration expenditure will have to grow in the future in order to meet societal and market 

demand for metals and minerals, and the growth in exploration expenditure traces to the cost 

structure of the mineral commodities. In this sense, cost-effective supply of mineral resources 

will increasingly depend on sufficient investment in exploration activities, in Europe and abroad. 
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1.3 Regional Variation  
This chapter will investigate regional patterns in exploration activities. The regional variation of 

origin of investment funds for exploration is however not covered. Very briefly a number of 

countries and stock exchanges have built a reputation and skills necessary to raise capital for the 

high risk activity such as exploration. Canada and in particular Toronto and Vancouver stock 

exchanges are globally leading in this area. Australia is another leading country in supplying the 

global exploration industries with capital. In Europe the Alternative Investment Market (AIM) in 

London fulfils a similar role but at a lesser scale. In other European countries there are some 

opportunities on the Stockholm, Oslo, and some other stock exchanges but in other mining 

countries such as Finland, Spain, Greece and Poland there are very limited opportunities of local 

capital funding for exploration. The lack of understanding of the exploration and mining markets 

in many countries among their financial communities hampers the development of exploration 

in Europe. 

1.3.1 Global Commercial exploration by Region 

Exploration activities are not equally distributed across the regions in the world, countries and 

indeed not within countries. There are areas with a high level of exploration activities, while 

others with equal geological conditions show much lower activities. This section provides an 

overview of current regional variation in exploration investments. 

In 2013, Latin America was the most attractive investment region accounting for 27 % of total 

commercial exploration or around 3 400 million USD. In fact Latin America has been the most 

attractive   destination for exploration since the mid-1990s. Leading countries are: Mexico and 

Chile 7 % each, Peru 5 %, Brazil 3 % followed by Colombia 2 %.   

Africa accounted for 17 % of global exploration in 2013 with close to 2 400 million USD of 

exploration expenditures. The top African exploration destinations included, in descending 

order, Democratic Republic of Congo (DRC), Burkina Faso, South Africa, Zambia, and Ghana. 

African exploration budgets have passed a trough in the early 2000s and have increased over 

the past years. 

The relative significance of the US, Canada and Australia as exploration destinations has been 

decreasing over the past two decades. Canada experienced a large decrease between 2012 and 

2013 (a decline of 41 %) and attracted 13 % of worldwide allocations in 2013. However,  in spite 

of this decline Canada and Australia are still  leading exploration countries each with an 

expenditure of around 2 000 million USD. Exploration expenditure in the US is 1 000 million USD. 

The Pacific/South East Asia region accounts for 7 % of total global commercial expenditure. 

Three countries are included: Indonesia, the Philippines and Papua New Guinea. This area has 

increased its share of exploration expenditure since the early 2000s. 

Rest of the World, including all of Asia (excluding Indonesia) and Europe, explores for 2 400 

million USD. Most important countries outside of Europe are: China, Russia, Kazakhstan, India 

and Mongolia.  The Rest of the World area has maintained its share of global exploration during 
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the past decade but the distribution between countries in the region has changed considerably. 

European share of exploration in this area has fallen from 47 % in 1999 to 23 % in 2014.  

Figure 1: Regional variation of exploration 2013 (% of total global commercial exploration) 

 

(Source: SNL Metals&Mining, Corporate Exploration Strategies 2013) 

 

1.3.1.1 Exploration in Europe 

In spite of a quickly contracting mining industry there are still some exploration investments 

made in Europe, with the Nordic region being the most active. In total the exploration 

investments into Europe was 452 MUSD in 2013. The EU accounted for 85 % of this or some 2.7 

% of total global commercial exploration expenditure. The bulk of the remainder, 55 MUSD was 

spent in former Yugoslavia (Serbia, Macedonia and small amounts in Kosovo, Montenegro and 

Bosnia-Hercegovina) and some 9 MUSD in Norway. In 2013, Sweden and Finland were the top 

countries, with around 80 million USD each.  Spain was the third country in terms of size of 

commercial exploration with about 40 million USD spent. Table 1 shows the Top 5 countries 

with regard to commercial exploration in EU28. 

Tabelle 1: Commercial Exploration in EU28 Top 5 Countries (million USD) (Source: SNL Metals&Mining, 

Corporate Exploration Strategies 2013) 

Country Total Exploration  

Sweden 82.3 

Finland 78.1 

Spain 43.2 

Ireland 29.1 
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Romania 20.5 

These figures relate to investments into exploration in European countries by commercial 

entities irrespective of the companies’ countries of origin. If we look at only companies with 

their base in Europe it is clear that a substantial part of their exploration budgets are targeting 

countries outside Europe. In 2013, Africa received more than a third of the total amount 

budgeted and Latin America roughly half of that. 

 

1.4 Temporal Variation  

1.4.1 Variations of topical phenomena over time 

Global commercial exploration in 2014 was slightly over 11 000 million USD. See Figure 2. Over 

the past 20 years exploration expenditure shows strong variations in spite of a steadily growing 

demand for metals and minerals. Between 2002 and 2012 the growth in exploration was almost 

1 000 %, from 2 000 million USD to close to 22 000 million USD. The global financial crisis in 

2008/09 brought exploration into a crisis and the amount invested declined by 41 % in one year 

only to recover and grow by over 50 % in three years. 2014 was the second year of strong 

decline from the peak in 2012 down by 10 000 million USD or almost 50 % again but this time in 

two years.  

Given that metal/mineral prices continues downward, albeit at a relatively high level, 

exploration investments will most probably fall also in 2015 and perhaps also 2016. Several of 

the major mining companies have implemented cost-cutting measures also in exploration. For 

juniors it has been increasingly difficult to access finance and their activities have been 

particularly severely hit. 

 

Figure 2: Estimated total commercial exploration budgets (Source: World Exploration Trends, SNL Metals & 

Mining 2015.) 
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1.4.1.1 Exploration Investment cycles 

Mineral prices determine exploration expenditures and investments. Hence exploration like 

prices are cyclical. The variations in exploration are however much larger than the price 

changes, between 2002 and 2012 a price index increased by 300 % while exploration grow by 

almost 1 000 %. After the finanical crisis prices fell by not more than 15 % while exploration was 

almost cut into half.  At the previous bottom of the cycle in 2002, global expenditure was only 2 

000 million USD.  Metals prices came down in early 2000, causing major companies to decrease 

their budgets, and juniors found it increasingly difficult to attract funding. This caused 

exploration budgets to decline to a 12-year low in 2002.  

The initial increase in worldwide exploration budgets from the low in 2002 was due to a 

combination of higher gold prices and rising investor interest that enabled a junior sector 

revival, and increased spending by the majors as they recognized the lack of new projects 

moving up the pipeline towards mines in production. 

In 2007, the super cycle continued, led by the economic boom in China, and many metals prices 

peaked in 2007 and early 2008. This caused the major and junior companies yearly budgets to 

increases rapidly and drove worldwide exploration budget total to a new high of 13 750 million 

USD in 2008—an increase of 677 % from the bottom of the cycle in 2002. 

The mining industry’s boom years came to a halt in September 2008, as the world fell into 

economic turmoil. Forecast of a protracted global recession pushed most metals prices 

downwards and companies lowered their exploration plans for 2009.  The drop in worldwide 

nonferrous exploration between 2008 and 2009 was the largest year-on-year decline (in both 

dollar and percentage terms) since 1989. 

2012 opened with most metals prices at or near recent highs, relatively strong investor interest 

in the mining sector. However, investors began to turn away from junior companies and major 

mining companies   started focusing on profit margins over growth. In addition, international 

political, economic, and market uncertainties remained stubbornly intractable. By mid-2012, all 

these factors together led to decrease in exploration activity, which continued unabated 

through 2013. 

1.4.1.2 Type of Company 

Junior companies have cut their exploration activities more than the general reduction in 

exploration expenditure in recent years. They have clearly been affected by the market 

downturn and increasing difficulties in securing finances. In 2014 their share of the world total 

was the lowest since 2001. In Latin America juniors accounted for 47 % of all exploration 

expenditure in 2007 down to 23 % in 2014, in Canada the country most dependent on juniors 

the figures were 77 and 51 % respectively, in Rest of the World (SNL definition2) the region with 

the least junior managed activities the figures were even more dramatically reduced in the same 

period from 32 to 13 %. The only region where juniors fared well was Australia where their 

                                                           
2
 Rest of the world includes all of Asia (excluding Indonesia) and Europe (including Russia). 
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share was only down from 55 % to 48 %. Major companies’ part of the total in 2013 was 48 % 

which is their highest share since 2003.  

1.4.1.3 Exploration by Target Metal  

Gold has historically dominated exploration spending. In recent years the share has been 

decreasing but gold still accounts for around 40 % of the total spending. Base metals, dominated 

by copper, accounts for a third of the expenditure, a level that has been more or less steady 

since the early 1990s. While diamonds was an important target between late-19902 till mid-

2000 it has recently declined. 

 

Figure 3: Commercial Exploration by target metal 1991-2013 (% of total expenditure) Source: SNL Metals 
& Mining, Corporate Exploration Strategies 2013. 

 

1.4.1.4 Forecasted Exploration Investment  

As has been pointed out, historically, exploration expenditure is closely linked to mineral/metal 

price developments with a one year lag. When metals prices are high exploration goes up and 

conversely when metals prices are low exploration expenditures go down. The periodicity of 

these price cycles varies and it is not possible to generalize about their length. In particular 

during the first decade of the present century the so called “super cycle” or the mining boom 

lasted longer than any of the price booms experienced after the Second World War.  The factors 

behind this correlation are further discussed under section 4. 

The Raw Materials Group’s3 forecast of total global exploration (including both corporate and 

government expenditures is given in Figure 6. This forecast is based on the fact that exploration 

varies with prices and hence a forecast of prices will form the basis of an exploration forecast. 

RMG Price Index is a weighted average of 13 metals/minerals and is based on future GDP 

developments as projected by the IMF with corrections for changing metals intensity in various 

regions. The projection assumes that metal prices will fall to at a lower level in the near future 

                                                           
3
 Raw Materials Group has since early 2014 been an integral part of SNL Metals & Mining. These forecasts 

were however made in 2013. 
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but remain at a relatively high level in the long term future, driven by continuing demand from 

developing countries such as China and India and a recovery in the industrialised economies, 

and hence exploration investments will follow the same trend. 

 
Notes:  1 billion USD = 1000 million USD. 

lhs: RMG price index, 100 = 2000; rhs: billion USD 

Figure 4: Forecasted total exploration expenditure and metal prices 2005-2021 (billion USD) ,(Source: Raw 

Materials Group, Stockholm 2014) 

 

There are however several factors, which have been discussed above and will be further 

elaborated below, that point to that in the future this level of exploration expenditure might not 

be sufficient. 

 

1.5 Regional differentiation 
Regional differentiation of exploration investment, as introduced in chapter 2, changes over 

time. Under this section we will have a closer look at developments for two important areas. 

Firstly, EU’s most active exploration region4: the Nordic countries. Secondly, China because it 

will play a significant role as a source of exploration expenditure in the future. 

1.5.1 Nordic Exploration 

From a European point of view, developments in the Nordic region5 are the most interesting. 

With the closing down of most metal and coal mining activities in central Europe during the 

second half of the20th century the importance of the Nordic region gradually increased. 

Currently these four countries form Europe’s by far most important region for metal production. 

In 2012 the Nordic countries hosted 47 % of the total value at the mine stage of primary metal 

production of the European Union (Raw Materials Data). The next most important country is 

                                                           
4
 Please also see the country studies of Minerals for EU. 

5
 The Nordic region includes Finland, Sweden, Norway, Denmark, the Faeroe Islands, Iceland, and 

Greenland.  
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Poland at 27 %. In Poland however there is in effect only a single company mining copper and 

silver in one mine and the country lacks the dynamics of the Nordic region where a wide range 

of metals are produced by several companies from all over the world and where exploration is 

thriving. 

Exploration in the Nordic region, has grown exponentially since the beginning of 2000s. For 

Sweden this has been a combination of easing exploration rights restriction in the mid-1990s, 

allowing foreign companies to conduct exploration, together with the commodity boom that 

took off in the early 2000s. However, the main contribution is not from foreign exploration 

companies but by local companies such as the state-owned iron ore miner LKAB and the long-

standing Swedish base metals mining company Boliden, and a large number of junior 

exploration companies, which have increased their exploration efforts. 

 In Finland a host of international mining companies both majors and juniors have been 

exploring together with some Finnish newcomers such as Talvivaara. Finland was the first Nordic 

country to present a national mining strategy in 2010 with a perspective towards 2050. This 

policy contains a comprehensive range of ideas to support the mining sector in Finland: 

Reduction of the environmental impact of mining, increased productivity, support to increase 

number of students and the supply of trained staff to the industry, increase the research 

capacity and financial support to early stage exploration and mining project through state 

owned funds. Finland also has an interesting model for government participation in early stage 

exploration where GTK, i.e. the Finnish Geological Survey, engages in exploration programmes. 

When a deposit has been identified the project is transferred to a commercial actor for later and 

less risky stages. This is done in an auction process. 

 
 
Figure 5: Exploration within the Nordic region 1991- 2012 (million EUR) (Source: Raw Materials Group, 

Stockholm, 2013) 
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1.5.2 Chinese Exploration 

Exploration in China is mainly funded by Chinese sources. Chinese exploration investments 

outside of China are minimal compared to domestic investments. Exploration in China has 

grown exponentially since 2006/2007, on average by 30 % per year over the last decade. From a 

modest 3 000 million RMB in 2002 it increased to more than 50 000 million RMB in 2012, about 

8 000 million USD. Despite a decrease by 9.8 % between 2012 and 2013, exploration investment 

in China by Chinese entities reached 46 000 million RMB, app. 7 500 million 6USD. These figures 

include all exploration in China by central and provincial governments and also by Chinese 

companies.  Government accounted for 47 % of this, an increase by 4 % compared with 2012. 

The level of government control over the decisions made by Chinese companies of different 

types can be discussed, however in this study we simplify and consider all Chinese exploration as 

government controlled - whether made by government entities or by Chinese corporations. 

Today, China is by far the largest exploration country in the world. It is particularly interesting to 

note that Chinese exploration has followed a different trend than exploration in the rest of the 

world and increased across the global financial crisis in 2008/09 contrary to developments 

elsewhere.  

Overseas exploration by Chinese companies is still at a low level but we expect it to grow 

strongly in the next few years, as Chinese security of supply issues become more important and 

import pressure will grow. 

Government exploration funding will probably increase, or at least not drop as sharply as 

exploration in the market economies, in the next couple of years mainly because of Chinese 

continued strong focus on domestic exploration (and in the longer term also overseas 

exploration). China will be an important contributor to the predicted exploration expenditure in 

Figure 6. 

 

 

 

 

 

 

 

 

                                                           
6
 Ministry of Land and Resources, PRC, China Mineral Resources, 2014, Geological Publishing House, 

Beijing. 
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Figure 6: Chinese exploration and commercial non-ferrous exploration, 2005-2013 (USD) Source: Raw 

Materials Group, Stockholm, 2014 

 

1.6 Influencing Factors  

1.6.1 Need to Increase Exploration Investments 

Even if metal production will not continue to grow like it has done in recent years, the volumes 

of depletion of ore resources will remain huge and still growing in absolute terms also into the 

future. Future need for new deposits can be influenced by increased recycling and other 

demand reducing measures. The recovery of the ores mined can also be increased through more 

effective mineral processes. However, the most important way to secure the continued supply 

of metals will continue to be exploration for new deposits. If exploration expenditures remain 

on today’s level or decline, fewer new deposits will be located in the mid-term and hence less 

new metal production capacity in the long term. This in turn is likely to contribute to continued 

high metal prices and could even trigger a new super cycle. 

Exploration efforts must not only be kept on a high and slowly increasing level in order to 

accommodate the growth in metal demand but there are also several factors which lead to a 

need for increasing exploration investments: 

1. New deposits are increasingly found in areas more distant from both metal markets and 

centers of exploration experience and availability of exploration services. Longer 

transport distances both of concentrates to processing and metals to the markets as 

well as geologists and equipment to the exploration areas will increase costs. 

2. New deposits are found in areas which are more inhospitable and exposed to more 

extreme weather conditions whether deserts with a lack of water and high 

temperatures or in Arctic areas with similar but reversed temperature problems. Areas 
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at higher altitude and greater depths at sea are also investigated. Some wild ideas about 

exploration in space have also been presented. 

3. Unexplored areas are more often located in countries with high political and operational 

risks. 

4. Orebodies close to the surface have most often already been found. In the future 

deposits will gradually be situated at greater depths. 

5. Ore bodies of high grade have already been found and mostly depleted. New ore bodies 

will generally contain lower grades and are hence generally more difficult and costly to 

find. 

6. The chemical composition of the ores is increasingly complicated which can make it 

more difficult to find the orebody and to evaluate its cost of extraction.  

7. The dependence on junior companies for exploration could also be an increasing cost 

factor. These companies are more vulnerable to lack of finance and hence they often 

have to shut down their projects and wait for new capital and then start again. This 

often means longer time from start of exploration to finding a deposit and adds cost. 

8. Societal demands for transparency and information are increasing.  

9. Increasingly less land areas are available for exploration due to political decisions, such 

as creation of nature reserves or limiting access to foreign investors etc. 

10. The lack of trained geologists. Considering that geologists have to be willing to endure 

more extreme conditions as outlined above it will further limit the availability of staff 

necessary for exploration. 

There are some factors working in the other direction that is making it less costly to find and 

prove new mineral deposits. New technologies are invented and developed, which make it 

possible to find ore bodies at greater depths and with lower concentrations and more complex 

compositions. New models for ore genesis are developed which reduces risks and makes the 

search more scientific. Efforts in geological mapping in previous unmapped areas are also a 

factor which could help push exploration forward. 

The set of problems listed above means that costs will increase. The situation could be further 

aggravated by two additional factors: 

 Declining success rate of exploration. 

 Continuing higher cost inflation for exploration than for the economy in general.  

At present there are indications that the “effectivity of exploration” i.e. the cost of finding a 

deposit of a given size, which will be turned into a mine, is increasing but it is difficult to 

evaluate the situation with certainty since the time lag between exploration and mining is so 

long. Estimates by BHP Billiton indicate that during the 1950s for each exploration dollar spent 

there was a mine-site value of 507 dollar in reward. In the 1960s and 70s the average was 310 
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dollars and then declining further to 74 dollars in the 1980s but increasing again to 126 in the 

1990s7. It is difficult to find later figures. 

The inflation of exploration costs is also difficult to measure and we know of no such studies but 

the fact that the expenditure is highly variable certainly indicates in-efficiencies. 

With the above factors taken into consideration the optimal exploration expenditure over time 

should be increasing to cater for the increased rate of depletion while also growing due to the 

increasing difficulties of geological, technical, financial and political/geo-political character. At 

the same time technical progress could work in the opposite direction and lower necessary 

exploration expenditure over time.  

It is not possible a priori to determine the effects of technical progress (cf. Technology 

Foresight), which is not only difficult to measure but also varies over time and further its effects 

are often visible only long after they were first understood or introduced.  

In addition to the discussion above there are some indications8 that in the last decade the 

exploration efficiency has gone down, i.e. the effects of technical progress have not 

counterbalanced the increased difficulties of finding new ore bodies.  

1.6.1.1 Key drivers 

In order to see what to be done to ensure sufficient exploration investments to secure future 

metals and minerals demand there need to be a basic understanding of what the key drivers 

behind exploration investments are. 

It is clear that the primary driver of mineral exploration is the commodity price,  and only 

indirectly commodity demand, which should ideally be the direct and primary factor. In turn the 

commodity price affects the equity market sentiment which determines the junior companies’ 

ability to raise capital for their exploration investments. There is hence a cyclical behavior of 

exploration not connected to the actual long term demand of minerals. 

Beyond metals prices, there is a set of secondary drivers which influence exploration investment 

trends: 

 New discoveries can trigger more exploration for the same target in the same region. 

This is especially true for junior companies looking for the next bonanza deposit.  

 New geological concepts and search techniques can increase exploration investments. 

Examples are the development of carbon-in-pulp extraction technique for recovery of 

gold which was developed in the 1970s, and SX-EW technology that developed for Cu 

processing in the 1980s. A recent example may also be Bio Heap Leaching which is 

currently under development (see Foresight study on Trends in Mining Technology). 

                                                           
7
 BHP Billiton R. Schodde, Mineral Exploration Round-up, Vancouver January 2007.  

8
 Personal communicztion R. Schodde. 
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 Government policies can also be a driver of exploration investments to a country. This 

include: changes to a mining code, such as ease in exploration permits; changes to a tax 

regime; or changes in environmental restrictions. Canada and Australia both have 

implemented tax deduction schemes for exploration, an attractive feature for 

exploration companies. 

 Change in business risk is another driver of exploration expenditures. Increased stability 

in a country with geological potential could potentially be increase exploration 

investments. Conversely could a deteriorating security situation, or an outbreak of 

severe disease, repel investment. 

 Competing use of funds is another influencing factor. An example is how shares, in gold 

companies or in companies exploring for gold, have done poorly since the introduction 

of gold-based Exchange Trade Funds (EFTs). 

Commodity prices are the primary influence on exploration investments, followed by equity 

market sentiments. The latter is mostly due to the dependence on junior companies and their 

ability to raise capital. The other factors are important, but less significant. 

The fact that exploration is mainly driven by commodity prices rather than future demand for 

these commodities and hence varies at a different frequency and amplitude creates problems 

for mainly long term future supply of these commodities. These problems are further 

aggravated by the fact that it seems as if the variations of prices are amplified in exploration 

expenditure.  

With the short term variations in equity market sentiments many projects get started only to be 

closed down before the projects have come to an optimal stage and can be properly evaluated 

because investors see a downturn in the commodity market. There are considerable costs 

associated with starting and stopping projects; it results in a waste of capital and human 

resources. The mining industry, and society, would be better served by a steady flow of projects. 

1.6.1.2 Regional aspects 

There are certain key elements that are more crucial than others in mineral and exploration 

investment decisions: 

1. Geological potential        

2. Political stability          

3. Suitable mineral policies    

 

Among the mineral policy issues the following are usually considered to be most important: 

    * Tenure of rights 
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    * Repatriation of profits 

    * Management control 

    * Equity control 

    * Tax regime 

When a mining company is making a decision about starting exploration in a specific country 

there are two different forces at work: An attracting force, the geological endowment of an area 

or a country with its potential mineral deposits. However at the same time there is a repelling 

force, the resultant of the political situation and the public policies of the country in which the 

geological potential has been identified.  

These latter factors constituting the repellant force are more difficult to define and quantify and 

are hence to a large degree depending on who is making the assessment. Remoteness both 

geographically, culturally and linguistically is an important factor when mining companies are 

making investment decisions. This means that the evaluation of a specific country as an 

exploration target is to a large extent depending on the internal history and corporate 

experiences of a specific company and its employees in relation to the environment in the 

broadest sense of a specific country or region. This situation is supported by the fact that most 

mining companies are favouring exploration in neighbouring countries and in countries where 

there is a corporate experience of the geology or the culture in general. US companies are much 

more involved in Latin America than in other parts of the world, French companies get on easier 

in the franco-phone countries of the former French colonies and Australian companies are most 

active in Papua New Guinea and the Philippines and were among the first to enter South East 

Asia. 

An important positive factor is the availability of basic and general geologcial information. How 

much of a country is mapped and to waht scale by geochemical, geophysical and geological 

mtehods? However, not even the geology of a country is a completely objective factor also the 

interpretation and understanding of the geological opportunities depends on the experiences 

and background of the geologists making the assessment.  

The perception of political risk in any country is also closely related to its track record in general 

and in particular when dealing with mining and exploration companies. It is difficult to earn a 

good reputation as a country with low risks for mineral exploration ventures and much easier to 

loose such a reputation. This is depending on two main factors: 

* The conservative nature of the international mining companies in general. 

* The difficulties of actually creating a positive attitude towards foreign mining companies 

among all the vested interestgroups in a country, particularly if not much exploration has been 

done, such as the state bureaucracy, the local mining industry and a general negative attitude 

towards outside economic powers. 
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A company entering into a new country will, sooner or later, find out the experiences of its 

predecessors in all phases of earlier projects. Examples of negative experiences could be 

pending law suits, expropriatons, extended periods to handle permit applications, local public 

sentiments etc.  

1.6.1.3 Correlation of exploration to mining activities 

When comparing exploration investments to the value of mine production some countries stand 

out as more “exploration intensive”: Canada attracts 13 % of exploration investment budgets 

while only producing 3 % of total world production. Mexico shows a similar pattern with 6 % of 

exploration while only 2 % of production. 

Other countries are more balanced in this respect: Australia is such an example with 13 % of 

exploration and 16 % of world production. Another example is Peru with 5 % exploration 

investments and 4 % production. 

A final group is countries which have much less exploration than production: Brazil attracts 3 % 

of exploration investments but stands for 9 % of production. India also falls within this group 

with less than 1 % of exploration while accounting for 4 % of production. 

These rough comparisons indicate potential imbalances between present share of mining and 

exploration. It is reasonable to assume that if a region’s or a country’s share of global 

exploration is much lower than its share of mining that its future share of mining is likely to 

decrease. 

1.6.1.4 Exploration by Country Risk 

An increasing share of exploration is being made in countries with high sovereign risk. This might 

create a need for expanded exploration funding in the future as some of these deposits might 

not be possible to take into production. 

Almost 57 % of the exploration budget total was destined for countries with high or medium risk 

profile in 20139. After retracting from high-risk areas in 2009 as budgets were cut in response to 

the global financial crisis, the industry has returned to invest in higher risk countries each year 

along with its exploration budgets.  

However, given ongoing uncertainty in the global economy and the recent lack of funding for 

the traditionally more risk-tolerant junior companies, the industry is unlikely to continue 

increase its spending in high risk countries in the short term. 

 

 

                                                           
9
 SNL attributed risk rankings to each country based on recent news about exploration and mine 

developments, and on publicly available information about usual financial and political risk elements. For 
details please see State of the Market quarterly report by SNL Metals & Mining. 
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Figure 7: Exploration by risk rate (Source: SNL Metals&Mining, Corporate Exploration Strategies 2013) 

 

1.6.1.5 Aspects of targets 

If compared with the value of mine production, gold is taking a much larger share of total 

exploration than production. While accounting for 41 % of exploration investment it accounts 

for only 19 % of the value mine production. Base metals are more balanced while there has 

been less spent on iron ore exploration than its share of production (34 % vs. 11 %). There are 

certainly differences in how difficult and hence how much investment is necessary it is to find a 

gold or a copper deposit but these comparisons again give an indication that it is not future 

societal importance which governs today’s exploration expenditure. From such a perspective 

there should be more focus on the commodities which are most important for the economic 

growth and the wellbeing of citizens, i.e. base metals such as copper, zinc, nickel and also 

possibly some of the metals and elements (for example the critical elements) likely to be 

increasingly important in the future but only in low demand today of the future.  

 

1.7 Knowledge Gaps 
Exploration statistics are generally not publically available. Globally the US, Canada and Australia 

are almost the only countries, which provide some statistics of exploration activities. For some 

important mining countries, like for example South Africa and Peru it is difficult to find any 

relevant statistics. In Europe only a few countries provide such figures mostly with a low level of 

details: Sweden and Finland give some data as does Greenland but for most countries there are 

no statistics. The only available times series covering most of the world’s corporately funded 

exploration is collected and compiled since 20 years by Metals Economics Group out of Halifax 

Canada.10 For this study the Minerals 4 EU has been given an exclusive opportunity to use these 

data.  

                                                           
10

 Now part of SNL Metals & Mining. 
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There are various ways of measuring and monitoring exploration, mainly money spent or 

invested and meters of drilled whether cores or reverse circulation. None of these however 

gives any indication of the success rate of the activities undertaken or investments made. The 

lack of data is a serious problem when studying exploration trends. 

Data on exploration investments by governments are also difficult to find. Most governments do 

not publish data and in the case of China this is particularly worrying as this country is one of the 

most important exploration spenders. China’s Ministry of Land and Resources has however in 

recent years been releasing information more frequently on its exploration expenditure but 

there is a need for more detailed, comparable and continuous information from China and also 

all other governments. 

The type of data lacking is not only the size of exploration expenditure but sources, its targets, 

geographical distribution, type and origin of actors, what activities have been covered, meters 

drilled, areas studied etc., etc. It would also be important to try to develop measures of 

exploration successes and to create indexes to deflate exploration expenditures.     

In order to support exploration activities and attract investments it is also important to make 

sure that there are up-to-date and complete geological data from all European Union countries. 

At present both the coverage and quality of available geological base data varies considerably 

from country to country. The availability, degree of computerisation, and costs are other factors 

which will influence the level of exploration activities. Harmonisation across EU member 

countries would increase the attractiveness for exploration investments. 

 

1.8 Conclusions and Outlook  
Exploration globally as well as in Europe has declined dramatically in the past two years. 

However, from a longer perspective, exploration investments have gone up significantly since 

the most recent low in 2002. Whether the present levels are sufficient to cover future demand 

for new deposits is not at all certain. There are a number of factors indicating that the cost in the 

future of finding a new deposit of a given size will be higher than the cost necessary to find the 

same deposit 25 years ago.  

Most importantly the present extreme fluctuations in exploration activities over time are 

detrimental to the long term ability of the exploration sector to secure future demand for 

metals and minerals without new price spikes like the recent so called “super cycle”. It also 

causes uncertainties all through the economies of both producers and consumers of 

metals/minerals. 

The key reason behind these fluctuations is the fact that exploration is driven not by future long 

term demand for specific metals/minerals but by short term price variations with a time lag of 

around one year. Hence an increase in the gold price year one will give an increased exploration 

activity year two.  
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Relative price variations between individual metals/minerals can partly explain division of 

exploration funds between commodities but there is definitely a need to spend more funds on 

base metals and critical metals than what is done today. Regional variations both between 

continents and between and within countries can partly be explained by varying attractiveness 

to investments depending on geological potential, legislation, tax situation and a host of other 

factors. In short the division of exploration funds is governed by a complicated interplay of many 

factors and this interplay is not fully understood. 

There are a number of factors driving exploration expenditure which are influenced by political 

decisions: Legislation specifically mining and environmental acts, degree of transparency, 

predictability and speed in granting permits of various types, tax and fee levels, areas of 

potential geological interest open to exploration and later mining, public and government 

perception of the importance of exploration and mining to economic progress and wellbeing, 

availability, coverage and cost of geological data and information. There are others but these are 

the most important ones. 

The success rate of exploration has possibly gone down over the past decades. It is clear that 

there is a need for expanded R&D efforts in the areas of geology and exploration. There is also a 

lack of trained and experienced staff to work in these areas. 

Exploration is a high risk business which is to a large extent funded over the stock exchanges. 

The availability of funds for exploration is not only dependent on the profit potential for the 

individual projects but also largely by general stock market expectations and mood. In the 

present market phase the lack of capital for exploration is another hampering factor, which 

could be influenced by government actions of different types: direct tax support to exploration 

companies (has been successfully implemented in Canada and Australia so called “flow through 

shares”), government exploration activities by state entities or state controlled funds etc. 

Government actions in exploration could also help to reduce the volatility of exploration. 

European exploration is lagging behind. The Nordic region is an exception to this trend and 

Sweden, Finland and Greenland is continuing to attract exploration investments. It is an 

attractive geology in combination with a stable and conducive business environment that are 

underlying factors to the Nordic exploration success.    

In order to improve the understanding of exploration and to be able to formulate proper policies 

in this area the statstics and analysis of exploration in the union and the rest of the world must 

be improved. The EU should also take steps to form partnerships with other countries, it is 

especially recommended that the EU develops the partnership with Africa, for a mutually 

beneficial cooperation in exploration and mining. The high Chinese import dependency for 

metals and minerals, which is similar to EU’s situation, could form the basis for another 

potentially interesting and valuable partnership. Under any circumstance the need to better 

understand the exploration and mining sector in China should be acknowledged. Without a 
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proper analysis of China and its exploration and mining sector the global analysis could become 

badly flawed.  

 

1.9 Next steps 
A next step would be to do a study focusing further on trends in the EU, and make more detailed 

propositions on what the EU can do to support future exploration both by European companies 

outside of Europe and within the member states as well as by foreign companies into the union. 

Potential collaborations with for example China and Africa should be further explored. Other 

regions and countries should certainly also be surveyed but these regions could potentially have 

a specific interest to cooperate with Europe. 

A specific report on trends in geological models and geological trends and how these influence 

new exploration technologies, and where they are being developed, would also be another 

important and interesting step. 

The European Commission should take a more proactive role to attract more exploration 

investments into the EU countries. A first step could be to coordinate the various national 

efforts in this area and present a common window to the world of investors at international 

conferences and trade shows. Another possibility is to take an active role in exploration 

technology developments. This has partly started with KIC Raw Materials and other programmes 

but the need for new exploration technologies should be carefully evaluated. 

Evaluate what can be done to affect the perception of both politicians and the public of 

exploration and mining and explain the importance of these activities to economic development 

and daily life in Europe and in other regions.   
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2.1 Executive Summary  
With increasing global population, urbanisation and industrialisation the demand for mineral 

raw materials has grown. In the middle of the 2010s the global mining industry produces some 

60 000 million tons (Mt) of ore and rock annually. Metals account for a little more than half of 

this and coal a little less while all industrial minerals taken together are only 2-3 000 Mt. Of 

these total volumes 1/3 is ore and the rest barren rock. Metals are predominantly mined in open 

pit mines, only 15 % of all ore is excavated from underground. Roughly 50 % of all coal 

production is mined underground. Industrial minerals are almost entirely mined by open pit 

methods. In a historical perspective, deposits are today located in more remote areas around 

the world, distant from the final markets often with a harsher climate and far from necessary 

infrastructure. There are huge volumes to hoist, haul, and process in the mines, but also to ship 

between regions to the markets.  

To meet the challenges, and opportunities, of future mineral and metal supply, technological 

development is a key factor. New technologies will both reduce production costs in mining 

hence making it possible to exploit deposits and ores of lower quality and will also reduce 

exploration costs and potentially improve the success rate of exploration. Obviously other 

technological improvements will reduce metal and mineral demand and hence reduce the need 

for new mines to be opened.  

Within the EU, most of the metal ore extraction takes place in Sweden, Bulgaria, Finland and 

Poland.  There are also operations in Ireland, Portugal, Greece, Spain some other countries. 

Virtually all mines are located in the periphery of Europe. Underground mining dominates in all 

countries. Three of the ten largest underground mines in the world are located in the EU and yet 

another one in the European part of Russia. 

The mining industry is by tradition a conservative one. Over the past century technological 

change has mostly been slow and evolutionary. There are many reasons for this perhaps one of 

the most important is the fact that the industry is particularly capital intensive i.e. investments 

are huge and long term. A mine, whether underground or open pit, is not easily remodelled or 

refitted with new equipment, new processes etc and activities are ususally following a life-of-

mine plan. The mining industry has further been developing over centuries and its basic 

principles of working with the a number of unit operations mostly operated batch wise on a 24 

hours rotating cycle are more or less the same over several centuries: drilling, loading, blasting, 

ventilation if an underground operation and followed by transport to crushing and grinding to 

processing and finally smelted and refined. 

Drilling technology is one of the key technologies, which has been gradually improved over the 

past 100 years. Productivity of drilling has increased by roughly a factor 100 from 1905 to 2010.  

There are at least four main categories of factors currently influencing and driving mining 

technology development:  
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 Increasing productivity and cut production costs 

 Reduce energy and water use 

 Limit environmental impact and reduce footprint both ecologically and socially 

 Reduce accidents and improve the health and safety situation for miners and 

neighbours 

Two factors, are working less directly and in more a more diffuse and long term way: 

 Pressure on the mining industry to become more sustainable and take greater socio-

economic development responsibilities.  

 Demands for a less macho influenced work ethics and more gender neutral 

atmosphere in order to make the work force more balanced.  

Together with evolutionary improvements in reliability and availability, both technical and 

organisational, productivity has gradually increased during recent decades. Technological 

developments in recent years have been based on a couple of main strategies:  

 Scale up of equipment  

 Automation of processes  

 Introduction of continuous processes. 

The improvements however have been reached by optimizing the individual steps incrementally 

rather than coming up with brand new revolutionary ideas and innovanions.  

One obstacle to a more rapid pace of development, rather than the stepwise road taken so far, 

is the conservative attitudes and hesitation towards innovation marinating the entire mining 

industry. Transforming technology that would change the way of mining is a risk many mining 

companies are not ready to take. There is still relatively low spending on RTD to create 

innovations in the industry; the mining sector spends about one-tenth of the oil industry on 

innovation. Both the mining sector and the oil and gas idustry is further far, far behind the most 

research intensive industries such as pharmaceuticals and IT. The mining industry has also been, 

for a long time, overlooked by  governments and publicly finded research programmes to spur 

technological develoments and innovations in general. 

European and in particular Nordic manufacturers of underground equipment dominate the 

global markets. The two companies Atlas Copco and Sandvik together has a market share of 

some 2/3 of the world market for underground mobile equipment, which is a significant 

achievement. Much of it is due to the close cooperation with the local mining companies. The 

development has also has the reversed effect; the mining companies have been able to become 

a global leading underground mining company thanks to the development in drilling, blasting 

and other unit operations. 

The demand for data and information on technological change is huge in Europe firstly from 

government formulating new policies in a period where the future supply is discussed. Secondly 
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the large and for the future supply security of mineral raw materials immensely important 

equipment sector an improved access to hard data on the present situation and future 

developments would sharpen its competitiveness.  

During the period of crisis for the US mining industry in the early 1980s US national government 

set up an Office of Technology Assessment (OTA) which among other areas also studied the 

mining sector. This model should be studied carefully and its results and impact evaluated in 

order to possibly set up something similar in the EU. 

Another model tried by the US is the use of a specialised authority for mining rather than 

combining geology, water, natural hazards and mining, which is the normal model today in 

Europe. The US Bureau of Mines dealt with a wide range of issues including applied science, 

health and safety, energy conservation but was focused only on the industrial aspects of the 

mineral raw materials not pure science and environmental issues etc. which have become the 

main role of European geological surveys. 

The possibility to improve cooperation with China, by far the largest mining country in the world 

and a country offering great potential markets for European suppliers should be seriously 

tested.  

National governments, international organisations, regional bodies and national and provincial 

governments all have a vital role to fill. RTD institutes focusing mining and minerals processing is 

one area where governments and the EU can influence future technologies,  and improve the 

competitiveness in the EU. Such efforts would also benefit European mining companies. In sum, 

a long-term EU wide strategy for strengthening mining technology research should be 

developed. There is a need for a more systematic, long term approach to RTD development for 

Europe to retain its leadership in this industry and to secure its future supply of  mineral raw 

materials. 

The next steps that should be undertaken in mapping out the past, present and future trends in 

mining technology and to survey past and present RTD budgets in mining companies and 

countries alike. The RTD efforts of leading mining and exploration countries should be carefully 

examined to determine where there are grounds for deeper collaboration.  
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2.2 Introduction  

2.2.1 Relevance of the topic 

With increasing global population, urbanisation and industrialisation the demand for mineral 

raw materials has grown. At any given time the mining industry exploits ore  deposits with the 

highest ore grades at locations within easy reach. Gradually, over the 20th century, mining 

companies have been forced to use ores  deposits with lower grades, with more complex ores, 

at deeper levels and often –in remote areas with no or limited supporting infrastructure .  In 

addition the permitting process has become more comprehensive and transparent requiring 

more detailed studies and hence longer time. In spite of these adverse factors mineral and metal 

prices have exhibited a long term tendency to decrease, albeit with both short term variations 

and long term cycles.  Figure 1 gives the example of copper. The main reason for this has been 

continuing technological developments reducing costs of production.  

 

Source: Raw Materials Data, SNL Metals & Mining. 
Figure 8:  Copper price during 20th century 

 

During the recent so called “super cycle” metal and mineral prices soared when demand 

outgrew supply. It is impossible to quickly increase mine production because of long lead times, 

often longer than 10 years, from finding a new deposit to start of new mine production. With 

demand growing steadily and a slow supply response mineral and metal prices could only 

increase dramatically. Mining companies were in addition faced with increased input costs for 

example labour and energy. During the commodity boom the mining companies saw growing 

revenues despite high costs, both due to increased price of input factors such as labour and 

energy and due to the deposits and ores being more costly to exploit, and focused more on 
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production volumes than profitability and production costs. Many companies also started to 

increase capacity and invest in new mines, often with high production costs.  

After the commodity boom peaked - and  profits fell - many of the major mining companies have 

focused on cost-cutting measures as a means to increase productivity and to protect margins. 

Consequently, productivity in mining operations has declined over the last years.11 At the same 

time, mining companies are facing increasing societal demands. ‘Sustainability’ has become an 

entrenched part of mining activities, and mining companies are expected to take responsibility 

for its socio-economic as well as environmental impacts. For the future, mining technology will 

also have to take these values into account.  However, the future success of the mining industry 

will not hinge upon temporary cost-cutting. To meet the challenges, and opportunities, of future 

mineral and metal supply, technological development is a key factor. New technologies will both 

reduce production costs in mining hence making it possible to exploit deposits and ores of lower 

quality and will also reduce exploration costs and potentially improve the success rate of 

exploration. Obviously other technological improvements will reduce metal and mineral demand 

and hence reduce the need for new mines to be opened.    

For the EU, strategizing around mining technology, and research and technical development 

(RTD) into mining technology, will potentially give long-term advantages to secure supply. It is 

through RTD that the technologies of tomorrow are developed and these will potentially create 

competitive advantages for mining companies, which prioritise reasearch efforts. Stimulating 

innovation towards sustainable solutions, including green technology, will both make the EU 

mining industry more competitive and reduce the cost of mineral and metal supply in the future. 

 

2.3 Regional Variation  

2.3.1 Characteristics of Mines in the World  

To facilitate the understanding of the role of technology and its future trends it is important to 

outline the basic characteristics of world mining and mines; including volumes of production, 

number and size of mines, and basic type of mine.  

In 2014 global mining produced some 60 000 million tons (Mt) of ore and rock annually12. Metals 

account for a little more than half of this and coal a little less while all industrial minerals taken 

                                                           
11

 See, EY, Productivity in mining: now comes the hard part, 2014, 
http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-
part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf  
12

 This figure excludes aggregates (crushed rock (limestone mainly), sand and gravel) as well as precious 
stones including diamonds. World production of aggregates has been estimated at 25 000 Mt. Personal 
communication with prof. P. Crowson, CEPLMP University of Dundee. 

http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf
http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf
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together are only some 3 000 Mt. Of these total volumes 1/3 is ore and the rest barren rock13. 

See Table 1. 

 

Table 1: Production of ore and barren rock globally, 2013 (Source: Raw Materials Data 2015) 

 

 

 

 

 

 

The total number of mines in the world  naturally depends on how a mine is defined. This can 

vary between countries and regions and there is no universally agreed definition. 

In China, for example, it is reported that there are over 8 300 iron ore mines (after the closure of 

a number of small operations in recent years). Only 48 out of these 8 300 mines are classified by 

Chinese authorities as major operations, although the smaller of these (less than 1 Mt/y of ore 

production) are small in global terms. The group of ‘medium-sized’ mines (as defined by the 

Chinese)  consists of 60 operations. The remaining 8 200 iron ore mines produce, on average, 

only 15 000 ton of ore per year, which is comparatively a very small production unit. The 

Morenci open-pit copper mine in Arizona for example handles such volumes of ore and barren 

rock in less than an hour! For coal, there is an even higher number of small-scale manually 

operated mines in in China and also in other countries mainly India. Small-scale gold mining is 

another example, with thousands of artisanal mining operations spread all over the developing 

countries. If these small-scale mines, which are mostly not mechanised but using manual labour 

and simple technologies are excluded, and only  mines applying industrial technologies are 

counted, there are not more than 2 500 metal-producing mines in the world. These mines 

together account for over 95 % of the total volume of ore and barren rock prodced by metal 

mining globally. The volumes of ore and barren rock produced by small scale mining of coal and 

industrial minerals are probably of the same order of magnitude, i.e. some 5 % of total volumes 

mined.14  

                                                           
13

 The common term is waste rock but this has such negative connotations that it is imperative for the 
industry to start using another word. 
14

 In this survey we have not included so called small scale mining or artisanal mining. The need for 
specific technological development for this sector is questionable for many reasons, which are outside the 
scope of this study.  

 Ore 

 (Mt)

 Barren rock 

 (Mt)

 Total 

 (Mt)
   Metals 12 000 25 000 37 000

   Coal 8 000 12 000 20 000

   Industrial minerals 2 000 1 000 3 000

  Total 22 000 38 000 60 000
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There are no reliable figures for the number of mines of industrial minerals and aggregate 

quarries world wide. However, in the US where statistics are available, there are some 100 

metal mines, 900 mines and quarries producing industrial minerals, and 3 320 quarries 

producing aggregates. The smallest mines in the US are certainly larger than in other parts of the 

world. Assuming, however, that there is a similar distribution of mines in other regions, 

upscaling from US to the global level results in a minimum figure of 25 000 mines producing 

industrial minerals, and almost 100 000 quarries producing aggregates mainly for construction 

purposes and agriculture.  

Open-pit mining accounts for some 83 % of total production of the metal ores included in Figure 

2, with underground methods producing the remaining 17 %. The total volumes of material 

handled in open pit mines is however even larger than what these figures indicate. The volumes 

of barren rock produced in open pit mines is much larger than in under ground mies. From 

underground operations barren rock production is relatively small, not exceeding 10 % of total 

ore production, but the barren rock production from open-pit operations is significant. Open 

pits typically have a strip ratio (i.e. the amount of overburden that has to be removed for every 

tonne of ore) of 2.515. Based on these assumptions, the total amount of barren rock produced by 

metal mines can be calculated as some 25 000 Mt/y. In total, the amount of rock (including ore 

and barren rock) moved in the metals mining business globally is hence around 37 000 Mt/y. 

The dominance of open-pit operations stems, to a large extent, from the necessary removal of 

overburden. Open-pit operations are larger than underground ones,the largest open mines 

handles 3-400 Mt of rock (ore and barren rock) every year while the largest underground mines 

extract some 10-20 Mt in a year and the very largest one 50 Mt. 

In addition to the main types of mining, underground and open pit, there are a few other much 

less common but nevertheless important ones: 

 Alluvial mining, for example gold “digging”. Mining of sediments most often without 

drilling and balsting and often done by small scale manual methods. Another similar 

type is dredging of tin, for example, where the processing plant is built on a barge which 

moves across the deposit in a small man made lake.  

 In situ leaching, extraction of minerals by pumping a solution into the earth through 

bore holes. The liquid dissolves the mineral, for example potassium or uranium, and 

when pumped up again a purification process starts. 

 The potental to mine the sea floor for so called nodules or black smokers have been in 

focus for some years. Initially there was a surge in the 1970s after the price spikes 

following the OPEC oil price shocks. The interest waned and in retrospect it is possible 

most of this was only acover up for a US hunt for a sunken submarine. With the new 

metal price peaks during the recent super cycle the government of Papua New Guinea 

has granted permissions to Nautilus Minerals16 to start mining at depths of  around 

                                                           
15

 State of the Industry, Mining Journal January 2004. 
16

 www.nautilusminerals.com 
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1 500 m using novel and high cost technologies. The miing system comprises a crawling 

so called Bulk cutter operating on the ocean floor. The broken rock is gathered by a 

Collecting machine and then through a Rise system pumped onto a vessel from where 

all activities are managed. After processing on board this purpose built vessel the 

concentrate is transported ashore for smelting and refining. The system and the 

separate  pieces of high tech equipment are not yet fully developed and it still remains 

to be seen if they will succeed. There is however no doubt that this area of technology 

will become more important in the future. Diamonds are already today commercially 

mined off the coast of Namibia by similar methods.  

2.3.2 Regional variations 

Most of the equipment and technologies used by the mining industry world wide is potentially 

available to all companies. There are few proprietary technologies and equipment suppliers, 

which are the main developers of new technologies, in principle make newly developed 

products and processes available to all customers in all regions. However depending mainly on 

the capital intensity and long term planning horizon of a mine there are nevertheless important 

regional differences in technologies applied in various mines in various regions. Some of these 

variations depend on the types of ore available and others are historically linked to cost of input 

factors such as energy and labour.   

Global metals ore extraction (production) in 2013 is around 10 000 Mt (incl. Fe, Cu, Au, Ni, Zn, 

Pb, PGMs). China is the largest producer, accounting for 27 % of global metals ore production, 

with South- and Central America (incl Mexico) the second most important region with 22 % of 

total production.  

 

Figure 9: Metal Ore Production by Region, 2013 (Source: Raw Materials Data, SNL Metals& Mining, 2014) 
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Source: Raw Materials Data, SNL Metals & Mining 2014. 

Notes: 1. Europe includes all of Russia. 2. Regional ore production as a percentage of world total is: 

Latin America 31 %, North America 16 %, Europe 10 %, Africa 7 %, Asia 24 % and Oceania 12 %.  

Figure 10: Ore production by region and Type of mine (open pit/underground ratio) 

 

In South Africa, underground mining accounts for nearly half of the mining output, as the gold 

bearing reefs are situated at extreme depths often 3-4 000 m below surface. As the availability 

of migrant labour at very low costs was guaranteed by the apartheid system many of these 

mines have been industrially operated but with a large proportion of manual work. In other 

countries, such as Peru, Mexico and Sweden a number of rich deposits have been known 

historically and these have gradually been turned into underground operations when the 

orebodies close to the surface have been depleted. However in most regions where mining has 

grown in recent years and where labour costs are high, such as Australia and the US, open pit 

mining dominates.  

Among the economically most important metals, underground mining methods are most widely 

used in zinc/lead mining, with over almost 70 % of all zinc/lead ores being excavated 

underground. For iron ore, copper and nickel open pit mining accounts for the majority of the 

production. 30-40 years ago, when South Africa was a dominating gold producer, underground 

methods were much more important than today when South African production has been 

seriously cut down because of rising production costs when mine workers’ wages have been 

increased.  

The map in Figure 4, shows the global distribution of producing metal mines, (excluding coal 

mines and industrial minerals mines) . The size of the circles is proportional to the ore 

production. Finally, the mines are coloured by type of mine; green circles indicate an open pit 
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mine, red circles indicate an underground mine and yellow circles are mines with both open pit 

and underground operation. 

 

Figure 11: Global distribution of Metal Mines, producing all types of metals (Source: Raw Materials Data, 
SNL Metals&Mining, 2014) 

 

The largest mines are all open pit. The largest underground mine, El Teniente copper mine in 

Chile is in rank 22 of all types.  All of the ten largest mines all categories are located in the 

Americas and Australia. Please see Table 2.  

 

Table 2: World’s largest open pit mines (Source: Raw Materials Data, SNL Metals & Mining 2014) 

Name Country Controlling company  

(short)

Main 

metal

Ore prod  

(Mt)
     1 Morenci Copper (SX-EW) Mine USA FCX, Sumitomo Corp Cu 135,0

     2 Hamersley Iron Ore Mines Australia Rio Tinto Group Fe 133,3

     3 Buenavista del Cobre (SX-EW) MineMexico Grupo Mexico Cu 131,6

     4 Vale Northern System (Carajas) Iron Ore MinesBrazil Vale Fe 104,9

     5 Chichester Range Iron Ore Mines Australia FMG Fe 94,7

     6 Escondida Copper Mine Chile BHP Billiton, Rio Tinto Group, Mitsubishi, JX Nippon Mining, Mitsub MaterialsCu 73,9

     7 Yandi Iron Ore Mine Australia BHP Billiton Fe 70,7

     8 Radomiro Tomic Copper (SX-EW) MineChile Codelco Cu 69,0

     9 Yanacocha Gold Mines Peru Newmont Mining, BuenaventuraAu 67,4

    10 Los Pelambres (OP) Copper Mine Chile Antofagasta Cu 64,7  
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By contrast in underground mining three of the ten largest mines are located in the EU and 

another one in the European part of Russia.  

 

Table 3: Largest underground mines. 

Table 3: World’s largest underground mines 
 

Name Country Region Main metal Controlled 
by 

  Ore prod 
  (Mt) 

1. El Teniente Chile Latin 
America 

Cu Codelco           50 

2. Rudna,   
            Lubin, 
            Polkowice 

Poland Europe Cu KGHM Polish  
Copper 

          35 

3.         Kiruna             
4.  Dzhezkazgan 

Sweden 
Kazakhstan 

Europe 
Asia 

Fe 
Cu 

LKAB 
Kazakhmys 

           27 
           22 

5.        Malmberget       Sweden Europe Fe LKAB            16 
      
6.  Grasberg Indonesia Asia Cu FCX  15 
7. Impala  South Africa Africa PGM Implats  11 
8. Inco mines Canada North 

America 
Ni Vale  11 

9. Palabora
  

South Africa Africa Cu Hebei Steel, 
IDC 

 10 

10.       Konkola Zambia Afrixa Cu Vedanta               9 
      
      
Source: Raw Materials Data, SNL Metals & Mining 2014. 

 

Within the EU, most of the metal ore extraction takes place in Sweden, Bulgaria, Finland and 

Poland.  There are also operations in Ireland, Portugal, Greece, Spain and some other countries. 

Virtually all mines are located in the periphery of Europe. Underground mining dominates in all 

countries except Bulgaria. The largest open pit mine in Europe is Boliden’s Aitik copper mine 

producing some 40 Mt of ore in 2014 which is however only medium sized in an international 

comparison.  
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Figure 12: Producing major Metal Mines in the European Union (Source: Raw Materials Data,  SNL Metals 
& Mining, 2014. Note: Because of lack of data on ore production some smaller mines are not included on 
the map) 

 

2.4 Temporal Variation  

2.4.1 Variations of topical phenomena over time 

The mining industry is by tradition a conservative one. Over the past century technological 

change has mostly been slow and evolutionary. There are many reasons for this perhaps one of 

the most important is the fact that the industry is  particularly capital intensive i.e. investments 

are huge and long term. A mine, whether underground or open pit, is not easily remodelled or 

refitted with new equipment, new processes etc and activities are ususally following a life-of-

mine plan. The mining industry has further been developing over centuries and its basic 

principles of working with the a number of unit operations mostly operated batch wise on a 24 

hours rotating cycle are more or less the same over several centuries: drilling, loading, blasting, 

ventilation if an underground operation and followed by transport to crushing and grinding to 

processing and finally smelted and refined. Further, in the decades between early 1980s and 

2000s, when metal prices were on a downward trend and the profitability of the mining industry 

was low the means to re-invest were simply not available at all. There are further so many 

unknowns in a mining project, not present in other branches of industry such as geological 

variations, complex orebodies and strong market cyclicality. During the past 30-40 years the 

image of the industry has been poor and aggravated the other problems it has been facing and 

with certainty not supported a more intensive pace of technological development. Drilling 

technology is a one of the key technologies, which has been gradually improved over the past 

100 years as illustrated in Figure 6. Productivity of drilling has increased by roughly a factor 100 

from 1905 to 2010.  
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Figure 13: Rock drill development 1905- 2010 (drill meters per hour and operator) (Source: Atlas Copco, 
2012) 

 

This major trend of evolution does however not mean that revolutionary changes in 

technologies applied have not taken place. The introduction, certainly slowly over perhpas 50 

years of hydrometallurgical processes for extraction and refining of copper ores is but one 

example of such a change. In the early 1980s copper mining was thought to be dead in the US 

but when the industry came under tremendous pressure to cut costs, the SXEW17 process route 

was quickly made fully operational and introduced into full scale operation and the industry 

survived and grew.The key driving force for change is the need for increased metal production 

from orebodies which are getting more costly to operate, of reasons discussed earlier, while 

maintaining profitability and in the long term, the next 50 years, do so at most probably a 

continued decleine in metal prices.  The following sections will look at some of these issues, 

more remotely located mines, declining grades, size of mines and the open pit/underground 

ratio from a temporal perspective. 

2.4.1.1 Mining in remote areas  

In a historical perspective, deposits are today located in more remote areas around the world, 

distant from the final markets often with a harsher climate and far from necessary 

infrastructure. The maps (Figures 7 and 8) illustrate how gold production has spread across the 

world between the years 1975 and 2013. In 1975 gold production was concentrated to South 

Africa, Ghana and North America. In 2013 the gold industry is spread across many countries. 

There has been significant development, for example,  along the Andees in South America , in 

West Africa, Asia, and Eastern Africa. To a large part this development was made possible by the 

opening up of smaller deposits using new cyanide leaching technologies introduced in the 1980s 

                                                           
17

 SXEW solvent extraction electro winning. 
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when the gold price was high and the market power of the leading producer Anglo American 

was challenged.  

 

Figure 14: Gold mines of the world in 1975 (Source: Raw Materials Data, SNL Metals & Mining, 2014) 

 

 

Figure 15: Gold mines of the world in 2013 (Source: Raw Materials Data, SNL Metals & Mining, 2014) 

 

This geographical diversification, necessary to be able to utilise the best available deposits, has 

been a strong driver of development of new technology, sometimes with an emphasis on 

smaller scale than previously the norm. 

Some of the geographical diversification has only been made possible by innovations and 

technological development of the transport means to get the product to the market. Iron ore is 

an illustrative example before the introduction of so called Cape size vessels i.e ships with a 

dead weight between tons it was almost impossible to transport low value bulk commodities 

such as iron ore and coal between continents. The large new depsoits of iron ore in Brazil were 

only exploited on a large scale beginning in the 1980s when these vessels were introduced. It is 

sometimes difficult to differentiate cause and effect but it is clear that the fact that these 
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deposits were located far from the markets in Europe and the far East hampered their 

development for many years.  

2.4.1.2 Mining of Declining grades 

The need to mine and process lower grade ores, because of depletion of richer ore, has been a 

strong driver of technological developments. The general decline of grades is gradual process 

which is, like so many phenomenons in mining, cyclical with metal prices. In times of high prices 

ores with lower grades can be mines as there is a chance to profit, even at higher operating 

costs caused by lower grades. Hence the decline of grades is amplified and when prices are 

turning downwards the deceline is halted. The fast deceline of grades in the period since 2005 

will now be partially halted. Figure 9 gives an idea of developments over the past 15 years. Over 

a longer period average copper grades in operating mines have been declining from around 1.8 

% in the 1930s to 0.7 % in year 2000.  

 
Figure 16: Declining ore grades in Cu/Ni/Pb/Zn, 1998- 2014* (Source: Raw Materials Data, SNL Metals & 
Mining, 2013; * 2014 forecast) 

 

2.4.1.3 Size of mines 

In our analysis we have several times referred to the gradual increase of the size of mines. As 

has been mentioned there are factors pushing up the size but also others working in the 

opposite direction. Surprisingly in an analysis of the gold industry over time as illustrated in 

Figure 10 the share of very large gold mines (annual production over 15 ton) has declined since 

1975 from almost 60 % of world production to just 40 % in 2009. In the same period the share of 

the smallest mines (below 3 ton annually) has increased from 12-16 %.  

For iron ore the picture is more similar to what could be expected: the large mines, > 10 Mt/a 

have increased their share of production from 58 to 65 %. Two mines with a production 

exceeding 100 Mt each have been opened in 2008. The smallest mines have kept their total 

absolute production figure more or less constant but their share have been cut into two and in 

2010 represent only 1 % of the total. In the present period of lower iron reo prices the smallest 

operations will soon become bankrupt and close down further increasing the share of 

production by larger mines. See Figure 11. 
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Figure 17: Gold production by mine size (Source: Raw Materials Data, Raw Materials Group 2008) 

 

 
Figure 18: Iore production by mine size (Mt) Source: Raw Materials Data, Raw Materials Group 2012 

 

2.4.1.4 Open Pit/Underground 

With the introduction of SXEW technologies it was possible to use ores with lower copper 

grades and also oxidic ore (so called porphyry coppers). This meant that production by open pit 

methods grew strongly in the last decade of the 20th century. The demand for ever increasing 

volumes of ore also triggered technological change. The pace of decline of grades has since 

slowed down and in spite of several projections that under ground mining will increase no such 

changes has taken place. Two of the most important reasons for this are: 

 Lower ore grades. Due to depletion of the richer ore bodies, the higher-cost 

underground extraction methods are not economic. It has simply been easier to find 
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profitable open pitable deposits close to the surface than high grade deposits at several 

hundred meters depth.  

 New technologies. The more efficient exploitation of lower-grade deposits using new 

equipment and processes (such as the hydrometallurgical SXEW methods for copper 

extraction) has enabled companies to work economically on lower grades than 

traditional methods. These technolgies could certainly, also in pricniple, be applied to 

underground mines but the costs of underground mining is still so high that they are not 

compensated by lowered costs through the SXEW technology.    

It is often claimed that underground mining is going to increase in the future. However, no such 

trend has been seen. In fact, during recent years, global underground volumes have not grown 

at a rate faster than the total volumes of ore extracted via surface or open-pit mining. The 

advantages of scale in huge, deep open pits has so far outweighed the higher costs associated 

with underground mining and instead of a switch towards underground mining, we are seeing 

deeper, larger pits. 

 

Table 4: : Per cent of total metal production mined by OP/UG methods 

 

Table 4: Per cent of total metal production mined by OP/UG methods 
    
  Zinc/lead Nickel Copper Gold Iron ore 
 
  1997/2006 1997/2006 1997/2006 1997/2006 1997/2006 
  
Open pit  16/32 43/53 48/64 66/72 90/95  
Underground 84/68 57/47 52/36 34/28 10/5 
 
Sources: Raw Materials Data, Iron ore UNCTAD and Raw Material Group estimates 2007 

 

The trend continues also after 2006 and in 2013 only around 25 % of total copper production 

originated from underground operations.  

The total effect is that there has not been any major change in the split between underground 

and open-pit ore volumes during the past decade. The much publicized switch to underground 

mining by Rio Tinto, for example, is a reflection of the very high open pit ratio for that specific 

company, rather than a global trend.18 Some open-pit mines will be transformed into 

underground mines if the ore-body is deep enough,rich and uniform enough to warrant such 

                                                           
18

 Personal communication with Chris Cross, Rio Tinto. 
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development. For global ratio underground/open pit our prediction is that there will not be any 

significant difference between the years 2013 and 2021. See Figure 12.  

 
 

Figure 19: Underground ore production for selected metals, total world and by region,  2013 and 2021 
(Source: Raw Materials Data,  SNL Metals & Mining, 2014) 

 

2.4.1.5 Trends in Mining Technology – continuous mining 

Drilling and blasting is the most frequently used method of removing ore from the bedrock, and 

will undoubtedly remain so for many years to come (at least for hard rock). This is technology 

which has been developed by evolution over the centuries. It is discontinuous and very often 

also closely embedded in the macho culture of a traditional tough and rough miner. In 

dimensional stone quarries, where fragmentation should be avoided, alternative methods such 

as cutting with a water jet or sawing with a wire set with diamonds, have been developed and 

there is a possibility some of these might be applied to traditional ore mining. Full face tunnel 

borers, of a type similar to those used to excavate road or railway tunnels, have also been tested 

experimentally. 

In other applications, such as shaft sinking and raise developments, mechanical rock excavation 

is already a competitive alternative. But, in actual production, it is only in mines with soft and 

non-abrasive bedrock and minerals, such as potash and coal, where these methods have gained 

wide spread acceptance. In these established applications the tabular form of the deposits is an 

important prerequisite for their successful employment. Recent developments in hard rock 

cutting have however made substantial progress, and it is reasonable to believe that the 

mechanical methods will gain wider acceptance in the mid-term future. Particularly in narrow 

vein and reef mining, where more selective methods will create less waste rock, and hence less 

pollution, and at the same time lower dilution and hence increase capacity of the mineral 
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processing plant. Furthermore, the continuous mining methods will give great economic 

benefits and also reduce risk for accidents. 

The traditional drill and blast cycle can also be perfected by introducing various methods of 

fragmentation control and blast design to create rock fragments specifically designed to suit the 

next step in the beneficiation chain. The use of specifically adapted explosives and the 

mechanization of charging and wiring up are other areas of likely technical progress in the next 

decade. Entirely new methods, including electric and ultra sonic energy or high voltage pulses to 

generate plasma in the rock and explode them from within, are however far from becoming 

feasible to use on a large scale with acceptable economic results. 

2.4.1.6 Trends in Underground Technology 

The production sequence of drilling, blasting, mucking, scaling, bolting and rock reinforcement 

in a traditional underground mine, which has been used for centuries, could be replaced by 

continuous methods and processes such as hydrometallurgy and leaching. This would lead to a 

completely new underground mining industry but this is more than a decade ahead of us. In the 

meantime the forefront in underground technology is about automation, reducing energy 

consumption, using continuously methods. However there is no easy, one-solution-fits-all. 

Underground mines can either scale up the operation or mine highly selective parts of the ore 

body to best meet the specific demands of a certain mine. Additionally some underground 

mines are getting deeper and technology has to cope with rock stress, seismic activity, and heat 

at greater depths. 

2.4.1.7 Increased size of equipment 

Scale up of equipment has been one of the main strategies in technological developments in 

recent years. The increased size of equipment is connected to the increased size of open pit 

mines, and has been based partly on the development of the giant copper oxide ore open pits in 

Latin America and elsewhere during the mid and late 1990s.  

To be able to handle several hundreds of million of tons, at the largest mines roughly 1 million 

ton/day, requires bigger equipment in general, including trucks and shovels etc. Seen over a 

long perspective, such development has proceeded in small, gradual steps, which were 

particularly intense in the late 1990s and early 2000s.  

 The pay load of trucks has increased from around 200 t in 1990 to almost 350 t.  

 At the same time the installed power in each vehicle has increased by a similar factor.In 

just the past five years, the bucket volume of wheel excavators has increased from 25 

m3 to over 40 m3.  

 Bucket volumes of hydraulic excavators has undergone a similar development, while for  

 dragline buckets the pace has been slower increasingby some 5 % in the same period. 
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2.4.1.8 Trends in Flotation Process - Recycling of process water 

A recent study19 presented at Luleå Technical University in Sweden, covered the recycling of 

process water in the complex sulphide ore flotation, in order to establish its effect on the 

flotation performance. 

Tests performed on two different complex sulphide ores using bench scale flotation equipment 

showed that chalcopyrite, galena and sphalerite minerals recoveries are better in process water 

than tap water. The results also showed general decrease of the minerals floatability at 

temperatures lower than 22oC in either tap water or process water. An analysis of pulp liquid 

after flotation shows decreased calcium and increased sulphate ions. This indicates that there is 

adsorption of calcium ions on the minerals and dissolution and release of sulphate ions in 

solution. The studies showed that the process water can be recycled in flotation with no 

significant effect on grade and recovery of sulphide minerals 

2.4.1.9 3D printer – an example of a completely new technology  

A third global industrial revolution is on its way, where one of the main attractions is the 3D 

printer (others are the digital flow and the intelligent robots). Still the 3D printers are in their 

childhood. They are expensive and they have a number of limitations. One can compare the 

present development stage for the 3D printer with where the computer was 30 years ago. 

The present annual turnover increase on the 3D printer market is almost 30 %. In 2012 the 

turnover was 2 200 MUSD and it is predicted that the market 2021 will exceed 10 000 million 

USD. 

Most of what is produced today with the 3D printers are prototypes, but according to some 

estimates 80 % produce in 2020 will be end products. It is still hard to predict if the 3D printer 

will boost new design or just increase copying. 

The 3D printer will be ideal when only single pieces of a product have to be produced and 

especially if that product has a complex form. In such a case the 3D production will become a 

complement rather than a replacement. In the future when the 3D printer is further developed 

and more dependable it is predicted that the real big market for this technique will be the 

automotive industry. Already today the technique is used within racing. 

The 3D printing is an upcoming threat of the copyright. According to the copyright it is allowed 

to copy for personal use, but not to spread or download a drawing of the item on/from the net. 

An easy way to round the copyright is of course to make a smaller change to a copied item.  It 

may well be conceivable that the aftermarket in the future will suffer as a result of the 3D 

printer in roll, a market including service and spares which is of utmost importance for the 

economic result of many equipment suppliers. Will we in the future see a site on the net 

equivalent to iTune store or Spotify to/from where one can pay and download a 3D drawing? 

                                                           
19

 Ikumapayi, F. K. (2013). Recycling process water in complex sulphide ore flotation. Luleå: Luleå tekniska 
universitet. (Doctoral thesis / Luleå University of Technology). 

https://pure.ltu.se/portal/sv/persons/fatai-ikumapayi(96b3e8be-d1f2-4cc5-8299-d85414c9d741).html
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2.5 Influencing Factors  
There are at least four main categories of factors currently influencing and driving mining 

technology development:  

 Increasing productivity and cut production costs 

 Reduce energy and water use 

 Limit environmental impact and reduce footprint both ecologically and socially 

 Reduce accidents and improve the health and safety situation for miners and 

neighbours. 

Two factors, are working less directly and in more a more diffuse and long term way: 

 Pressure on the mining industry to become more sustainable and take greater socio-

economic development responsibilities.  

 Demands for a less macho influenced work ethics and more gender neutral atmosphere 

in order to make the work force more balanced.  

Together with evolutionary improvements in reliability and availability, both technical and 

organisational, productivity has gradually increased during recent decades 

Technological developments in recent years have been based on a couple of main strategies:  

 Scale up of equipment  

 Automation of processes  

 Introduction of continuous processes. 

The improvements however have been reached by optimizing the individual steps incrementally 

rather than coming up with brand new revolutionary ideas and innovations. 

The framework for this foresight is not sufficient to dig into very many details of the subject or 

classify and systematise all the relevant issues but Table 5 is an attempt to summarise both the 

factors at work driving technolgical development and the strategies used applied in a number of 

areas:  

 

2.5.1 “Conservative Culture towards innovation” 

One obstacle to a more rapid pace of development, rather than the stepwise road taken so far, 

is the conservative attitudes and hesitation towards innovation marinating the entire mining 

industry. Transforming technology that would change the way of mining is a risk many mining 

companies are not ready to take. There is still relatively low spending on RTD to create  
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Table 5: Overview of Trends in Mining Technology 

 

Mining technology 

 

Influencing factor Comment 

Automation 

 Energy efficiency 

 Productivity 

 Health and safety 

By using automation less people are needed to be 

underground and working at the face where it is 

most dangerous. Automation also gives more 

accurate drilling, blasting, loading and haulage. There 

is less wear and tear on the equipment. High 

technology. 

 

Needs much technology. Expensive capital costs. Cost 

vs production improvement.  

Electric motors 

 Energy efficiency 

 Productivity 

By using electric equipment instead of diesel, mines 

reduce the cost of ventilation. Trucks with electric 

motros can move up to twice as fast on a ramp as 

diesel driven machines.  

Continuous mining 

 Health and safety  

 Productivity 

Improved safety, reduced rock bolting and shotcrete 

requirements and better ventilation flow. Mechanical 

cutting provides a uniform product size that can 

increase load capacity in batch haulage as well 

extend the life of components involved in 

transporting material. 

In-pit crushing & 

conveying  

 Energy efficiency 

 Productivity 

Reduce the number of  haul trucks and the need for 

infrastructure. 

High pressure grinding 

rolls  

 Energy efficiency 

 Productivity 

High pressure grinding rolls (HPGR) will capture an 

increasing share of the market for SAG mills. HPGR 

can also replace cone crushers and make low-

intensity blasting possible. The main advantages are 

reduced energy consumption, increased flow-sheet 

flexibility in that smaller units are optimal and hence 

more parallel lines typical and in all reduced costs 

 

Bio-Leaching  Productivity  
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 Energy efficiency 

 

Bio-leaching is a new technology, which will become 

more important in the future. The technology is still 

not accepted everywhere and needs more R&D to 

become fully competitive. Compared to traditional 

leaching the bio supported processes are often 

simpler, faster, more flexible and less costly. 

 

innovations in the industry; the mining sector spends about one-tenth of the oil industry on 

innovation20. Both the mining sector and the oil and gas idustry is further far, far behind the 

most research intensive industries such as pharmaceuticals and IT. The mining industry has also 

been, for a long time, overlooked by  governments and publicly finded research programmes to 

spur technological develoments and innovations in general. Not to mention the total lack of 

projects, which address the entire mining value chain, so called end-to-end technology. 

There are however indications that the trend is changing; an increasing number of research 

initiatives are taking on a more holistic perspective on innovation. From a mining company 

perspective, an interesting initiative is Rio Tinto’s Mine of the Future™ programme launched in 

2008. The programme is designed ‘to find new ways to mine and extract minerals more 

efficiently while reducing environmental impacts and most importantly, further improving 

safety’21. Autonomous haul trucks in the mining company’s Pilbara iron ore operations is a key 

element of the programme. 

Another example of innovative thinking in the mining sector is an initiative called Sustainable 

Mining and Innovation for the Future (SMIFU). SMIFU is a consortium of mining companies, 

universities and equipment manufacturers. The consortium formulated a common vision for 

mining up to and beyond the year 2030, with the underlying vision of ‘safe, lean and green 

mining’. The members of the group committed themselves to contribute to sustainable mining 

by cutting energy consumption, CO2 emissions and ore losses by more than 30 % and by striving 

for zero accidents and the prevention of harmful emissions from the mining operations22. 

2.5.2 Productivity 

The automation of mining has been brought forward initially by a small number of companies 

with underground mines in high labour cost countries. The pressure on these companies to 

remain competitive has been huge already since the end of the previous boom period in the late 

1970s: LKAB in Sweden, Inco and Falconbridge in Canada. The progress has been slow but steady 

                                                           
20

 EY, Productivity in mining: now comes the hard part, 2014, p 4  
http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-
part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf 
21

Rio Tinto, Rio Tinto improves productivity through the world’s largest fleet of owned and operated 
autonomous trucks, June 9, 2014  http://www.riotinto.com/media/media-releases-237_10603.aspx  
22

 Rock Tech Centre, Sustainable Mining and Innovation for the Future – Research, Development and 
Innovation Program, August 2012 

http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf
http://www.ey.com/Publication/vwLUAssets/EY-productivity-in-mining-now-comes-the-hard-part/$FILE/EY-productivity-in-mining-now-comes-the-hard-part.pdf
http://www.riotinto.com/media/media-releases-237_10603.aspx
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and at present the Kiruna mine can be remotely operated in almost all steps of production. In 

recent years also open pit operators, such as Rio Tinto, which have earlier not been under the 

same cost pressure as companies with mostly underground operations have, also started to use 

driverless vehicles etc. All these developments require large deposits with fairly continuous and 

predictable ore bodies such as the iron ore in Kiruna or the large porphyry copper deposits in 

Latin America and iron ores in the Pilbara. While the productivity gains are important these new 

mines also demand a highly skilled workforce where a miner often has an engineer’s training. 

Organisational issues, continuous training programs and closer attention to gender policies are 

new issues, which have to be tackled and solved in order for the new technologies to become 

successful. The failures of mechanisation in South African gold mines during the 1980s, which 

was to a large extent due to the lack of skilled workers, provide an example of the importance of 

developing technologies and human resources and organisation in paralell.   

The hydrometallurgical processes first introduced in copper production (SXEW) and later in 

nickel (High Preussure Acid Leach, HPAL) and most lately in zinc processing are perhaps the 

prime examples of the development of continuous “chemical processes” specifically for mining 

and mineral processing in recent years. In spite of serious problems when introducing these 

technologies there are no doubts that the technological barriers in this area have been greatly 

reduced. The introduction of hydrometallurgy into copper processing took some 50 years or 

more. For nickel the time lag was greatly reduced to 10-15 years. The introduction of 

hydrometallurgical processes for zinc ores will be even quicker. 

2.5.3 Energy efficiency 

The overall long term trend is to become increasingly energy efficient in all steps of the mining 

and mineral processing chain. Ways to go is for example to reduce the comminution step 

drastically and process the ore at coarser particle size. Crushing, grinding and milling are 

extremely energy intesive and a single large mine can use in the order of magnitude of a per 

cent of total electrical energy demand of an entire country. Comminution developments in 

recent decades have indeed been focusing on improving energy efficiency and reducing the 

amount of fine particles produced and hence also reducing waste.  

Gravity separation has been further perfected using centrifugal forces but there remains 

considerable amount of research to understand the importance of the various parameters 

involved. The development of various sensors will be important (for example to determine the 

degree of liberalization during milling and monitoring the performance of a flotation cell). 

Another development is to do a large portion of the processing underground, like the leaching 

and the flotation and thereby also save energy in transportation. 

With the lowering ore grades and the demand for reduced waste volumes, as well as the 

increasing complexity of many ores, it will become crucial to develop equipment and 

technologies (perhaps even including new unit operations) that can perform these tasks and a 

least partly improve total recovery while minimizing energy input and waste output. The system 
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approach will have to be used integrating both mining and mineral processing to find new 

solutions to problems arising. 

2.5.4 Water efficiency 

The recycling of the process water in the mineral processing is from environmental and cost 

point of view of vital importance. Special focus is on handling and recycling of water from 

flotation and leaching processes, taking into consideration their many times environmentally 

harmful contents. In general the demand for lower emissions to the environment means that 

greater emphasis is placed, not only on the treatment of mining wastes, i.e. how to dewater, 

transport and store all types of wastes, but also on reducing the waste volumes generated. This 

will most probably also affect the choice of equipment used and hence drive technological 

development. 

2.5.5 Research and Technological Development 

Mining is a low RTD intensity sector, i.e. the sector is spending less than 1 % of net sales on 

RTD23. Only looking at mining companies’ spending on RTD does however not give a complete 

picture; in the mining industry innovation has to a large extent been left to equipment 

manufacturers supplying the mining industry with process solutions, a rather unique feature for 

the mining and metal industry24.  

Where mining companies and equipment manufacturers have worked closely together, allowing 

for instant application and feedback, mining technology developments have been successful. A 

point in case is the Nordic mining and equipment manufacturer collaborations. In a recent 

report from Luleå University of Technology25 it is concluded that; 

“[c]ompanies such as Atlas Copco, Sandvik, Metso and 

Outotec produce equipment for underground mining 

and are world leaders in their market segments. This 

could never have been achieved without the close 

proximity of and collaboration among the Nordic mining 

companies and the equipment suppliers.” 

Raw Material Group’s study (Raw Materials Group, 2012) of underground mobile mining 

equipment (drill rigs, load haul dump trucks (LHD), loaders of blasting agents, scaling platforms 

and vehicles) shows how dominant the Nordic manufacturers are in underground equipment 

globally. See Figure 13. Atlas Copco and Sandvik together hold some 2/3 of the world market for 

underground mobile equipment, which is a significant achievement considering in particular the 

size of the Nordic countries. Much of it is due to the close cooperation with the local mining 

                                                           
23

 2013 EU Industrial R&D Investment Scoreboard,  
24

 Frishammar 2010. 
25

 Luleå University of Technology, (2014), Mapping the Nordic Mining and Metal Industry – For the 
purpose of enhancing and developing its innovative capability, 
https://pure.ltu.se/portal/files/97402485/Rapport_Nordisk_gruvindustri.pdf 
 

https://pure.ltu.se/portal/files/97402485/Rapport_Nordisk_gruvindustri.pdf
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companies whether government owned like LKAB, which runs Europe’s largest underground 

mines, or privately held (listed on the Stockholm stock exchange) like base metal miner and 

smelter Boliden, which operates the largest open pit in Europe. The development has also has 

the reverse effect;  LKAB has been able to become a global leading large scale underground 

mining company while Boliden specialises in operating small mines proditably (1-2 Mt ore/year) 

in both cases partly thanks to the local development in drilling, blasting and other unit 

operations. 

 
Figure 20: Global Market Share by Manufacturer of Underground Mobile Mining Equipment, 2012 
(Source: Raw Materials Group, 2012) 

 

RTD institutes in mining and minerals processing is one area that national governments can 

influence to improve the competitiveness of its domestic mining industry. This could be doe 

both in modernising and vitalising the geological surveys which in many countries have become 

more focused on environmental issues than serving the mining industry with geological maps 

and research but also through specific RTD projects focusing the basic scientific problems 

important to the mining industry. It is also one of the areas where larger companies can benefit 

compared to smaller ones and hence where increased corporate concentration could be 

beneficial. There has also been co-ordination and concentration in the global world of applied 

mining research with a handful of institutions quickly becoming global leaders in the relevant 

fields of science and research. The most important ones are in Australia, Canada and South 

Africa with a clear lack of work being undertaken in the US. There is still important research 

being done at some of the few remaining traditional school of mines around Europe and in other 

countries such as Chile, South Africa and the former centrally planned economies. The situation 

in China is unclear but there is no doubt that the Chinese will catch up very soon.  

Like national governments can influence the progress of RTD, so can regional bodies with the 

advantage that they can connect actors in cross-border collaboration. The EU is well positioned 

to support and strengthen RTD efforts among member states and thus support the EUs 

competitiveness in the future strategies to secure raw materials supply.  
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In the EU, the European Commission adopted a strategy (COM(2011)25 final) in 2011, a 

document which sets out targeted measures to secure and improve access to raw materials for 

the EU. One component of the strategy was the so-called European Innovation Partnership (EIP) 

on Raw Materials.  

The EIP and the SIP have a number of specific objectives: to reduce the EU's dependency on 

imports of raw materials; to promote production and exports both by improving supply 

conditions from within and outside the EU, and by providing resource efficiency and alternatives 

in supply; and to bring Europe to the forefront in the raw materials sector, whilst also mitigating 

the sector’s negative environmental, social and health impacts. Another piece of the EU-puzzle 

is recently published Horizon 2020 (MEMO/11/848) and the INTRAW project where the 

European Commission supports joint programme initiatives for the funding of research in the 

mining sector.  

 

2.6 Knowledge Gaps 

2.6.1 Important sources of information and data 

The most important data source for understanding the trends, including historical patterns, of 

the mining industry and mining characteristics, which forms the bases for trends in mining 

technology, has been the Raw Materials Data (RMD), which has specifically focused on physical 

flows and investments of the global mining sector (developed by Raw Materials Group (RMG) 

now part of SNL Metals & Mining database offering). RMD is a commercial database which 

contains mining industry data from the 1970s up to today. Former metals Economics Group of 

Halifax Canada (now part of SNL Metals & Mining as well) offer similar but different data. Raw 

Materials Group has also developed and populated a mine by mine and singular pieces of mobile 

equipment database for underground mines. The US based company Parker Bay26 has a 

comprehensive database over all mobile equipment globally over the past 25 years – a unique 

source of information. 

Canadian and US public statistics are important sources of information on various aspects of the 

mining industry including investment patterns and technology development. In general the lack 

of data and information on the European mining industry is almost complete and creating 

serious problems when trying to just map developments let alone finding drivers and causalities.  

2.6.2 Data challenges 

There is a lack of data on investments and mining projects in Europe and of course on types, age 

etc. of mining equipment in all European mines. As far as we are aware of no such statistics are 

collected by any public agency. The Canadian Natural Resources of Canada (NRCan) could serve 

as a model for a more detailed collection of statistics and data over the mining sector in spite of 

recent cut downs also in this model country.   

                                                           
26

 See the Parker Bay Company website parkerbaymining.com.  

http://ec.europa.eu/internet/ec.europa.eu/enterprise/policies/raw-materials/files/docs/communication_en.pdf
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The collection of geological data through the Minerals Knowledge Data Platform can be useful 

for the development of mining technology targeting increased production within the EU, but the 

results are so far only limited. 

Likewise there are no statistics on RTD expenditure by the mining industry and not on publicly 

spent funds as far as we are aware of. The role of the equipment suppliers and service providers 

is not covered either. In all, the mining sector in all its aspects lack proper and fully covering 

statistics.  

There is a lack of data on investments and mining projects in Europe and of course on types, age 

etc. of mining equipment in all European mines. As far as we are aware of no such statistics are 

collected by any public agency. The Canadian Natural Resources of Canada (NRCan) could serve 

as a model for a more detailed collection of statistics and data over the mining sector in spite of 

recent cut downs also in this model country.   

The collection of geological data through the Minerals Knowledge Data Platform can be useful 

for the development of mining technology targeting increased production within the EU, but the 

results are so far only limited. 

Likewise there are no statistics on RTD expenditure by the mining industry and not on publicly 

spent funds as far as we are aware of. The role of the equipment suppliers and service providers 

is not covered either. 

In all, the mining sector in all its aspects lack proper and fully covering statistics.  

2.6.3 Data opportunities 

The demand for data and information on technological change is huge in Europe firstly from 

government formulating new policies in a period where the future supply is discussed. Secondly 

the large and for the future supply security of mineral raw materials immensely important 

equipment sector an improved access to hard data on the present situation and future 

developments would sharpen its competitiveness. Particularly in a situation where Chinese 

competition is entering the global markets a solid foundation for market development and RTD 

efforts would be extremely useful. 

During the period of crisis for the US mining industry in the early 1980s US national government 

set up an Office of Technology Assessment (OTA) which among other areas also studied the 

mining sector. This model should be studied carefully and its results and impact evaluated in 

order to possibly set up something similar in the EU. 

Another model chosen by the US, but later closed down by president Reagan when cutting 

taxes, is the use of a specialised authority for mining rather than combining geology, water, 

natural hazards and mining, which is the normal model today in Europe. The US Bureau of Mines 

dealt with a wide range of issues including applied science, health and safety, energy 

conservation but was focused only on the industrial aspects of the mineral raw materials not 
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pure science and environmental issues etc. which have become the role of European geological 

surveys.  

The possibility to improve cooperation with China, by far the largest mining country in the world 

and a country offering great potential markets for European suppliers should be seriously 

tested.   

 

2.7 Conclusions and Outlook  

2.7.1 Overall assessment of the topic 

Technological development has  made a decisive  contribution to the mining industry to raise its 

capability to meet the accelerating demand for mineral raw materials. Conversely, the 

accelerating demand for increasing volumes of minerals have spurred technological 

development; mining companies have, for example, focused on developing large open-pit mines 

which in turn have created a demnd for larger sizes of mining equipment.  

Today there are a number of key drivers, which are partly expressed by the changing 

characteristics of the mining sector and partly by outside pressure. Mining companies are 

focusing on productivity, but there is also a trend in mining technology that seems to be caused 

by external pressure like  energy/environmental/societal drivers. Some drivers like the push for 

energy amd water efficency is driven by a mix between markets and policies. What is energy 

efficency is both a cost-saving measure and a response to environmental polices to lower 

greenhouse gas emission.  

The increasing demand for  ‘sustainable’ mining sector and more environmentally friendly 

processe are pushing mining companies to take on a more holistic view on technolgy 

development. Automation control for example combines the corporate goal of increased 

productivity, with societal demand for lower energy consumption, and union demands for a 

safer and less dangerous work environment.  

Nonetheless, all RTD efforts, both public and private, in the mining sector are still limited – in 

spite of recent increases by public funders - and the capacity insufficient. In the present 

economic climate corporate spending has been cut.  

Technological developments have been mostly incremental and evolutionary. Compared to 

other sectors miners dedicate limited funds to research and technology development. If only 

looking at the development driven by European mining copmanies and equipment suppliers it is 

obvious that at the present pace it will take a long time perhaps longer than available to find 

technical solutions necessary to secure future mineral raw materials supply while working 

towards increasingly sustainable mining practises.   

National governments, international organisations, regional bodies and national and provincial 

governments all have a vital role to fill. RTD institutes focusing mining and minerals processing is 
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one area where governments and the EU can influence future technologies,  and improve the 

competitiveness in the EU. Such efforts would also benefit European mining companies.  

In sum, a long-term EU wide strategy for strengthening mining technology research should be 

developed. There is a need for a more systematic, long term approach to RTD development for 

Europe to retain its leadership in this industry and to secure its future supply of  mineral raw 

materials. 

2.7.2 Next steps 

The next steps that should be undertaken is mapping out the past, present and future trends in 

mining technology and to survey past and present RTD budgets in mining companies and 

countries alike. The RTD efforts of leading mining and exploration countries should be carefully 

examined to determine where there are grounds for deeper collaboration.  

The SMIFU project mentioned previously is an interesting example of how various actors can 

come together and synergies can be created to develop mining of the future. First there must be 

an understanding what efforts are going on where in the EU among different type of actors. 

Later the most interesting and effective models for support to technological developments can 

be selected and recommended for duplication, after carefully consideration of local constraints 

and possibilities,  could be recommended for implementation in other mining countries.  

The EU should not hesitate to seek partners outside the union. Certainly such joint venture 

partners must be carefully selected. An important first step could be to try to see what potential 

joint venture programmes that could be development with other parts of the world, not only 

focusing on Australia, Canada and other industrialised countries but seek alliances with 

emerging economies with important mineral sectors or potential for such development 

including in particular all the BRICS countries. 

Research and development requires an open mind and an attitude of ‘thinking outside the box’, 

for both funders and researchers, in particular when the EU is developing its future mining 

technology strategy. 
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3.1 Introduction 
In critical raw materials studies the concentration of mineral production is one of the central 

points analyzed. Especially when evaluating potential supply bottlenecks, a high share of global 

production originating from politically unstable countries is regarded as a potential risk. By 

analyzing this and other aspects criticality is usually based on annual data and thus only 

represents the situation for the reference year. These values can change in a relatively short 

time (e.g. declining political stability) or gradually over decades (e.g. country concentration of 

production).  

An illustrative example is given in figure 1, which shows the changes in the country 

concentration for primary raw material production and in political and economic stability for 

tantalum (and several other commodities) between 1996 and 2009. The selected metals 

represent different market sizes.  The smaller markets (high tech metals) are more prone to 

large changes over short periods of time, while base metals generally only show minor changes 

in concentration.  

 

 
Figure 21: Evolution of the country concentration of raw material production (measured by the 
Herfindahl-Hirschman-Index) and the political and economic stability of producer countries 
(measured by production-weighted World Gvernance Indictors (WGI, Worldbank) (1996-2009). 
(Source: B. Buis, H. Sievers “Critical thinking on critical raw materials; Polinares Project: 
http://www.polinares.eu/docs/d2-1/polinares_wp2_annex1a.pdf) 
 
For several raw materials China is the dominant producer as well as the main consumer. 

China’s dominance in the rare earth elements (REE) market has been discussed intensely during 

the recent years. Commonly less known is the fact that China is also the main producer for raw 

materials like antimony, tungsten, magnesium or indium to name just a few. The role of China as 
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one of the world’s largest mining countries increased over the past two decades as well the 

country’s role as the major consumer on the raw material markets. Today China is consuming 

e.g. around 50% of the world’s aluminium, copper, lead, nickel, zinc, tin and steel production 

(figure 22). 

 

 
 
Figure 22: Top three producer countries for selected raw materials (2012). (CN-China, VN-
Vietman, RUS-Russia, KAZ-Kazakhstan, TJK-Tajikistan, TUR-Turkey, MNG-Mongolia, CHL-Chile, 
MEX-Mexico, KOR-South Korea, PER-Peru, IND-India, AUS-Australia,  JP-Japan)(source: BGR 
database, 2013)   
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Figure 23: Top five consumer countries 2013 of selected craw materials (CN-China, RUS-Russia, 
KOR- South Korea, IND-India,  RSA-South Africa, JP-Japan)(source: BGR database, 2014)  

 

Todays exploration investments influence the future location of mine production According to 

Humphreys (2012) “more than half of global exploration in minerals is going to developing 

countries should not, perhaps, be considered so surprising in the light of the fact that these 

countries occupy some three-quarters of the world’s land surface and, according to the USGS, a 

similar proportion of its known mineral reserves. Nor, for the same reason, should it be 

considered surprising that developing countries have accounted for almost all increases in global 

mineral production in recent years.” In the Minerals4EU project the topic of exploration 

investment has been studied in detail in the chapter “Trends in exploration investments” by 

Magnus Ericsson (Raw Materials Group). 

3.1.1 Country concentration of raw material production 

The Herfindahl-Hirschman Index (HHI) is a measure of concentration calculated by
2
countryHHI market share ; thus, a HHI of near zero corresponds to an infinite number of 

very small producers while a HHI of 10000 represents a monopoly. Values greater than 2500 are 

regarded as critical (1500-2500: moderate concentration). 

In many of these cases, China is the dominant producer (rare earths elements, antimony, 

tungsten, magnesium etc.), but a highly concentrated production is also found in other 

countries. More than 90% (Buchholz et al., 2014) of the global niobium production for example 

originates from Brazil. Platinum and palladium are predominantly produced in Russia and South 

Africa and the DR Congo (DRC) is the major producer of cobalt. 
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The concentration of the mine production over time does not remain stable, as shown above. 

BGR studied production data of several raw materials from the last four decades. The time series 

on country concentrations have also been published in the DERA-Rohstoffliste (Buchholz et al., 

2014). For this report these time series have been analyzed in detail. The results show a 

continuous concentration tendency of the production for some of those raw materials. 

Antimony, REE, tungsten, platinum and germanium experienced a growing concentration since 

the 1970s. On the other hand the concentration of nickel production decreased, while the 

concentration of iron ore and bauxite remained fairly stable. 

3.1.2 Country risk weighted by production 

For analysing raw materials supply risks it is obviously not enough to look at the concentration 

of raw materials production. It is also necessary to have a measure for assigning a country’s 

governance. A raw material might show a lower HHI value, because several producers are 

competing on the market, but if these producing countries are all ranked low in their 

governance performance, the potential risk of a supply shortage might be higher (because of 

higher risk of internal problems affecting the mining industry) than for a raw material with a 

critical country concentration, but originating from a stable country or stable countries with 

good governance. While the case of REE from China has been discussed intensely during the last 

years, the production concentration of niobium in Brazil barely captured any attention. 

The World Bank annually evaluates the governance performance in over 200 countries in its 

Worldwide Governance Indicators (WGI) (World Bank Group, 2015). The value for each country 

is composed of six indicators. The indicator is not specific for the resource industry, but aspects 

like low governance, corruption, low political stability and the failure of political institutions 

often play an important role in evolving resource conflicts. 

The World Bank describes the six indicators to assess the countries governance as follows: 

 Voice and Accountability: the extent to which a country's citizens are able to participate 

in selecting their government, as well as freedom of expression, association, and the 

press. 

 Political Stability and Absence of Violence: the likelihood that the government will be 

destabilized by unconstitutional or violent means, including terrorism. 

 Government Effectiveness: the quality of public services, the capacity of the civil service 

and its independence from political pressures; the quality of policy formulation 

 Regulatory Quality: the ability of the government to provide sound policies and 

regulations that enable and promote private sector development 

 Rule of Law: the extent to which agents have confidence in and abide by the rules of 

society, including the quality of property rights, the police, and the courts, as well as the 

risk of crime. 

 Control of Corruption: the extent to which public power is exercised for private gain, 

including both petty and grand forms of corruption, as well as elite "capture" of the 

state 



          

                                                                     

68 
WP6 – Foresight Study 

 

 

 

Minerals4EU  FP7-NMP.2013.4.1-3 

Values of WGI (including all six indicators) generally range from -2.5 to 2.5 and are weighted by 

the share of annual production of a certain raw material for each country. 

For some raw materials like REE, germanium (refined production), tin, antimony and tungsten 

the producing countries show a low performance in governance in their producing countries (for 

detailed data compare: Buchholz et al., 2014). Cobalt, vanadium and magnesium are ranked 

medium, but still have negative values. Country risk values weighted by the production of course 

are only averages. In the case of cobalt for example nearly half of the global producing is mined 

in the DR Congo, but other major producers are Canada and Australia. The low WGI values of 

the Congo are lifted by high WGI values of Australia and Canada. Thus the resulting country risk 

value is in the “moderate risk” range and this might lead to the misjudgment that there is no 

major risk for the cobalt supply; though looking into the detail would tell us that half of the 

world’s production has a high risk. 

 

3.2 Concentration trends in primary metal raw material production 

and categories 

3.2.1 Increasing concentration: Growing production from one supplier 

Several metals show an increasing geographical concentration in mine production. Some of 

those metals are predominantly produced in China, which has increased its production 

significantly over the last years. Metals like REE, tungsten, lead and zinc belong to this group. 

Other raw materials also experienced an increasing concentration trend, but are produced in 

other parts of the world. Examples for this are cobalt and tantalum originating from Central and 

Eastern Africa.  

 

Cobalt 

The increasing country concentration can be observed for example in the cobalt mine 

production since the end of the 1990s and especially at the end of the 2000s. It reflects the 

renewed dominance of the DRC on the market. Currently about 50% of the global primary cobalt 

production originates from the DRC. Critical concentration levels until 1980 are also 

representing the DRC’s high share in global production, but on far lower production levels. While 

other cobalt producing countries were increasing their production capacities in the following 

years the DR Congo’s production was declining as a consequence of the Congo crisis in the 

1970’s and civil wars in the 1990’s.  

Cobalt-rich nickel laterite deposits were developed in Australia and the South Pacific region 

during the 1990s, when mining of copper-cobalt deposits in the DRC was restricted due to 

conflicts and a lack of investment in that country’s mining sector.  
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While the concentration of production was steeply increasing since the 1990’s at the same time 

the concentration of cobalt mining companies was decreasing. In 1998 about half of the global 

cobalt production was dominated by state owned companies in DRC and Zambia, Vale Inco and 

Norilsk Nickel. A decade later the four major miners (Glencore, Norilsk Nickel, the state of Cuba 

and Vale) accounted for just about 22% of the global cobalt production. 

 

 

Figure 24: Concentration of cobalt mine production and company concentration, 1960 - 2012 
(Source: Buchholz et a.l.(2014)): DERA Rohstoffliste 2014, Angebotskonzentration bei 
mineralischen Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken)  

 

Cobalt is an interesting example on how high concentration levels in mine production in 

combination with political tensions can lead to supply bottlenecks. 

As elaborated in the Polinares project (Buijs & Sievers (2012), Polinares Working Paper n.33) 

there was a major disruption in the supply of cobalt in the late 1970s, caused by the civil war in 

the Shaba region of Zaire (now the Democratic Republic of Congo), which caused the halt of 

circa two-thirds of the world supply of cobalt at that time and a major price peak. The report 

Cobalt: Policy Options for a Strategic Mineral by the Congressional Budget Office (CBO) of the 

United States in 1982 provides a fascinating insight in this historical case study: “From 1977 

through 1979, the price per pound of imported cobalt rose from approximately $5.50 to 

approximately $25.00; spot prices as high as $50.00 per pound were recorded, and cobalt was in 

short supply. These price increases were fueled by war in the Shaba region of Zaire, which, 

although only shutting down cobalt production for a short time, caused increases in worldwide 

private stockpiling. A simultaneous peaking of cobalt use in many Western nations, and the 

cessation of cobalt sales from the U.S. strategic stockpile (see below), allowed Zaire, the world's 
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primary supplier and acknowledged price setter, to execute this substantial price 

increase.”(CBO, 1982)  

In the time of the cobalt crisis, cobalt-bearing alloys were used in jet engines for aircraft and in 

gas turbine engines used for electric power generation and gas pipelines. These alloys were 

uniquely fit for these uses due to their unparalleled high-temperature properties. This caused 

cobalt demand for such uses to be very insensitive to price changes. A second reason for this 

price inelasticity was the limited importance of the cost of cobalt metal used in the alloys in 

comparison to the end products. The CBO report did a quick calculation for a jet engine and 

noted that in 1982 a military jet engine retailed for $3-4 million. With a cobalt content of about 

900 pounds, the cost of cobalt in the engine – even at an extreme price of $100 per pound – 

would still be less than 3 percent of the engine’s overall price. (CBO 1982)  

Given the above background, a very interesting part of the report analyses the reaction of 

industrial consumers to the supply crisis and accompanying price spike: 

“The large and sustained increases in price during the 1977 to 1979 period not unexpectedly 

reduced the demand for cobalt. A careful review of the recent history of each of these end uses 

shows how conservation and substitution efforts brought about the adjustments. (…) Efforts to 

increase the conservation and recycling of cobalt, and the substitution of other materials for it, 

were all begun during this period.” (CBO, 1982) 

 

Tungsten 

Tungsten is an illustrative example for the growing Chinese dominance on the market.   

In 2011 about 74,400 t of tungsten were mined of which 83% originated from China (Liedkte & 

Schmidt, 2013). Over the last decades China turned from one of the main producers into the 

dominant producer of tungsten. At the same time Russia’s share of the global tungsten 

production decreased especially after the political and economic changes in the 1990s. Also the 

mine production of smaller producers from various countries diminished. These trend supported 

the increase in concentration of the global mine production. 

Since 2010 tungsten is ranked as a critical raw material by the European Commission in the 

studies on “Critical raw materials for the EU” (European Commission, 2010 and 2014). 
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Figure 25: Evolvement of the global tungsten production over the last decades (Liedkte & 
Schmidt (2014): DERA Rohstoffinformationen 19, Rohstoffrisikobewertung – Wolfram, 2014) 

 

In recent years China also became the world’s largest tungsten consumer. To secure its supply 

China introduced measures to control tungsten exports. According to the BGS (2011) rapid 

development of automotive, machinery manufacturing, construction metals and communication 

industries had increased China’s domestic demand and the production limits had risen 

accordingly while export quotas were reduced. According to the METI Ministry of Economy, 

Trade and Industry of Japan (METI), 2015 “China had introduced export quotas on rare earths, 

tungsten, and molybdenum since 1999, and had also imposed export duties on those mineral 

resources since 2006. China gradually reduced the size of export quotas since 2006, and in 

particular, drastically cut their sizes in the latter half of 2010, which disrupted the market.” 

Japan, the USA and the EU, had filed the WTO Dispute Settlement Procedures regarding China’s 

export restrictions on rare earths, tungsten, and molybdenum and in March 2014, the WTO 

stated that China’s export restrictions (export quotas, export duties, and restrictions on trading 

rights) were inconsistent with the WTO rules. In 2015 China terminated export duties on rare 

earths, tungsten, and molybdenum. 
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3.2.2 Further trends 

3.2.2.1 Stable/moderately increasing concentration: global markets 

 

Raw materials traded in large volumes like copper or aluminum (bauxite) tend to show a limited 

rise in their concentration of the mine production or remain more or less stable in their 

concentration levels (e.g. figure 6). 

Copper mine production shows a moderate increase in its geographical concentration from the 

1990s to the early 2000s, which expresses the increasing dominance of Chile as the biggest 

copper producer. In 2012 Chile supplied about 33% of the primary global copper production. 

Increasing production from countries like Indonesia, China and Peru and more or less stable 

production outputs in Chile lead to falling country concentration levels in the recent years. 

 

 

Figure 26: Concentration of copper mine production and company concentration, 1960 - 2012 
(Source: BGR (2014): DERA Rohstoffliste 2014, Angebotskonzentration bei mineralischen 
Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken; DERA-
Rohstoffinformationen 24, DERA, BGR, ISBN: 978-3-943566-16-1).  

 

3.2.2.2 Stable high concentration: due to geological setting of ore deposits 

Platinum mine production has seen a stable high country concentration over the last decades. 

South Africa is (and was in the past) the world’s largest platinum producing country. 

An overview over platinum as a commodity is given in the BGS’ Commodity Profil Platinum 

(2009) and the Polinares Fact Sheet Platinum Group Metals (Polinares, 2012): Platinum group 

metals (PGM) are derived from deposits of several types, most often associated with nickel and 

copper. Most deposits are formed by high temperature magmatic processes and are found in 
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mafic or ultramafic igneous rocks, of which platinum and palladium concentrations commonly 

constitute 10-20 ppb. Platinum and palladium are enriched in sulphide melt in a deposit forming 

process, which is dispersed as small droplets in silicate magma. As the distribution coefficient is 

very high towards sulphide, these droplets later accumulate at the bottom of the magma 

chamber due to gravity segregation and are mined as seams, e.g. the Merensky reef or the UG2-

chromite seam in the Bushveld Intrusion. The Bushveld complex contains the world’s largest 

PGM reserves and hosts the most important platinum mines of the world. 

There are several other PGM deposits like the Munni Munni Complex in Western Australia, the 

Stillwater Complex in USA, Lac des Iles in Canada, and the Great Dyke in Zimbabwe and also 

Nickel-copper sulphide deposits containing PGM (e.g. Sudbury in Canada, Jinchuan in China, 

Pechenga district in Russia), but the Bushveld complex in South Africa will dominate the future 

primary platinum supply and thus high country concentration levels for platinum will persist 

(figures 27 and 28). 

 

Figure 27: Concentration of platinum mine production and company concentration, 1960 - 2012 
(Source: BGR (2014): DERA Rohstoffliste 2014, Angebotskonzentration bei mineralischen 
Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken; DERA-
Rohstoffinformationen 24, DERA, BGR, ISBN: 978-3-943566-16-1).  
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Figure 28: Global primary PGM production and demand and WGI (World Governance Indicators, 
Worldbank) rankings 2010 (Polinares, 2012) 

 

Another example for a critical country concentration is the case of niobium, which is mainly 

mined in Brazil (about 92% of the global mine production). Moreover the market is dominated 

by a single company: MoreiraSalles Group from Brazil supplying nearly 80% of the global 

niobium production. Brazil also hosts more than 80% of the known global niobium reserves. This 

indicates that Brazil will remain the major producer of niobium in the future. 

In Brazil niobium depoits occur in alkaline ultramafic-carbonatite complexes of the Alto 

Paranaiba igneous province (BGS, 2011). 

According to the BGS the largest currently mined niobium deposit is located in Araxá (CBMM – 

Companhia de Metalurgia e Mineracao). Anglo American runs the Boa Vista open pit mine. In 

both deposits pyrochlore is the main niobium ore mineral. The deposits have been weathered 

under tropical conditions to form a lateritic cover, which is enriched in pyrochlore. This lateritic 

cover is mined for niobium in both deposits. 
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Figure 29: Concentration of niobium mine production and company concentration, 1960 - 2012 
(Source: BGR (2014): DERA Rohstoffliste 2014, Angebotskonzentration bei mineralischen 
Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken; DERA-
Rohstoffinformationen 24, DERA, BGR, ISBN: 978-3-943566-16-1).  
 

3.2.2.3 Decreasing concentration: new players on the market; declining supply from 

major producers 

Few raw materials show a decreasing trend in their geographical concentration of mine 

production due to the fact that new players appear on the market and former main producer 

experience lower production levels. 

This is the case for the primary nickel production. Until the 1970’s Canada and Russia were the 

main nickel producers. With the growing production from nickel laterite deposits new producers 

entered the market and finally this development lead to reduced country concentration levels 

(figure 10). In 2013 the Philippines were the world’s leading nickel producer (figure 11). 
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Figure 30: Concentration of cobalt mine production and company concentration , 1960 - 2012 
(Source: BGR (2014): DERA Rohstoffliste 2014, Angebotskonzentration bei mineralischen 
Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken; DERA-
Rohstoffinformationen 24, DERA, BGR, ISBN: 978-3-943566-16-1).  

 

 

Figure 31: Development of the global nickel mine production since 2002 (Roskill, 2014) 
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3.2.2.4 Up and down-trends: Shifting of production in a relatively short time in small 

markets 

For some raw materials concentration trends of the mine production are alternating and mainly 

depending on market prices leading to increasing or decreasing production in individual 

producing countries. These shifts – rather than trends – especially apply to raw materials with 

small market volumes. One example is the case of tantalum. 

 

Tantalum 

Tantalum mine production from coltan, the principal source for tantalum,  in Central Africa had 

been of minor importance as a source of the metal until 2008. Till then coltan from Central 

Africa only provided a small part of the global  production Tantalum raw materials occur in many 

African regions, such as DR Congo, Rwanda, Ethiopia, Mozambique, Nigeria, Burundi, Somalia, 

Zimbabwe, Namibia, Malawi, South Africa and Egypt. Tantalum has been mined in many of these 

countries, but in most of them in small amounts. 

The long-term trends for tantalum mine production in country concentration and country risk 

shows that market changes lead to lower concentration levels, but a higher country risk.  

From the late 1980s until 2009 Australia and Brazil were the major tantalum mining countries. 

Tantalum minerals were also mined in China, Canada, Russia and Africa. In 2009, mine 

production in Australia and Canada was suspended and Brazil and Africa became the main 

suppliers of tantalum. During the last years tantalum production was increasing in several 

African countries like the DR Congo, Ruanda, Mozambique and Ethiopia. 

The country concentration for mine production of tantalum was problematic in 2008. With the 

disappearance of Australia and Canada from the tantalum mine production market, the country 

concentration strongly decreased in 2009. At the same time the country risk of production 

steeply increased because the major producers now are ranked low with regard to their political 

stability. This especially applies for the DRC. 
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Figure 32: Changing concentration in the tantalum mine production during the last decades 
(Source: BGR (2014): DERA Rohstoffliste 2014, Angebotskonzentration bei mineralischen 
Rohstoffen und Zwischenprodukten – potentielle Preis und Lieferrisiken; DERA-
Rohstoffinformationen 24, DERA, BGR, ISBN: 978-3-943566-16-1).  

 

 

Figure 33: Tantalum mine production by country since 1970 (source: BGR database) 
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3.3 Conclusions 
The country concentration of metal mine production is used as an important indicator in 

criticality studies to identify –in combination with other indicators like economic importance and 

country risk (political stability of producing countries) – potential supply risks. In most cases 

these analysis are based on annual data for the reference year and thus only represents the 

situation for the reference year. Since values can change in a relatively short time or gradually 

over decades, it is worthwhile to take a closer look at long term trends.   

 

Trends and influencing factors 

The geographical concentration of raw material production changes over the last decades, but 

shows different trends and developments for different raw materials. A major influencing factor 

of these developments is the increasing economic growth of China over the last decades. 

Chinese raw material production increased considerably for several raw materials leading to a 

dominant position of China in the market (e.g. REE, tungsten, indium, lead etc.). Also the 

increasing Chinese demand for raw materials triggered global demand growth and indirectly 

fostered new mining projects to come on the market. 

In addition high concentration levels in mine production may also be influenced by other 

developments like declining production from some major producers (e.g. REE, tungsten) and 

renewed production increases from a major producer (cobalt). 

It is important to note that by far not all raw material markets experienced country 

concentration increases in the past. In some cases technical and scientific advances lead to the 

exploitation of new deposit types (e.g. lateritic nickel deposits). As a consequence production 

sources are diversified and the country concentration is dropping. In the case of tantalum 

concentration levels vary in accordance to the number of producers on the market over a 

comparably short period of time. 

Geological prerequisites are a further factor influencing the magnitude of country 

concentration. Raw materials like niobium (Brazil), platinum (South Africa) or REE (China) are 

mined in geologically rare environments and thus show persistently high country 

concentrations. As also the major amount of the known reserves is located in those places the 

high concentration will most likely prevail in the future. 

 

3.3.1 Future implications 

Most trends in country concentrations are long-term. An exception can be smaller, inelastic 

markets that rapidly react to market conditions like demand increases, production costs, prices 

etc. 
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High concentration levels existing today will persist in the near future and some countries will 

continue to dominate the market for certain raw materials because they exploit unique 

deposits. 

Thus concentration trends in the mine production are hard to influence or to change. This 

means that the dependence of European consumers on market dominating producers like 

China, South Africa or Brazil will continue in the future.  

Technological advances in mining and processing as well as new scientific knowledge might lead 

the way to alternative raw material sources and thus slowly change concentration patterns. 

Enhanced geological knowledge on the European raw material potential as well as research on 

mining and processing methods is the first step towards more flexibility for raw materials 

consumers to source their supplies. 

Potential supply risks might occur where high country concentration faces additional country 

risks like political tensions, strikes, natural disasters or trade barriers. A close collaboration with 

producing countries, including political cooperation as well as scientific and technical 

cooperation, could be seen as measures to mitigate risks. In addition careful market and policy 

analyses will be useful to foresee culminating developments.  
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4.1 Executive Summary 
The mix of technologies used to satisfy the needs of society determines to a large extent the 

identity, quality and quantity of raw materials required by the economy.27 While the supply of 

raw materials is discussed at length in other parts of this study, the goal of this report is to 

explore how technological change influences the demand for raw materials and to illustrate how 

this can be taken into account when generating forward-looking raw materials intelligence, 

including scenarios for future demand. A particular focus is placed on so-called “technology 

metals” because many of them are classified as “critical” while being generally associated with 

high-technology goods which tend to be more rapidly changing markets compared to low-tech 

goods. Moreover, several of them are used only in comparatively small quantities worldwide 

such that the emergence of a single widespread application can upset the balance of raw 

material supply and demand. 

Five examples are discussed to illustrate the remarkable changes in raw materials demand that 

can follow the introduction of new technologies: 

 Electric vehicles—expected to lead to higher use of copper and lithium 

 Transparent electrodes for display technologies—currently rely on indium and have 

replaced cathode ray tubes (which do not require indium) 

 Green energy technologies—requiring so-called “electronic metals” (e.g. Ga, In, Te) for 

photovoltaic applications as well as rare earth magnets for certain wind power 

generators 

 Tailored blanks—reduced the steel intensity of passenger vehicles 

 Digital cameras—reduced demand for silver in photographic film. 

The introduction and substitution of technologies, as illustrated by the examples above, underlie 

both regional and temporal differences, which largely correlate with economic and technological 

development of different countries/regions. Based especially on the literature on “lead 

markets”, it is postulated that three factors are largely responsible for geographical and time 

differences in the introduction of new technologies, and thus in the emergence of related 

technology metals flows in regional production:  

1. A “technological advantage” acknowledging the influence of the availability of skilled 

labour, R&D capacities and access to suppliers and related/requisite technologies  

2. An “innovation-market-match requirement” due to the simultaneous importance of a 

necessary pressure to innovate (potentially created by a regulation) and of the ability of 

potential purchasers to pay for the innovation when buying products which contain the 

innovation 

3. A “regulatory advantage”—especially important for the case of environmental 

regulations that often lead to the introduction of related technologies. 

                                                           
27

 While we judge this to hold for all raw materials, in this study, raw materials is taken to mean mineral 
raw materials and, in most cases, metals. 
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Despite large uncertainties, it is possible to generate both qualitative and quantitative, self-

consistent pictures of the future, using past experience, data, scenarios and modelling 

techniques. Quantitative estimates of raw material demand considering technological change 

can be either technology/product-centred (e.g. raw materials for photovoltaic applications in 

general or for a particular kind of photovoltaic panel, e.g. those based on cadmium telluride) or 

centred around individual raw materials (supply and demand e.g. for copper in all its end-use 

areas following a stock and flow methodology). Qualitative scenarios and roadmaps are needed 

to capture developments not directly quantifiable but of relevance to quantitative estimates 

(e.g. trade regimes, market structures, role of institutions and states). 

Different sources of information are needed to prepare these pictures of the future. First and 

foremost is a good understanding of the system to be examined, gained through own 

experience or through expert interviews and workshops. Quantitative information regarding 

general economic development is available and, to a more limited extent, also for specific 

markets characteristics such as emerging uses of raw materials for certain products and specific 

end-use market growth rates including indications of market saturation. These data can be used 

directly to provide indications of future raw material demand (e.g. “the market for product x is 

expected to grow at y % per year in the coming five years”, which strongly suggests an increase 

in raw material demand). By combining individual pieces of data with the understanding of the 

specific raw material market, it is possible to generate more comprehensive pictures based on 

the framework of materials flow analysis—tracing raw materials from mining to their integration 

into products, their useful lifetime and finally, their recycling or disposal. The available data is, 

however, incomplete, presenting researchers with at least two key challenges when attempting 

this approach:  first, an assessment of (average) raw material content of products over time is 

generally not available and, second, the amount of metals contained in (international) trade is 

often not directly quantifiable due to a mismatch of trade codes with the information 

requirements for the analysis.28 

Based on this sweep of technical, economic and foresight literature, it is possible to arrive at 

some general statements about technological change and its impact on mineral raw material 

demand: 

1. Technological change—the emergence of new and substitute technologies—is a 

“natural” feature of the history of technology and society, and a result of our collectively 

increasing knowledge of science and engineering together with market forces. 

2. New and substitute technologies often change, but not necessarily increase, the overall 

need for raw materials. This change can be quantitative (use of more or less of the same 

material) or qualitative (use of different materials altogether, implying a different raw 

materials basis).  
                                                           
28

 For example, at the 4-digit level, Harmonised System (HS) code 2615 tracks international trade in 
“niobium, tantalum, vanadium or zirconium ores and concentrates”; zooming in to the 8-digit level, HS 
code 26159020 still contains “niobium or tantalum ores and concentrates”, with no further differentiation 
possible. Therefore, it is not possible to track trade in tantalum only using trade statistics. 
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3. Future raw material demand is not only affected by “obvious” variables such as 

population and GDP, but also by less obvious factors such as public policy and trade 

regimes.  

4. While it is not possible to exactly know the identity and respective amounts of required 

raw materials needed in the future, there are both qualitative and quantitative methods 

available to generate plausible, defensible estimates of it. 
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4.2 Introduction 

4.2.1 Relevance of the Topic 

The mix of technologies used to satisfy the needs of society determines to a large extent the 

identity, and to a certain degree also the quality and quantity of raw materials required to 

“feed” the physical economy.29 The necessary supply of raw materials is then met by a mixture 

of primary and secondary sources—these are discussed at length in other topic reports of this 

study. The goal of this topic report is to explore how technological change influences the 

demand for raw materials and to illustrate how this can be taken into account when generating 

scenarios for future demand. In particular, the large-scale adoption of emerging technologies 

plays a central role among the many factors influencing demand for mineral raw materials, 

especially for the so-called “technology metals”.30 These metals (e.g. tantalum, tellurium or the 

rare earths) are often enablers, providing functionality currently unattainable by other means or 

attainable only at the expense of diminished performance and/or higher cost (Tercero Espinoza 

2012). At the same time, the markets for technology metals are rather small and intransparent, 

making them prone to overreacting to changes in both supply and demand. The combination of 

economic importance (due to their functionality) and high perceived risks of supply (e.g. price or 

physical availability) makes many of these technology metals “critical” to the EU economy (cf. 

Oakdene Hollins & Fraunhofer ISI 2013; European Commission 2014). The current assessment of 

critical raw materials for the EU is shown in Figure 34. 

 

                                                           
29

 While we judge this to hold for all raw materials, in this study, raw materials is taken to mean mineral 
raw materials and, in most cases, metals. 
30

 The term is ill-defined and generally refers to metals needed for high-tech products, e.g. Te for CdTe 
photovoltaic panels but also cobalt for superalloys and tungsten for wear resistant mechanical parts. 
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Figure 34: Evaluation of critical raw materials for the EU (Ad-hoc Working Group on defining critical raw 
materials 2014b).   
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4.2.2 Illustration by case studies  

Examination of the current list of critical raw materials for the EU (Figure 34) reveals that many 

of the materials classified as “critical” are associated with high-technology products which tend 

to be more rapidly changing markets compared to low-tech goods. At the same time, several of 

them are used only in comparatively small quantities worldwide (cf. Figure 35, showing that 

volumes of primary raw materials produced range over several orders of magnitude). The 

emergence of a widespread application for a raw material with a (comparatively) small yearly 

tonnage can upset the balance of raw material supply and demand much more easily. 

Projections for raw material demand for electric vehicles provide a good illustration of this: 

Following a very optimistic scenario (Angerer et al. 2009b; Angerer et al. 2010) , on the order of 

9 million tonnes of copper and 250 thousand tonnes of lithium—compared to 2.5 million tonnes 

and 200 tonnes in 2008, respectively—would be needed to satisfy global vehicle production by 

2040, the strong increase being due to the widespread introduction of hybrid and electric 

vehicles. While in absolute terms the increase in demand is much larger for copper, compared to 

their respective yearly tonnage, the increase in lithium demand is expected to be much more 

significant : Road vehicles would account for approximately 20 % of total copper demand in 

2040 (up from around 12 % in 2008). However, this is a moderate relative change compared to 

lithium, for which the equivalent increase would be from a few percent today to around 80 % in 

2040 after a more than a 100-fold increase in demand compared to 2008 (Tercero Espinoza 

2012).  

 

 

Figure 35: Primary production volumes of critical raw materials (Ad-hoc Working Group on defining critical 
raw materials 2014a). Note that the scale is logarithmic. Units: t = tonnes, kt = thousand tonnes, Mt = 
million tonnes, bn t = billion tonnes. 

 

In the following sections, we explore how technological change can effect a change in the 

identity and quantity of raw materials used to manufacture commonly used products. While 
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these examples are historical and do not claim to be exhaustive, they provide a good overview 

of the way technological change can affect supply and demand for raw materials. 

4.2.3 2A new way of seeing things: Transparent electrodes in displays 

A key element in modern life is the ability to visually display information (text and pictures). For 

several decades, this function was accomplished by cathode ray tubes (CRT) in TV sets and, later, 

PC monitors. CRTs were a new technology in the last years of the 19th century (Theis 2000) but 

only became widely used by the public several decades later. Current state-of-the-art is the use 

of flat panel displays, whether tactile or not. Flat panel displays (LCD, plasma, LED/OLED) 

essentially accomplish the same function as CRTs and are in this sense a substitute technology 

on the product level. However, through the space and weight savings, and later through the 

ability to enable direct user interaction, they have made new applications—such as laptops, 

tablets and smartphones—possible that are unthinkable on the basis of CRTs. The link between 

indium and flat panel displays is that these—unlike CRTs—depend on the availability of 

transparent electrodes, leading to a dependence on different raw materials compared to CRTs. 

Transparent, electrically conductive coatings have been available since the 1930s. Early 

materials were gold, silver and sometimes copper—very thinly sputtered onto a substrate. Tin 

oxide coatings were in use during World War II. Indium oxide layers have been known since the 

1950s. The superior properties of tin doped indium oxide were reported in the mid-1960s and 

since then, tin became a standard dopant in indium oxide conductive thin films. Early 

applications of metal oxide conductive coatings were heating elements for aircraft windows, 

antistatic coatings and electrodes in lamps and (simple) displays (Haacke 1977). 

The recent widespread use of indium tin oxide transparent electrodes is closely associated with 

modern display technology. The rapid expansion in demand for this application—and the 

corresponding increase in supply of indium—is illustrated in Figure 36. Indium production has 

increased significantly since the mid-1980s, mostly driven by this single field of application.  

Since it is generally uneconomical to mine indium as a main metal, the availability of primary 

indium is ultimately dictated by mining of the base metals it is commonly associated with, 

including copper, lead, tin and particularly zinc (BGR 2012). The available processes for indium 

recovery from by-products (residues, fly ash, slags) of base metal smelting of indium-bearing 

ores are often complex and have a low direct extraction efficiency (Felix 2000; Wittmer et al. 

2011). Fortunately, more indium has been and is being mined (together with the respective 

main metals, mainly zinc) than is currently needed to satisfy global demand. Facilities are in 

place to process approximately two thirds of mined indium, of which only half can be extracted 

using current technologies.31The remaining third of the mined indium is not being processed 

because the facilities are not yet in place to do it. Current investments in the further processing 

                                                           
31

 The other half accumulated in process residues and is, at least in principle, accessible for later recovery 
within technical and economic bounds. 
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of this last fraction will result in an increase in primary indium supply (Mikolajczak & Jackson 

2012).  

 

Figure 36: Historical primary production (as a by-product) and use patterns of indium (own depiction 
based on data from Kelly & Matos 2005). For the sake of a consistent source, USGS data are used although 
the last data year from that source is 2005. Thin film coatings, mostly for display technologies, continue to 
be the main end-use of indium

32
.  Notice that the category “Solder & Alloy” is included in “Thin film 

coatings” prior to 1987. 

 

Miniaturization and especially recycling of spent ITO33 targets (“reclaimed” indium from 

manufacturing scrap, not from post-consumer scrap) help to bridge the large gap between 

indium demand (estimated at well over 1500 tonnes per year) and primary supply (estimated at 

around 600 tonnes per year). That more “reclaimed” indium is used than primary indium on a 

yearly basis is a peculiarity of the indium system, a result of the very short cycle times for 

recycling of spent ITO targets (under two weeks for processing, approximately two months on 

average including transportation, down from around six months only a few years back). As a 

result of these improvements and a slower than expected growth in demand for indium-

containing products, demand for primary indium has stabilised—compared to the period 1985-

2005, see Figure 36—in the past years at around 500-600 tonnes per year (Mikolajczak & Jackson 

                                                           
32

 It is uncontested that ITO thin films are nowadays the main use of indium. However, there is some 
variation as to the reported share of this end-use. For example, BGR (2012) report different end-use 
figures but with the same general picture. The Indium Corporation estimates that on the order of 60 % of 
virgin indium is used in flat panel displays (thin film coatings), as cited in Ad-hoc Working Group on 
defining critical raw materials (2014a). The difference arises because the shares in use shown in Figure 36 
include both primary (“virgin”) and secondary (“reclaimed” from production scrap) indium while the Ad-
hoc Working Group on defining critical raw materials (2014a) refers to virgin indium only.  
33

 ITO: indium tin oxide. 
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2012; Mikolajczak 2014a). In addition, since 2012, primary production has increased both in and 

outside of China, such that western dependence on Chinese production has been reduced 

significantly (Mikolajczak 2014b). However, because indium is currently not recovered from 

post-consumer scrap (end-of-life recycling rate < 1 %; UNEP 2011), further increases in primary 

indium production will become necessary in the future if other technological alternatives do not 

become viable and the potential for post-consumer recycling remains untapped. The status of 

substitution efforts (i.e. essentially no substitution being currently possible without incurring 

higher costs or losing performance) has been recently summarised by the CRM_InnoNet project 

(Tercero Espinoza et al. 2015, 2013) and there are currently research projects aiming to make 

indium recycling from post-consumer scrap economically viable (e.g. from dismantled EoL 

television screens: Electrocycling et al; TU Berlin et al.) as well as towards using some of the 

known though less well performing substitutes (e.g. by implementing upscaleable processes 

based on FTO: Althues 2014).  

4.2.4 Exactly the same product, different technologies and raw material mix: The 

case of “green” energy technologies 

While in the case of displays, the transition away from CRTs was a very visible one to consumers, 

the case of the ongoing transition away from fossil sources of electricity towards renewable 

energy is one that is invisible in the product that is provided to the end consumers (electricity). 

The installation of solar panels and wind mills is obviously visible in the landscape, but the 

electricity produced by these or other means is nevertheless indistinguishable to the end 

consumer. Therefore, unlike the case of displays, where the transition is driven by functionality 

of the product, the “energy transition” away from fossil fuels and towards more renewable 

energy is one driven by policy actions arising from the realisation that the capacity of the 

atmosphere to absorb CO2 emissions is limited.  

The transition to a low-carbon energy mix shifts focus, at least in part, from the availability of 

energy raw materials such as coal and natural gas towards the availability of non-energy 

minerals needed for energy systems “harvesting” solar, wind and other renewable energy 

sources. In particular, the European Joint Research Centre (JRC) and the U.S. Department of 

Energy have released studies exploring the raw material requirements for the introduction of 

the relevant technologies (Moss et al. 2011; Moss et al. 2013; U.S. Department of Energy 2010, 

2011). In these reports, particular emphasis is placed on raw materials deemed “critical” to the 

selected energy technologies on account of their functionality in the targeted technologies and 

on their current and expected supply situation. For the JRC reports: The rare earths dysprosium, 

europium, terbium, yttrium, praseodymium and neodymium as well as the minor metals 

tellurium, gallium and indium are deemed critical. Notice that these raw materials are more 

generally associated with electronics rather than with the traditional high-temperature 

(combustive) electricity generation technologies prevalent today.34 Also, examination of Figure 
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 This contrast becomes less pronounced in the case of electrical generators, where there are options 
with and without permanent magnets (neodymium, dysprosium). The reports generally highlight the 
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35 reveals that the primary production volumes of these raw materials are comparatively low, 

such that the widespread introduction of one or more technologies requiring these raw 

materials could have a considerable effect on their respective markets.35  

4.2.5 New technologies can also reduce raw materials needs  

While it is common for studies on future demand for raw materials to focus on the increase in 

demand due to technological change, it is also true that 

a) emerging technologies, which substitute current solutions to an existing problem and 

introduce “new” materials, can reduce the demand for the materials used up-to-now, 

and thus reduce the overall need for materials, and 

b) technological change can also lead to a decrease in the demand for a given material, or 

set of materials (absolute or on a per-unit basis).  

The examples outlined in Sections 2.1 and 2.2 correspond to item (a), where a new technology 

(or set of new technologies) emerges that uses different materials, and thus requires different 

raw materials, than existing solutions. In order to ensure adequate material supply for the new 

technology, it is necessary to focus on its induced raw material needs. However, we should not 

forget that the substituted technology also had a raw materials basis that is not required 

anymore as the function is (generally more efficiently) fulfilled by the new technology. A very 

plastic example of this is silver demand for photography, which has plummeted through the 

widespread introduction of digital cameras, which in turn require different raw materials for 

their production compared to analogue cameras (cf. U. S. Geological Survey 2015; Kelly & Matos 

2005). 

Item (b) in the list above, where a technology enables the use of less of the same material while 

still achieving the same function, is more seldom encountered and discussed but exists 

nonetheless. A good example of this are tailored blanks for automotive bodywork.36 Tailored 

blanks is the name given to steel sheets of different thickness (0.6 mm to 3 mm) that are welded 

together, not exclusively but largely by laser welding. Initially conceived for realising wider 

sheets than available from rolling mills at the time (mid 1980s), the technology was then applied 

to steel sheets of different thickness and/or composition in order to reduce the weight of car 

parts. The weight (and material) savings are on the order of 25 % compared to sheets of uniform 

thickness, and it is estimated that approx. 25 % of all relevant car parts were already produced 

using tailored blanks by the end of the 2010s (Angerer et al. 2009a). Projecting past gains into a 

                                                                                                                                                                             
importance of direct drive electricity generators using permanent magnets, expected to contribute 
significantly to off-shore wind energy supply. 
35

 Notice that an increase in the installed capacity for photovoltaic electricity generation does not 
translate 1:1 into a requirement for a particular raw material mix as there are competing technologies 
available today—each with a different raw materials basis. The same applies to wind energy but with less 
variety regarding the required raw materials. 
36

 Strictly speaking, the steel used for tailored blanks is not the same as the steel used for bodywork 
without the use of tailored blanks. However, at a more aggregated level these materials are very similar 
(“steel”) when compared to the use of e.g. aluminium. 
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future potential, Angerer et al. (2009a) estimated that migrating from uniform sheets to tailored 

blanks in all relevant vehicle parts would allow an increase in material efficiency by almost 20 %, 

allowing for an almost 60 % increase in vehicle production (estimate for 2030) with an increase 

in steel requirements well under 30 %. 

The link to “resource efficiency”Items (a) and (b) described above show two different options for 

gaining “material efficiency”, i.e. the ratio between material input per benefit (economic goods, 

services provided etc.) derived. Resource efficiency is the counterpart of material efficiency, 

which refers to a wider understanding of the input: It refers not to the material input only. 

Depending on the definition and context, resource efficiency takes into account (1) also the 

waste flows (as part of the raw materials required), (2) other kind of natural resources like 

water, energy, land, air, ecosystems, or (3) impacts derived from the use of the resources 

above. Resource efficiency is a strategic priority of the Europe 2020 Strategy, as a policy 

response to address a wide spectrum of important economic and environmental concerns 

(European Commission 2010).  

Material efficiency addressed on the company level means providing a product and/or service 

with less material input, and in this context is generally driven by the overriding aim of cutting 

costs. For scientists and economists, material efficiency is often related to a more general 

economy-wide level. From a life-cycle perspective, the efficiency can also be increased by 

optimising upstream processes: As not all the commodities that are contained in the raw 

materials extracted enter the use phase, certain shares of these commodities get lost as waste 

from the production processes. In this context, material efficiency does not only imply saving in 

this distinct material, but implies also savings in the energy and raw materials required for the 

production of the material.  

Furthermore, there are differences in the way raw materials are extracted. For mineral raw 

materials, this depends on the type of the mine, and the technologies applied. Consequently a 

given amount of a material can be accompanied by large or small amounts of total material 

requirements, the sum of used and unused extraction. 

 

4.3 Regional Variation 
There are no statistics that systematically document technological change, or substitution 

processes as such, neither at a global nor at the national level. The demand for certain materials 

and raw materials is nevertheless estimated by geological surveys (mostly as apparent 

consumption), trade associations (e.g. based on sales or own estimates of member companies) 

or specialised consultants.  Raw material demand, however measured/estimated, is driven by 

various factors. One of them is the introduction and substitution of technologies as illustrated by 

the examples above.  These technology-driven changes in raw material demand are subject to 

both regional and temporal variations, which largely correlate with economic and technological 

development of different countries/regions. We refer to the topic relationship map for this 
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study to briefly detect and examine the factors determining these regional and temporal 

variations (see Figure 37).  

Note that technological change as exemplified in Section 1.2 is a result of research and 

development (R&D) activities, and that it is possible to distinguish between products (e.g. a 

smartphone including all its components, or a photovoltaic panel) and the technologies needed 

to provide that product (e.g. different ways of manufacturing touchscreens for smartphones in 

large quantities, different types of photovoltaic panels), as shown in Figure 37. Through the 

established system of protection of intellectual property through (international) patents coupled 

with globalized markets for both goods and ideas, the introduction of new products occurs, at 

least in principle, at approximately the same time in the relevant markets.37 In practice, 

however, their widespread adoption38 depends on consumer purchasing power, investment by 

governments (infrastructure) and companies (manufacturing capacities), as well as 

local/regional needs, and policy (e.g. the decision to financially support electric vehicle 

purchases or whether or not to accept/use genetically engineered plants). Both policy and 

government investment in infrastructure are not shown in Figure 37 but are essential in 

understanding the adoption of emerging technologies and will be briefly discussed here with 

(non-rigorous) reference to the concept of lead markets.39  

                                                           
37

 The restriction applies because many products are not needed in all regions of the world. For example, 
there is no need for household heating in tropical climates.  
38

 It is important to distinguish between the availability of a technology and its widespread adoption. An 
example: Hybrid and electric cars are available but not yet widely used by consumers. Moreover, electric 
cars have been “available” (in the sense that the basic technology to build them is known) for over a 
hundred years but have been unable to successfully compete with vehicles powered by internal 
combustion engines (Kanter Auto Products 2014). 
39

  The concept of a “lead market” is used in innovation research to denote a country or region in which a 
certain innovation is successfully adopted first at a wide scale. For a more rigorous treatment of lead 
markets and their relation to technological innovation systems, please refer to Quitzow et al.  (2014). 
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Figure 37: Localisation of this chapter in the simplified topic relationship map charting relevant topics for 
WP6 both on the supply and demand sides of raw material markets. 

 

It is worth noting that the location of the demand for a particular product and the location of 

the corresponding manufacturing do not need to be the same. Good examples of this are 

European cars in China, and Chinese electronic products in Europe. While it is seen as 

advantageous for a country’s industry to have strong demand for their products in the home 

market as a learning platform and basis for future exports (which is why e.g. the German 

government would like to see Germany become a lead market for e-mobility; cf. Presse- und 

Informationsamt der Bundesregierung 2013), this need not be the case, as exemplified by the 

German photovoltaic industry (Quitzow et al. 2014).  

4.4 Temporal variation  
While some regional variations in the use of technologies can be essentially permanent 

regardless of technology availability (e.g. the different use of high-speed rail in Japan, Europe 

and the USA), in many cases the differences are only temporal, caused by a delayed market 

penetration or market saturation. For example, Walz & Nowak Delgado (2010) described the 

emergence of China as the (now) largest global market for wind power. Their analysis reveals 

the interactions between market and regulation behind the introduction of wind power in China 

and illustrates how policy interventions can create sufficient incentives to significantly change 

the ground rules of a market and the speed of introduction of a new technology in a country. 

The resulting installed capacities and market shares are depicted in Figure 38. Notice how 

Germany already had a large cumulative installed wind power capacity at the turn of the 



          

                                                                     

96 
WP6 – Foresight Study 

 

 

 

Minerals4EU  FP7-NMP.2013.4.1-3 

century. However, now the US has a larger share after a late but fast increase in installations. In 

turn, the installations in China started even later but have progressed at an even faster rate such 

that China now has the largest share in global wind power capacity.  

 

    

Figure 38:  Top 3 countries (Germany DE, USA US, China CN) and rest of world (RoW) in installed 
wind power capacity (absolute and global share). Graphs based on data from GWEC - Global Wind Energy 
Council (2015). 

 

As telling as the example in Figure 38 is, it is important to realize that it is not complete. Such 

comparisons also need to consider the potential size of the different national markets. In this 

case, both the USA and China are much larger than Germany and have a much larger wind 

power potential (yearly 89 000 TWh, 44 000 TWh and 4 100 TWh, respectively according to Lu et 

al. 2009), indicating that Germany is using its wind power potential to a greater extent than both 

the US and China. 

 

4.5 Influencing factors  
As stated above, we borrow from the literature on lead markets to explore what factors lead to 

the spatial and temporal variations described in Sections 3 and 4. Simplifying the factors 

favouring the creation of a lead market, different authors refer to a “regulatory advantage”—

especially important for the case of environmental regulations which often lead to the 

introduction of related technologies—and a “technological advantage” acknowledging the 

influence of the availability of skilled labour, R&D capacities and access to suppliers and 

related/requisite technologies. To these two, an “innovation-market-match requirement” may 

be added to acknowledge the simultaneous importance of a necessary pressure to innovate 

(sometimes created by a regulation) and of the ability and willingness of potential purchasers to 
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pay for the innovation (Quitzow et al. 2014). Together, these factors can be seen as being largely 

responsible for geographical and time differences in the introduction of new technologies. 

 

4.6 Using past experience, scenarios and modelling techniques 
The future is, naturally, unknown.  There are, however, methods available to provide forward-

looking intelligence regarding raw materials demand by means of qualitative and quantitative 

scenarios. In particular, scenarios provide a means of addressing “what if” questions when 

considering different possibilities of technological development and market penetration of 

emerging technologies.  

There are two main types of quantitative work that has been performed to provide estimates of 

raw materials demand in the future: technology-centred, and based on individual raw materials. 

Both types are briefly introduced here. Also, an illustration of qualitative scenarios is provided. 

4.6.1 Estimating future demand for raw materials: Technology-centred approach 

Despite their differences, the common feature of these studies is that individual technologies 

are selected and the expected raw material demand for each technology is estimated by 

combining material compositions with market forecasts, available technology or product 

roadmaps, and/or political targets. This type of study typically includes different scenarios for 

market development and, as necessary, for individual technologies in each market.40 These 

scenarios can be compared to the expected availability of raw materials to obtain a first 

indication of possible supply bottlenecks. Information related to specific measures of supply risk 

such as concentration of primary production or reserves are taken from studies that deal 

specifically with the raw material supply.  

Perhaps the most prominent current examples of this “technology-centred” approach are the 

reports published in Europe by the EU Joint Research Centre (Moss et al. 2011; Moss et al. 2013) 

and in the US by the Department of Energy (U.S. Department of Energy 2010, 2011) focusing on 

raw material requirements especially for the upgrading of the renewable energy sector. There 

are also studies for individual European countries, for example, the recent work by the 

Wuppertal Institute (2014) on the German raw material needs for the energy transition towards 

renewable energy supply. In addition, different studies have appeared in the scientific literature 

addressing this same issue (e.g. Graedel 2011; Hoenderdaal et al. 2013; Kim et al. 2015). A 

broader study was that of Angerer et al. (2009a), which provides descriptions for 32 emerging 

technologies in the fields of transportation, ICT, energy, chemicals and medicine.  

This type of study is immediately useful to understand the impact of emerging technologies in 

(usually increasing) demand for “new” materials and, ultimately, raw materials. However, they 

do not necessarily provide a complete picture of demand. To accomplish this, an analysis of 

                                                           
40

 For example: photovoltaic panels can be produced based on different technologies currently available 
in the market, each with its own raw material basis (e.g. silicon vs. cadmium telluride vs. CIGS).  
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other end-uses of the relevant raw materials beyond the selected technologies would be 

needed but is usually out of scope in such technology-centred studies. 

4.6.2 Estimating future demand for individual raw materials 

A different approach is to investigate the anthropogenic cycle for selected raw materials or 

substances, and trace the development of all relevant end-uses. This approach is based on the 

general framework of material flow analysis (MFA) or substance flow analysis (SFA) and has the 

advantage of providing a more comprehensive view of the demand of a particular raw material 

while also explicitly considering the potential of secondary supply (see Figure 39). Furthermore, 

also the formation of stocks and their capacity to retain materials in the use phase for several 

years can be considered in the case of dynamic MFA or SFA. Examples of this approach are work 

on lithium by Angerer et al. (2009b) and for dysprosium by Hoenderdaal et al. (2013). The 

disadvantage of this type of study is the higher requirement for data and analysis compared to 

technology-centred studies, and the higher efforts to build up meaningful scenarios. 

 

Figure 39: Generalized raw material cycle following the framework of material flow analysis. Notice 
this material cycle can be both backward- and forward-looking. 

 

It is instructive to test the kinds of behaviour that are accessible through the model depicted in 

Figure 39, so to assess the usefulness of such models for the aims of this study. Example results 

are presented in Figure 40 for a fictitious raw material with the following features: 

- There are only three uses of the raw material, the last of which (Use # 3) first appeared 

in 1990 and increased steadily in importance until reaching a steady state (+1% share of 

end use per year from 1990 to 2010, constant thereafter). Arbitrary assumptions have 

been made for the length of the use phase of each end-use; for convenience, this is 

accounted by a fixed value (not a distribution). 

- Supply is composed of primary production plus secondary production from new and old 

scrap, i.e. recyclability and the existence of an appropriate recycling chain are assumed. 
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Arbitrary assumptions were made for the manufacturing efficiencies (determines how 

much new scrap is generated in the form of stampings, turnings, etc.) for each end-use, 

and for the efficiency of recycling the generated new scrap. Similarly, arbitrary 

assumptions were made for the collection, pre-processing and metal recovery rates for 

post-consumer scrap. 

- The model uses dummy data up to 2010 (primary production data is set to 100 for the 

year 2000 but otherwise follows the historical development of copper mine production; 

arbitrary initial shares in demand for each end-use are assumed. Starting in 2011, the 

model generates estimates based on growth rates for each of the end-uses. As a result 

of this, primary production is no longer an input variable, but an output variable of the 

model used to close the loop (mass balance) between demand, and supply from 

recycling (new + old scrap). 

 

Figure 40: Historical and forward-looking dynamic stock & flow model results for an imaginary raw 
material with three end uses. The units are mass per year on the top and bottom rows of graphs, mass in 
the middle. 
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A summary of key values leading to the results in Figure 40 is given in Table 6. Notice that, while 

each of these values is plausible, their combination is not meant to represent any one real raw 

material but illustrate the use of this type of modelling tool for generating forward-looking 

intelligence on raw materials supply and demand based on historical values and market 

expectations. 

 

Table 6: Summary of assumptions used in the model shown in Figure 39 and leading to the example 
results shown in Figure 40.  

Quantitative assumptions Use #1 Use #2 Use #3 

Average lifetime 20 years 10 years 5 years 
Manufacturing efficiency 90% 75% 85% 
New scrap recycling efficiency 95% 90% 80% 
End-of-Life collection efficiency 70% 65% 90% 
Separation efficiency of collected old scrap 90% 75% 55% 
Efficiency of metal recovery from separated old scrap 95% 95% 95% 

 

4.6.3 Qualitative scenario methods 

A common feature of the methods outlined above is their reliance on data. However, there are 

relevant aspects of possible futures that cannot be appropriately captured by single quantities 

and are best described qualitatively. These qualitative aspects can be of paramount importance 

for quantitative assumptions needed for generating estimates of raw material demand.  

4.6.3.1 Future World Images 

A relevant exercise in this context was conducted within the POLINARES project (POLINARES 

2012) and is briefly described here to illustrate  

a) the possibilities of a very high-level qualitative scenario exercise and  

b) its implications for making quantitative estimates of raw material demand.  

The results of the exercise on “future world images” carried out within POLINARES are briefly 

summarized in Figure 41. Although the exercise had a very strong energy component, mineral 

raw materials were also in-scope and there are several aspects that are useful for generating 

estimates of raw material demand.  

First, the demand for raw materials is tied to economic activity and the sourcing of raw materials 

is tied to trade. Therefore, different constellations of institutions, trade regimes and the 

relationship between state and market can have a profound effect on raw material supply from 

a country perspective, which for metals and many industrial minerals is generally organized at a 

global level. Second, beside the geological potential also the investment conditions in different 

regions of the world are of paramount importance for exploration and mine development, 

which are tied to the (expected) location of economically viable deposits. Finally, the access to 

technologies, the extent and distribution of their adoption, and the location of the ore 
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processing, metal refining and manufacturing centres are also influenced by these high-level 

variables and have a direct impact on the identity and quantity of raw materials used. 

 

Figure 41: Summary of “possible futures after 2020” from the POLINARES project. Note that this exercise 
explores extremes along two axes, i.e institutional structure (vertical) and economy (horizontal) and that 
more analysis is needed to arrive at “likely” (vs. “possible”) futures. For more details see Clingendael 
International Energy Program & POLINARES Consortium (2012), on which this depiction is based. 

 

4.6.3.2 Technology and Product Roadmaps 

Another kind of qualitative scenario method that delivers more concrete information for 

projections of raw material demand are technology and product roadmaps. Technology and 

product roadmaps include high-level aspects such as regulation, international norms, and 

infrastructure and market assumptions, but they derive from these a specific landscape for the 

development of the technologies/products in focus. This type of roadmapping exercise is 
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especially useful for emerging technologies—for which actual market information/data is not 

available—and for technologies that comprise different sub-technologies.  

Lithium-ion batteries are a good candidate for this type of forward-looking exercise and both 

technology (e.g. Thielmann et al. 2010) and product (e.g. Thielmann et al. 2012) roadmaps are 

available. The distinction between technologies and products is important, because products are 

the “market manifestation” of technologies and it is their manufacture that requires raw 

materials: the availability of a technology is a necessary but not sufficient condition for the 

availability of the corresponding product(s). In the case of lithium-ion batteries, it is important to 

have an idea of what products for which uses (e.g. portable electronics vs. electric cars) based 

on what distinct technologies (in this case: “what chemistries”) will be in the market in order to 

generate estimates of future raw material demand. The issue here is that not only the amount 

of material per unit (here: battery) differs between sub-technologies but also the identity of 

some of the required materials: e.g. cathodes containing nickel vs. iron phosphate vs. cobalt vs. 

manganese, anodes using silicon vs. titanium vs. carbon vs. lithium metal (Thielmann et al. 

2010). 

 

4.7 Knowledge Gaps 

4.7.1 Important sources of information and data 

Information and data needs are related specifically to the different methods of interest (cf. 

Section 6). There are many sources of information regarding the expected general economic 

development. Usually, these are estimates of gross domestic product (GDP) at a global level 

available from institutions like the World Bank or the International Monetary Fund, coupled to 

regional and national estimates provided e.g. by national central banks. These are important for 

estimates of demand for industrial metals (e.g. iron, aluminium, copper) which tends to 

correlate strongly with economic growth (e.g. Binder et al. 2006). This type of information is 

especially relevant to the quantitative forward-looking methods presented in Sections 6.1 and 

6.2, but also provide guidance for the qualitative methods presented in Section 6.3. 

When assessing the expected demand for minor metals (e.g. gallium, indium, rare earths), 

specific markets characteristics such as emerging uses and specific end-use market growth rates 

also play an important role (and at shorter time scales) in addition to overall economic growth. 

Here, market studies performed by industry associations and specialized firms are a very 

valuable source of information on the expected market growth for individual end-uses. 

However, these market studies must be matched by knowledge of the raw material basis of the 

available options in order to arrive at estimates of raw materials demand—a particularly tricky 

task for rapidly changing technologies. Common sources for this are expert opinions, and 

current discussions (papers, reviews) on material trends. This type of information is relevant to 

roadmapping exercises (Section 6.3.2) as well as quantitative scenario methods (Section 6.1 & 

6.2), but not to future world images (Section 6.3.1). 
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4.7.2 Data challenges 

A key data challenge is in the assessment of raw material content of products over time. 

Passenger vehicles are a good illustration of this difficulty: over time, plastics and lightweight 

metals (aluminium, magnesium) have partly substituted steel in car components, and 

technology changes have allowed the manufacture of the same components with less steel. At 

the same time, more and more comfort and safety features have been introduced which raise 

the need for other materials (e.g. copper and magnets for motors, electronic metals for on-

board computing capabilities), not to mention the introduction of catalytic converters and their 

platinum and/or palladium requirement. Tracking this material composition over time and over 

the different car makes and models is a considerable challenge not yet tackled. 

A second challenge—but specific to regional/national studies centred around individual raw 

materials—is the estimation of metals contained in (international) trade. For countries or groups 

of countries, trade data is accessible in a standardized way via Eurostat or UN comtrade.41 

However, the purpose of trade statistics can be more closely approximated by “economic 

tracking” rather than “material flow tracking”. Although the weight or number of units of 

shipments is available in addition to their value, it is a gross weight and the category definitions 

are often not sufficient for tracking individual raw materials, thus requiring additional 

assumptions. In sum, these assumptions can have crucial influence on the overall estimates. For 

example, trade in mined nickel is covered by the heading “Nickel ores and concentrates” (HS 

code 2604.00), leaving questions open such as what the average concentration of nickel in 

shipments that year was (presumably of concentrate and not ores). Moreover, ores and 

concentrates may contain valuable companion metals. In the case of nickel, cobalt may be 

contained in the traded ores and concentrates and this cobalt may be extracted during 

subsequent processing. Trade statistics give no information about this. The same applies for 

nickel contained in iron ores etc., therefore the information cannot be considered as thoroughly 

complete. The limitations become more evident when examining “minor” metals such as 

tantalum, which is covered by the heading “Niobium, tantalum, vanadium or zirconium ores and 

concentrates” (4-digit HS code 26.15) with codes for “Zirconium ores and concentrates” (6-digit 

HS code 2615.10) and “Others” (HS code 2615.90). Even at the deepest (8-digit) level used by 

EUROSTAT, tantalum and niobium are handled together (HS code 2615.9020, “niobium or 

tantalum ores and concentrates”). Therefore, trade with tantalum ores and concentrates cannot 

be derived from foreign trade statistics. This limitation extends in a similar fashion down the 

value chain all the way to manufactured products and post-consumer scrap.  

4.7.3 Data opportunities 

The data required for the forward-looking exercises mentioned in Section 6 are predominantly 

not covered by the current version of the Minerals4EU Mineral Knowledge Data Platform 

(MKDP). Imports and exports per commodity (including wastes and residues) are provided by 

the European Minerals Yearbook, however, this does not cover semi-manufactured and 

manufactured goods and are subject to the limitations outlined above. Fortunately, there is a 

                                                           
41

 National statistic portals can be more detailed but are only valid for the country providing it. 



          

                                                                     

104 
WP6 – Foresight Study 

 

 

 

Minerals4EU  FP7-NMP.2013.4.1-3 

growing body of work trying to address this issue. For example, as the ProSum project will add 

to our knowledge of old scrap generation in Europe and data being collected/processed in the 

DESIRE project could help to better understand demand. This information is complementary to 

that produced by the Minerals4EU consortium and there is opportunity to work together with 

these consortia in the future towards an integrated data platform or an agreed interface or 

interfaces between these data systems. 

 

4.8 Conclusions and Outlook 
The demand—current and future—for raw materials is largely determined by the 

technologies/products available in the market. In this topic report, we used historical examples 

to explore how changes in technology have led to changes in the identity and quantity of 

materials used by society. Also, we made a connection between the market size/volume and the 

lability of the respective metal markets to be upset by the introduction of emerging 

technologies. Furthermore, we explored what factors lead to the spatial and temporal variations 

in the widespread adoption of new or different technologies. Finally, we surveyed selected 

quantitative and qualitative methods for generating estimates of future raw material demands, 

together with their respective data needs and challenges. 

Based on this survey, it is possible to arrive at some general statements about technological 

change and its impact on raw material demand: 

1. Technological change—the emergence of new and substitute technologies—is a 

“natural” feature of the history of technology and society and a result of our collectively 

increasing knowledge of science and engineering together with market forces. 

2. New and substitute technologies often change, but not necessarily increase, the need 

for raw materials. This change can be quantitative (use of more or less of the same 

material) or qualitative (use of different raw materials altogether). 

3. Future raw material demand is not only affected by “obvious” variables such as 

population and GDP growth, but also by less obvious factors such as policy and trade 

regimes.  

4. While is not possible to exactly know the identity and respective amounts of required 

raw materials needed in the future, there are both qualitative and quantitative methods 

available to generate plausible, defensible estimates of it. 

5. Statistical systems that are generally designed to monitor economic activities are strong 

in monitoring bulk flows in addition to value of trade. This is more immediately useful to 

tracking mass goods and metals, but almost in all cases lacking information on for rare 

metals. In general, the categories used in these statistical systems are not directly suited 

to enable estimates material flows, requiring additional knowledge and, ultimately, 

assumptions. 
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The material cycles in the anthroposphere can be depicted by material systems. The 

consumption/demand side of the material systems are as important as the supply side when 

estimating how supply and demand may match in the future. However, while there are 

many facets described on the supply side, this topical report is the only contribution to the 

demand side–complementing the overall system picture with aspects most relevant to the 

demand of “technology metals”—technological change. Significantly more efforts are 

needed to provide deeper insights into raw material demand in future foresight activities. 

We strongly recommend ensuring institutional capacities in the Network that can cope with 

the demand side in an adequate manner so as to fulfil the requirements of external 

stakeholders to the Permanent Body of the Minerals Intelligence Network. 
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