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Abstract: Moving towards a low-carbon economy will imply a considerable 15 

increase in the deployment of green technologies, which will in turn increase the 16 

demand of certain raw materials. In this paper, the material requirements for 2050 17 

scenarios are assessed in terms of exergy to analyze the impact in natural resources in 18 

each scenario and identify which technologies are going to demand more resources. 19 

Renewable energy technologies are more mineral intensive than current energy sources. 20 

Using the International Energy Agency scenarios, from 2025 to 2050, total raw material 21 

demand is going to increase by 30%, being the transport sector the one that experiences 22 

the highest increase. Aluminum, iron, copper and potassium are those elements that 23 

present a higher share of the material needs for green technologies. Besides, there are 24 

five elements that experience at least a six-fold increase in demand in that period: 25 

cobalt, lithium, magnesium, titanium and zinc. Comparing those results with 26 

Greenpeace’s AE[R] scenario, which considers a 100% renewable supply by 2050, this 27 

increase is even higher. Therefore, avoiding the dependency on fossil fuels will imply to 28 

accept the dependency on raw materials.  29 
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1. Introduction 35 

  36 

The Paris agreement’s central aim is to strengthen the global response to climate 37 

change, and in the 21
st
 Conference of the Parties (COP21), it was agreed to hold the 38 

increase in global mean temperature from global warming to well below 2ºC above pre-39 

industrial levels. Even more, it also has the ambitious goal to pursue efforts to limit the 40 

temperature increase even further to 1.5ºC [1]. Still, global temperature reached in 2015 41 

1ºC above pre-industrial levels [2]. To stay below 2ºC, global greenhouse gases (GHG) 42 

emissions must be cut to at least 80% below 1990 levels [3], and to accomplish this 43 

goal, all sectors must contribute.  44 

The need to mitigate emissions is now receiving significant attention and all the 45 

sectors, public energy stakeholders, non-governmental organizations (NGO’s), private 46 

sector and regional and local entities are involved in this process. Yet this transition 47 

cannot happen suddenly and roadmaps need to be established to achieve stepwise a 48 

decarbonized system [4,5]. For instance, some recommendations and studies have 49 

already been made for decarbonizing Europe [6,7], Canada [8] or and China [9,10]. 50 



Different measures have been proposed to reach this emission reduction target, the most 51 

important by the International Energy Agency [11,12], being energy efficiency 52 

measures and penetration of renewable energy sources the dominant ones. Another very 53 

used system in future predictions and scenarios to reduce emissions is to implement 54 

carbon capture storage (CCS) [13,14].  55 

Long-run energy projections are available from many organizations, with one or 56 

multiple scenarios covering a certain period of them, the farthest reaching 2060. Those 57 

scenarios are generated according to future consumption trends, economic and 58 

population growth, share of renewable energy sources implemented each year, 59 

environmental and energy policies, etc. Some of the most relevant at international level 60 

are the following:  61 

 International Energy Agency (IEA). World Energy Outlook, updated each year, 62 

incorporates projections for both demand and supply for renewable and non-63 

renewable energy sources [11].  64 

 Another relevant report regarding future scenarios is the Energy Technology 65 

Perspectives [12], also published by the IEA. Energy technology perspectives, 66 

published yearly, outlines the trends and technological advances that will 67 

reshape the global energy sector.  68 

  U.S. Energy Information Administration (EIA). The International Energy 69 

Outlook, updated yearly, provides an assessment of international energy markets 70 

through 2040 [15].  71 

 MIT Joint Program on the Science and policy of global change. In the last 72 

report, Food, Water, Energy, Climate Outlook, perspectives from 2016, along 73 

with GHG emissions, issues concerning global agricultural and water resource 74 

challenges are also addressed [16].  75 

 British Petroleum (BP) yearly makes available an Energy Outlook report 76 

outlining the most probable path for global energy markets in the next 20 years 77 

[17].  78 

 Greenpeace first published the Energy [R]evolution Scenario in 2005, being the 79 

fifth and latest edition the one published in 2015 [18].  80 

 World Wildlife Fund (WWF), explored in The Energy Report [19] how to power 81 

the world using only renewable energy by 2050, generating a very ambitious 82 

scenario.  83 

 World Energy Council provides three different projections up to 2060, 84 

considering energy security, energy equity and environmental sustainability [20] 85 

 ExxonMobil analyzes the global energy demand and supply through 2040 not 86 

only for their long-term investments but also for the public to help promote the 87 

understanding of the world’s energy needs [21].  88 

 The Institute of Energy Economics Japan (IEEEJ) made public the Asia/World 89 

Energy Outlook 2016 in October with two different scenarios, the reference 90 

scenario, without reflecting low-carbon measures, and an Advanced 91 

Technologies Scenario (ATS) where low-carbon technologies are promoted 92 

[22].  93 

 94 

It is noteworthy that, in all these scenarios and projections, only the energy sector is 95 

considered. Yet there are other issues to be addressed, being one of them the materials 96 

that are going to be needed to build the green technologies required to reach the 2ºC 97 

target used as a common reference.  98 

Some authors have analyzed metal requirements of low-carbon power generation 99 

using a Life Cycle Assessment approach for selected technologies [23,24]. On the other 100 



hand, there are also other prominent studies that focus only on the so-called critical raw 101 

materials that are necessary for green technologies [25,26] and for decarbonizing the 102 

energy sector in Europe [27]. From these studies, it can be seen that renewable energy 103 

technologies are more mineral intensive than current energy sources. Still, there is a 104 

lack of integration of this information with the future energy scenarios. One of the first 105 

attempts to include material requirements in energy modeling was made in [28], but 106 

they only considered a few metals.   107 

For this endeavor, this paper analyzes several scenarios for this energy transition 108 

incorporating not only information regarding the decrease of fossil fuel energy sources 109 

and increase of renewable energy sources, but also the mineral requirements for each 110 

sector.  111 

In order to do this, our unit of measure will be exergy, as it is the only way to assess 112 

the physical quality of resources and avoid the problems of adding “apples with 113 

oranges”. The main goal is then to quantify the evolution of natural resources demand 114 

up to 2050 in terms of exergy, analyze the impact in natural resources in each scenario 115 

and identify which technologies are going to demand more resources. With this 116 

approach, we expect to be able to answer the following questions: Will there be a net 117 

exergy reduction of non-renewable resources consumption? What is the relative 118 

importance that mineral resources are going to have in the transition? Is this energy 119 

transition going to be really renewable?  120 

  121 

 122 

2. Methodology 123 

 124 

First, to be able to analyze material requirements, a selection of scenarios is 125 

necessary for current and future situations, as this will influence the amount of minerals 126 

needed in the different sectors. It must be taken into account that a scenario is a 127 

description of a possible future state of the world, one alternative image of how the 128 

energy and materials are going to be in the future, but this could rapidly change 129 

according to changes in political, social and environmental conditions.  130 

Once the scenarios are selected, the material requirements of each green technology 131 

can be analyzed. Then, combining both results with an exergy approach, the weight that 132 

mineral resources are going to have in the transition can be assessed.  133 

 134 

2.1. Scenarios 135 

 136 

For the analysis of mineral requirements, two different reports, each one with 137 

several scenarios, have been taken into account.  138 

First, we have considered the most relevant and recognized scenarios at world level, 139 

those published by the International Energy Agency. In this case, the 2017 Energy 140 

Technology Perspectives report will be used as a source of information regarding the 141 

energy demand, the energy use by sector and the global installed capacity [12]. This 142 

report analyzes three different scenarios:  143 

 Reference technology scenario (RTS) that takes into account current 144 

commitments to limit emissions and improve energy efficiency. It already 145 

presents meaningful variances with the “business as usual” approach. These 146 

efforts will result in a temperature increase of 2.7ºC by 2100. 147 

 2º Scenario (2DS), that takes into account a 70% reduction of CO2 emissions in 148 

the energy sector from today’s levels by 2060. It is a highly ambitious scenario 149 



where there is a 50% change of limiting the temperature increase by 2100 to 150 

only 2ºC.  151 

 Beyond 2ºC scenario (B2DS), being the most optimistic scenario, technology 152 

improvements and policies are pushed to the maximum in order to achieve net-153 

zero emissions by 2060, still, it does not define a specific temperature increase 154 

by 2100, only that it will be below 2ºC.  155 

 156 

Greenpeace, in its Energy Revolution report, presents one of the most ambitious 157 

renewable energy scenarios [18]. They also describe three scenarios:  158 

 Reference scenario (RS), reflecting a continuation of current policies and 159 

trends taking into account information of the IEA.  160 

 Energy [R]evolution scenario (E[R]), follows worldwide key target to reduce 161 

carbon dioxide emissions in order to hold the increase in global temperature 162 

under 2°C. A second objective is the global phasing out of nuclear energy.  163 

 Advanced Energy [R]evolution scenario (AE[R]), the most ambitious one, 164 

with significant efforts compared to the previous scenario to achieve a 100% 165 

renewable energy supply in 2050. The consumption paths are the same as in 166 

E[R] but there is a much faster introduction of new technologies.  167 

 168 

For the study, the 2DS scenario of the IEA will be used as the main source of 169 

information as it is arguably the most cited worldwide. IEA’s B2DS scenario, 170 

Greenpeace’s AE[R] scenario and World Energy Council (WEC) scenarios, are going to 171 

be considered later for comparative purposes.  172 

 173 

 174 

2.2. Material use in the energy sector 175 

 176 

When analyzing the energy sector, material needs must be considered, as more often 177 

than not they are not taken into account when analyzing the shift towards a low-carbon 178 

economy. Green technologies are specially demanding regarding material needs and 179 

scarce elements thus they could even generate bottlenecks or supply problems in the 180 

future, and this is a key aspect that should be analyzed.  181 

In this paper, the green technologies that are included in the analysis are the 182 

following: wind power, solar photovoltaic (PV), concentrated solar power (CSP), solar 183 

thermal, geothermal, hydropower and the mobility sector, with special emphasis on 184 

Electric Vehicles (EV) composed by the addition of Plug Hybrid Electric Vehicles 185 

(PHEV) and Battery Electric Vehicles (BEV).  186 

Tables in Appendix A (Tables A.1. and A.2) show the material intensity in each one 187 

of the technologies and vehicles considered, it is assumed that the composition and 188 

proportion of each element will not change from now until 2050. For non-renewable 189 

energies, materials needed to build nuclear and gas facilities are also considered (Table 190 

A.3), mainly focused on the amount of steel used, as usually steel has significant 191 

proportions of chromium and manganese. It is also assumed that no new power plants 192 

facilities that use coal or oil will be built, thus they will not generate any new material 193 

demand in the following decades. All data have been obtained from [29]. 194 

As the material intensity of each technology is known, the next step is to calculate 195 

the amount of materials used each year are the energy projections, retrieved from the 196 

selected scenarios, and the sales projections by type of vehicle [30,31].  197 

To calculate the raw material demand in each green technology it has been 198 

considered that a certain amount of raw materials comes from recycling processes [32]. 199 



Equation 1 shows how material demand in the studied green technologies is calculated 200 

for a given year for each commodity: 201 

      [∑             
   ]                                   Eq.1 202 

where da_gt is the quantity of primary material a demanded for the analyzed green 203 

technologies (gt) during a given year; N is the number of yearly manufactured units of 204 

each technology; M is the quantity of material a demanded by each technology to 205 

manufacture one functional unit - FU (for renewables, FU=1MW; for passenger cars 206 

FU=1 vehicle); r is the share of material which comes from recycling and i is each 207 

studied technology.   208 

Besides, material demand from renovation and repowering activities in renewable 209 

energies and passenger vehicle fleet must also be considered, following Equation 2:  210 

                                                             Eq. 2 211 

where Nns is the number of new units which are added to the global market and Nrn is 212 

the number of units manufactured to renew old installations. 213 

Additionally, as the production of phosphorous and potassium is very important in 214 

the food sector, (95% and 92% is used for fertilizers, respectively, [33,34], a special 215 

analysis has been made. For the use in the food sector, estimations made by 216 

Alexandratos and Bruinsma [35] state that from 2005 to 2030 the annual growth of 217 

fertilizer consumption is expected to be 1.4% and from 2030 to 2050, 0.7%. This is in 218 

line with other estimations made by Blanco [36] and FAO [37].  219 

Besides, the bioenergy sector will also demand a certain amount of P and K in the 220 

coming decades; therefore a complementary analysis was carried out (Table 1). This 221 

demand has been calculated taking into account the bioethanol and biodiesel supply rate 222 

at worldwide level and the IEA projections [38,39].  223 

 224 

Table 1. Bioenergy expected mineral demand (data in million tonnes).  225 

 2020 2025 2030 2035 2040 2045 2050 

P  7 8.5 10 11.2 13 14.2 17 

K  13 15 17 20 22 27 30 

 226 

Hence, total future estimations of P and K take into account both uses, for fertilizers 227 

(used in the agriculture sector) and for the bioenergy sector. 228 

  229 

 230 

2.3.Material use in the non-energy sector 231 

 232 

The main goal is to analyze the material use in the energy sector but the demand in 233 

other sectors must also be considered to have a more robust and complete analysis of 234 

the energy transition. It should be stated that only 35 elements are being analyzed in this 235 

paper, which in 2016 represented around 76% of the total world mineral production. 236 

Therefore the different hypotheses presented in this section only consider production 237 

and demand of these 35 elements. 238 

Using the material demand for renewable energy systems (RES) for 2016 through 239 

material intensity data from Tables A.1 and A.2 and the world mineral production for 240 

that same year, the demand of the remaining sectors can be calculated as the difference 241 

between both. Then, as we already know the material use for the RES sector in the 242 



future scenarios, the only missing information is the material use in the non-RES sector.  243 

For this endeavor, three different hypotheses have been considered:  244 

a) Material Demand – population linked (MDP): as the increase in population is 245 

expected to grow 0.8% annually, this same rate will be the one used to calculate 246 

the material demand for non-RES sector. This is the most conservative 247 

hypothesis.  248 

b) Material Demand - Hubbert (MDH): using future mineral production calculated 249 

with the Hubbert peak model for each mineral analyzed [40], the total mineral 250 

production from 2018 to 2050 can be estimated as the sum of the yearly 251 

estimated production of each mineral.  252 

c) Material Demand – business as usual (MDBAU): the evolution of the material 253 

intensity (tonnes per capita) of the 35 selected elements has been analyzed for 254 

the last 33 years, from 1983 to 2013, going from 0.223 to 0.395, respectively. 255 

Using this trend, future material intensity can be calculated assuming that the 256 

growth is going to be the same from 2017 to 2050.   257 

 258 

 259 
Figure 1. Material demand for non-RES sectors considering: MDP – material demand 260 

increases the same as population (0.8% per year). MDH – material demand increases 261 

following Hubbert peak curves. MDBAU – Material intensity increases following the 262 

same trend than in the last 33 years. 263 

 264 

 265 

3. Exergy analysis 266 

 267 

Exergy is defined as the maximum amount of work that may be generated when 268 

bringing a thermodynamic system into equilibrium with its surrounding environment. It 269 

has been traditionally used to measure any energy source, to identify irreversible energy 270 

conversion processes, quantify thermodynamic losses and to improve the design and 271 

operation of energy systems mitigating their impacts on the natural environment. More 272 

recently, it has also been used, combined with economic and environmental 273 

considerations, for exergoeconomic and exergoenvironmental analysis [41,42].  In this 274 

paper, exergy is going to be used to assess the quality of the minerals used in renewable 275 

technologies. The advantage of doing so is that raw materials can be assessed with the 276 

same unit of measure than energy sources, i.e. in tons of oil equivalent. 277 

Exergy of primary fossil resources can be approximated with no significant error to 278 

their HHV [43]. Usually, energy scenario reports already provide the information in 279 

energy units (i.e. PJ or Mtoe), thus considering already this fact. The exergy of 280 

electricity is equivalent to their energy content and thus, renewable energy data is 281 



already expressed in exergy terms. The main difference with conventional flow analysis 282 

relies then in how to assess raw materials. Usually, when raw materials flows are 283 

analyzed, only tonnage is taken into account. This is mainly because the data can be 284 

easily obtained and in turn it can provide useful information without having to carry out 285 

detailed data processing. That said these data is not enough if the quality of the raw 286 

materials considered wants to be taken into account. For instance, one tonne of gold 287 

cannot be compared to one tonne of iron as, even if the weight is indeed the same, the 288 

energy needed to extract those amounts and the quality of each element is considerably 289 

different. To overcome this issue, exergy analysis can help to evaluate raw materials, 290 

especially mineral resources, using objective information that goes beyond tonnage. 291 

Whilst fuel quality remains fairly constant with extraction, for the case of non-fuel 292 

minerals the quality decreases while mining continues – ore grades decline and more 293 

energy per unit of metal obtained increases [44]. Therefore, using exergy, one can 294 

physically measure the “rarity” of a piece of mater, as the rarer something is, the more it 295 

stands out [45].  296 

Chemical exergy alone cannot reflect that fact. This is why when analyzing non-fuel 297 

minerals, exergy replacement costs (ERC) are preferred [46,47]. These represent the 298 

natural free bonus provided by nature for having the minerals concentrated in mines 299 

instead of dispersed in the crust. They are equivalent to the exergy that would be needed 300 

to extract a mineral from ordinary rock using prevailing technology to the concentration 301 

and composition found in the mine [48]. To be able to do these calculations, average 302 

values of ore grade in mines and in the crust are needed for each element. The values 303 

and the calculation methodology are fully explained in [49] and [48]. Nevertheless, 304 

these values are not static over time as they are technology dependent. Still, if there are 305 

no significant technology improvements in the short term ERC values will remain 306 

within the same range [50]. ERC values are expressed in GJ/ton and the higher the 307 

value, such as the case of PGM, Ta and In, the scarcer ant the more energy intensive to 308 

obtain the element (Table B.1). It should be mentioned that the exergy represented in 309 

the material flows is not a real energy expenditure. The real energy expenditure used for 310 

mining and obtaining the different mineral commodities is already included in the 311 

corresponding primary energy flows. Rather, it should be considered as a proxy 312 

measured in exergy terms, of the quality of each of the minerals used. 313 

 314 

 315 

4. Exergy flow analysis 316 

 317 

First, the exergy flow analysis has been carried out for the International Energy 318 

Agency 2º Scenario (2DS), which limits the temperature increase by 2100 to only 2ºC. 319 

We have used 2025 and 2050 data, as already in 2025 some changes in the energy 320 

sector are visible and 2050 since it is the common point that all energy scenario reports 321 

have. Subsequently, results of IEA scenarios are compared with other scenarios 322 

(especially with Greenpeace’s AE[R]) to state the differences in raw material 323 

consumption for each case. These two sections are carried out assuming that the demand 324 

in non-RES sectors will only grow following the population growth (0.8% per year). 325 

For this reason it is important to take into account other situations, such as those 326 

mentioned before, the MDH and MDBAU scenarios, considering that material demand 327 

grows according to the Hubbert peak model and that the increasing trend is the same 328 

than in the last 33 years, respectively.  329 

 330 

4.1. International Energy Agency 2DS scenario 331 



 332 

The 2DS scenario tackles the necessary route to limit the increase in global 333 

temperature below 2ºC with a 50% chance. In this scenario, CO2 emissions will peak 334 

before 2020 and fall to around one-quarter of today levels by 2060, continuing its 335 

decline to reach neutrality in the energy system by 2100. Efficiency and renewable 336 

energies will be the main contributors, with a 40% and 35% of the share, respectively. 337 

Fuel switching will contribute 5% and nuclear 6%. Furthermore, other technologies still 338 

in development will be needed; the most important being Carbon Capture and Storage 339 

(CCS), accounting for 14% of the decrease. CCS is a complex process that can be 340 

defined as the capture of CO2 from a fossil fuel emitting power plant or other facilities, 341 

the clean-up and compression processes, the storage site and the means to transport it to 342 

a permanent location [14]. According to IEA predictions, the capture and storage 343 

development rate would need to increase tenfold in order to meet its objectives. 344 

The 2DS scenario is obtained with the integration and manipulation of data from 345 

four sub-models or subsectors: energy conversion, industry, transport and buildings 346 

(residential and commercial/services). For instance, the power sector is expected to be 347 

decarbonized by 2060, as it is fundamental to help decarbonize the end-use sectors, for 348 

example, by using heat pumps in buildings or electric vehicles for transport.  349 

In all sub-sectors, energy efficiency is essential. Renewable energies deployment 350 

will be faster in the power sector, and will be also important in the transport (biofuels), 351 

buildings (renewable-based heating) and industry sectors (renewable feedstock). By 352 

2025 the CO2 emissions will decrease mainly due to the first effects of the efficiency 353 

measures applied and the take-off of renewable energies.  354 

 355 

 356 
Figure 2. World exergy flow analysis for the IEA 2DS scenario for the year 2025. All 357 

data are expressed in Mtoe. 358 

 359 



An analysis of the world exergy flows, using Sankey diagrams, has been made for 360 

the year 2025 using IEA information (Figure 2). All the flows in the figure are 361 

expressed in Mtoe. Coal, natural gas, oil and nuclear energy are used both for 362 

transformation and for electricity and heat. Regarding renewables, they are also used for 363 

transformation and heat but a considerable amount goes directly to the sub-sectors 364 

considered: industry, transport, residential, services, agriculture, fisheries and forestry. 365 

Regarding mineral flows, a substantial part is used for non-energy uses (6,008 Mtoe) 366 

and the rest is divided between minerals for non-RES and RES energy uses, 114 and 367 

394 Mtoe, respectively.  368 

Comparing 2025 and 2050 for the 2DS scenario (Figures 2 and 3), there is a 369 

considerable decrease in the total primary demand of fossil fuels, 57, 31 and 27%, for 370 

coal, oil and natural gas, respectively. To compensate this decrease, there is an increase 371 

in the remaining energy sources, for instance, 94% in the case of nuclear energy. 372 

Especially notable is the use of renewable sources of energy, which increases 131% in 373 

only 25 years according to the 2DS scenario.   374 

 375 

 376 
Figure 3. World exergy flow analysis for the IEA 2DS scenario for the year 2050. All 377 

data are expressed in Mtoe.  378 

 379 

Associated to that increase in the use of renewable energies, there is also an 380 

increase in raw material demand. From 2025 to 2050, total raw material demand 381 

expressed in exergy terms increases by 30% if the IEA projections are met. If we 382 

analyze this increase, it mainly corresponds to the increase of raw materials needed in 383 

the energy sector. Taking into account bioenergy and materials needed for RES, the 384 

increase in that period of time is 172% (from 394 to 1073 Mtoe), while the material 385 

increase in agriculture for fertilizers and non-energy uses is only 35 and 22%, 386 



respectively. Noteworthy is the decrease of material demand for non-RES energy uses, 387 

that decreases considerably, from 114 Mtoe to only 27, and that is associated to the 388 

decrease of fossil fuel consumption.  389 

Regarding material use by sector, transport is the sector that experiences the highest 390 

increase. Taking into account materials used in BEV and PEV only, there is a total 391 

material increase of 344% from 2025 to 2050. The meeting of 2025 EV sales objective 392 

implies a growth of 35% every year, from 2017 to 2025; this was already accomplished 393 

in 2015 and 2016. The growth rate must continue at 30% every year to 2050.   394 

 395 

 396 
Figure 4. Raw materials exergy demand evolution for the EIA 2DS scenario from 2025 397 

to 2050 for energy uses by element and by technology. All data are expressed in Mtoe. 398 

 399 

Once seen the general picture of the energy transition for both years for the 2DS 400 

scenario, the raw material energy demand by element and technology can be analyzed 401 

for RES and non-RES energy uses (Figure 4). Aluminum, iron, copper and potassium 402 

represent a high share of the material needs in all analyzed years. Aluminum, copper 403 

and iron are the most used metals in all technologies, going from wind, solar to all types 404 

of vehicles. The amount of potassium and phosphorous required in this case only 405 

corresponds to the demand generated by the bioenergy sector, which is expected to 406 

double by 2050. As it can be seen in the figure, only potassium stands out and this is 407 

due to the differences between the ERC values of each substance. Besides, there are 5 408 

elements that experience at least a six-fold increase in demand: cobalt, lithium, 409 

magnesium, titanium and zinc. Cobalt and lithium are mainly used in BEV and PHEV, 410 

while magnesium, titanium and zinc are used in CSP and solar thermal. The sales of 411 

PHEV are expected to increase from 5 million in 2016 to almost 32 million in 2050 but 412 

more striking is the case of BEV, whose sales are expected to increase from 0.3 to 40 413 

million of units.  In the 2DS scenario, CSP goes from 7 GW of gross electricity capacity 414 

in 2014 to 720 GW in 2050, which is the type of energy that experience the highest 415 

increase only after ocean energy (from 0.5 to 153 GW in that same period). Therefore it 416 

seems logical than material demand associated with both extreme growths increases 417 

considerably. 418 

On the other hand, the demand of some minerals will decrease in the energy sector. 419 

This is the case of chromium, lead and palladium. In the case of chromium, even if it is 420 

used in renewable sources of energy, it is also used in large quantities for ICEV. A 421 

similar situation can be observed for lead and palladium, mainly used in ICEV and 422 

PHEV. As the ICEV sales are expected to decrease around 82% from 2016 to 2050, the 423 

decrease in demand is clearly associated to the decrease in sales. This does not mean 424 



that the demand of those elements will decrease in general terms, as they are used in 425 

other sectors or could be used in applications even not known today.  426 

 427 

 428 

4.2.Other scenarios 429 

 430 

Until now, only the 2DS scenario has been analyzed, taking into account materials 431 

demanded by green technologies from 2025 to 2050 and considering an increase of 432 

0.8% per year in the material demand of the remaining sectors.  433 

In addition to the 2DS scenario, the IEA also included the B2DS scenario [12], 434 

where the temperature increase by 2100 is less than 2ºC. In order to accomplish the 435 

restrictions needed in the B2DS scenario, the decarbonisation of the energy sector is 436 

drastically accelerated and the emission reduction in end-use sector becomes 437 

significantly more challenging. CCS is one of the largest contributions to emissions 438 

reductions in the shift from the 2DS to B2DS at 32%. Energy efficiency contributes 439 

34%, while fuel switching (18%), renewables (15%) and nuclear (1%) provide the 440 

remainder of the emissions reductions. In the power sector an even more accelerated 441 

deployment of low carbon technologies and transition to negative emission using 442 

BECCS after 2040 is assumed. In buildings a rapid shift to high-performance lighting 443 

and appliances in the next years in needed. In the transport sector decarbonisation is 444 

faster than in 2DS. All this requires broad adoption of the most advances technologies 445 

and very stringer policies. 446 

In the AE[R] scenario, Greenpeace [18] makes the necessary assumptions to 447 

transform the energy system towards a 100% renewable energy supply. In this scenario 448 

global CO2 emissions stabilize by 2020 and then a constant reduction leads to zero 449 

emissions in 2050, being thus the temperature increase less than 2ºC. Efficiency 450 

improvements and the best available technologies in all sectors are key. A fast 451 

introduction of new technologies leads to a complete decarbonisation of the power, heat 452 

and transport sectors. In contrast to the B2DS scenario, CCS technologies are not 453 

implemented, and nuclear power disappears quickly. Current lignite and coal power 454 

plants lifetime is reduced. Biomass power generators and large hydro power remain 455 

limited. Wind power and solar power (both photovoltaics and concentrating solar 456 

power) are considered the main pillars of power supply, complemented with 457 

geothermal, ocean energy and small and medium sized hydropower. Besides direct use 458 

of renewable electricity and biofuels, the transport sector is complemented by hydrogen 459 

generated by electrolysis using renewable energy, which is converted to synthetic 460 

hydrocarbons to replace fossil fuels in heavy duty vehicles and air transportation. 461 

Hydrogen is also used in industry, heating and power sectors to help in the replacement 462 

of natural gas, replacing 30-40% of the remaining gas consumption in 2040 and 100% 463 

in 2050.  464 

The WEC scenarios [20] are not constrained by a CO2 budget but by different 465 

predominantly driving forces: market in Modern Jazz and governments in Unfinished 466 

Symphony. Modern Jazz represents a competitive world driven by market mechanisms 467 

and rapid technology innovation. An international climate policy is absent and the 468 

energy transition is due to rapid improvements in technology innovation. In this 469 

scenario final energy consumption to 2060 grows 38%, primary energy demand 25% 470 

and the 1,000 Gt CO2 carbon budget is exceeded in the early 2040s with a cumulative 471 

carbon emission around 1,490 Gt CO2 for 2015-2060. In Unfinished Symphony, 472 

national governments are united and take effective policy action on climate change with 473 

an extensive network of fiscal incentives, such as green subsidies and carbon pricing. 474 



Circular and sustainable economies are in place driven by societal values and strong 475 

global governance. In this scenario final energy consumption to 2060 grows 22%, 476 

primary energy demand 10% and the cumulative carbon emission are 1.165 Gt CO2 477 

between 2015-2060. Intermittent renewable energy will account for 30% and 39% of 478 

power generation in Modern Jazz and Unfinished Symphony respectively.  479 

Table 2 shows global installed capacity data for all the scenarios analyzed in this 480 

section. IEA 2DS scenario has already been analyzed in detail in previous sections. 481 

B2DS scenario and WEC scenarios, both Jazz and Unfinished symphony, provide 482 

results for 2050 within the same order of magnitude than 2DS. The most optimistic or 483 

ambitious scenario, where fossil fuels are no longer used as energy sources and where 484 

renewable energy sources experience the highest increase, is AE[R]. For this reason, the 485 

comparative analysis is going to be carried out between the 2DS scenario and the AE[R] 486 

scenario to better understand what would imply, in terms of materials demand, to reach 487 

a 100% renewable scenario. It is important to state than in Greenpeace’s scenario, 488 

hydrogen plays a major role but that this technology has not been included in our 489 

material demand analysis due to lack of data.  490 

 491 

Table 2. Global installed capacity for the different scenarios (all data in GW).  492 

 493 

  

IEA 2DS IEA B2DS GP AE[R] 

WEC  

  Jazz 
Unfinished 

Symphony 

  2025 2050 2025 2050 2025 2050 2050 2050 

Fossil fuels                 

Coal 1,804 473 1,739 396 1,571 0 764 284 

Oil 397 169 411 182 202 0 95 69 

Diesel - - - - 36 15 - -  

Nat. gas 1,944 2,346 1,989 1,918 2,021 0 3,215 2,284 

Nuclear 529 948 536 965 184 0 551 852 

Hydrogen - - - - 14 2,220  -  - 

Renewables                 

Hydro 1,413 2,103 1,414 2,193 1,368 1,536 1,709 1,842 

Wind (on 

and off 

shore) 

1,177 3,280 1,218 3,474 1,873 8,040 2,349 2,779 

Solar PV 885 4,019 753 4,424 2,000
(1)

 9,295
(1)

 2,915
(1)

 3,560
(1)

 

Solar CSP 60 720 96 939  - -  -  -  

Biomass 292 771 341 1,289 295 742 272 340 

Geothermal 32 131 35 145 85 708 72 114 

Solar 

thermal 

power 

plants 

- - - - 177 2,555 -   - 

Ocean 

energy 
3 153 3 182 46 738 - -  

Other 0 0 0 0 - - 21 19 

TOTAL 8,534 15,113 8,533 16,107 9,872 25,849 11,963 12,143 
 (1)

 Includes all types of solar energy.  494 



 495 

Material demand, by element and by technology, for the IEA 2DS scenario and the 496 

AE[R] Greenpeace scenario are shown in Figure 5. It can be seen that there is a growth 497 

in material demand both for 2025 and 2050, as the Greenpeace scenario will demand 498 

more materials. Approximately the increase between both scenarios is around 8-10% in 499 

both years.  500 

 501 

 502 

 503 
Figure 5. Raw materials exergy demand comparison between the IEA 2DS scenario and 504 

the Greenpeace advanced energy revolution (AE[R]) scenario for 2025 and 2050 by 505 

element and by technology. All data are expressed in Mtoe. 506 

 507 

 508 

There is a severe increase in material demand, more than 200%, when comparing 509 

both scenarios for 2050 in the cases of cadmium, germanium, indium, tin, tellurium and 510 

titanium. Gallium and neodymium demand for instance, increases approximately by 511 

60% and 37% respectively, but for other elements such as aluminum, copper, 512 

dysprosium, iron, this demand only increases between 10 and 20%. Besides, there is 513 

also a decrease in material demand for some other elements, such as magnesium, 514 

manganese, silver and zinc.  515 

Regarding technologies, the most remarkable growth in material use is observed in 516 

geothermal, solar PV and wind, which is consistent as, for instance, solar PV demands 517 

almost all of the elements that experience highest increases (cadmium, germanium, 518 

indium, tin, tellurium).  519 

 520 

 521 

4.3. Changes in the demand of raw materials in other sectors 522 

 523 

Until now we have considered that the material demand in the non-RES sectors 524 

grows at the same rate than population, meaning 0.8% per year (MDP). This is a very 525 

conservative hypothesis as in the last century it has been observed that the extraction of 526 

minerals is following an almost exponential-level increase [51]. Therefore, as explained 527 

in the methodology section, two other hypotheses were used, being the first one based 528 

on the Hubbert peak model (MDH) and the second assuming that the trend in the last 33 529 

years (from 1983 to 2016) is going to be the same than in the next 33 years (from 2017 530 



to 2050) (MDP). As these two last hypotheses provided similar results, the most 531 

extreme one (MDBAU) has been used for comparative purposes (Figure 6).  532 

 533 

 534 
Figure 6. Total material demand for the 2DS scenario for 2050 considering two 535 

different scenarios for non-RES uses material demand (MDP and MDBAU).  536 

 537 

When considering these two scenarios, material demand for RES uses obviously 538 

remains constant but the demand for non-RES uses changes drastically, increasing 63% 539 

between the MDP and MDBAU scenarios. As stated before, in this paper only 35 raw 540 

materials are being considered (see Table B.1 for the complete list), therefore this 541 

increase only corresponds to those commodities.   542 

If we take into account current reserves and resources data from the USGS [52] 543 

they can be compared with the accumulated production from 1900 to 2015 plus the 544 

production estimated with the most pessimistic hypothesis from 2016 to 2050. If the 545 

ratio reserve to total accumulated production is calculated, only a few commodities 546 

seem to be able to meet that demand: aluminum, potash, lithium, niobium, phosphate 547 

rock, titanium and vanadium. If the ratio used is resources to accumulated production, 548 

then some more minerals are added to that list: arsenic, cadmium, cobalt, chromium, 549 

copper, iron, magnesite, molybdenum, lead tin and zinc.  550 

The R/P ratio has been used in many other studies to evaluate future resource 551 

availability to assess the number of years of which the level of production of a certain 552 

year can be sustained by the available reserves or resources [53–56].  Still, reserves and 553 

resources information is not always available for all the minerals or the data is not 554 

accurate enough due to limited geological exploration. Nonetheless, even if the 555 

MDBAU scenario is the most pessimistic one, the results obtained can help to put focus 556 

on selected substances to implement specific resource management measures. 557 

 558 

5. Conclusions 559 

 560 

At the beginning of the paper we proposed three questions to which we can provide 561 

some answers, after analyzing different scenarios of the energy transition towards a 562 

low-carbon economy.  563 

The primary demand of renewable sources of energy will increase by 131% from 564 

2025 to 2050 according to the 2DS scenario while for coal, oil and natural gas it will 565 

decrease 57, 31 and 27%, respectively. Therefore, it seems that the transition towards a 566 

low carbon economy will reduce the exergy consumption of non-renewable resources, 567 



at least of fossil fuels. Yet, non-fuel minerals have to be considered as well. For this 568 

reason the raw materials used to manufacture green technologies must be taken into 569 

account. The analysis shows that the mineral demand will notably increase and with it 570 

the associated exergy replacement costs. 571 

According to the data presented by the IEA in the 2DS scenario, there is going to be 572 

a 30% increase of mineral demand, from 7,193 Mtoe in 2025 to 9,355 Mtoe in 2050. If 573 

other scenarios where more green technologies are implemented (such as Greenpeace’s 574 

AE[R]) or if different estimations of demand are considered, this increase would be 575 

even higher.  576 

Of the 35 minerals analyzed in this study, that in 2016 represented 76% of the total 577 

extraction in weight, there are 5 elements that experience at least a six-fold increase in 578 

demand in exergy replacement cost terms: cobalt, lithium, magnesium, titanium and 579 

zinc. As stated before, cobalt and lithium are mainly used in BEV and PHEV, while 580 

magnesium, titanium and zinc are used in CSP and solar thermal, and all these 581 

technologies are expected to experience an extreme growth in that period of time. It is 582 

also important to consider the growth in P and K demand, both for non-RES (fertilizers) 583 

and RES (bioenergy) uses, as for the latter it is expected to double by 2050. In the case 584 

of fertilizer demand in the agriculture for food sector, the increase is also considerable.  585 

Still, when analyzing the ratio of resources to accumulated production (from 1900 to 586 

2050) of those substances, it seems that the demand could be covered.  587 

This increase in demand will accordingly increase the pressure in the mining sector 588 

and considerably affect the energy consumption, as while new mines could still be 589 

opened in the future, current mines are seeing how the ore grade is decreasing, which in 590 

turn triggers higher energy consumption. This is because the energy consumption in a 591 

mine increases following an exponential trend when the ore grade decreases.  592 

As it can be deduced, there is going to be a shift from fossil fuels to mineral 593 

resources consumption because “green technologies” have a greater demand in minerals 594 

than conventional technologies (i.e. conventional power plants or internal combustion 595 

vehicles vs. renewable or hybrid and electric vehicles). 596 

Avoiding the dependency on fossil fuels will imply to accept the dependency on raw 597 

materials, some of which with important supply risks. Minerals have to be extracted 598 

from the mines or recycled, processes that require huge amounts of energy. If green 599 

technologies want to be really sustainable, more efforts in dematerialization, 600 

substitution of critical minerals and recycling must be done. Future research work will 601 

be focused on the recyclability of renewable energy technologies to find alternatives for 602 

improving eco-design and thus reduce raw material dependency. 603 
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Appendices 775 

 776 

Appendix A. Material intensity.  777 

 778 

Table A. 1. Material intensity (data in kg/MW) for each technology considered [29].  779 

Technology Metal Material 

intensity  

Metal Material 

intensity  

Wind  Aluminum 784 Iron 160,214 

 Copper 2,060 Neodymium 85.29 

 Dysprosium 6.80 Nickel 111 

Solar PV Aluminum 12,511 Magnesium 45.84 

 Cadmium 8.54 Molybdenum 9.74 

 Copper 3,554 Nickel 0.94 

 Iron 116,358 Silver 113.08 

 Gallium 0.35 Silicon 5,377.53 

 Germanium 0.74 Tin 442 

 Indium 5.78 Tellurium 7.27 

 Lead 151.82 Zinc 4.29 

CSP Aluminum 9,644 Molybdenum 142.40 

 Chromium 2,800 Nickel 1,284 

 Copper 2,480 Silver 14.20 

 Iron 851,200 Titanium 15 

 Magnesium 2,840 Vanadium 2 

 Manganese 3,480 Zinc 950 

Solar thermal Aluminum 228.38 Molybdenum 162.46 

 Arsenic 0.01 Nickel 162.50 

 Chromium 3,249.33 Phosphorous 14.62 

 Copper 2,988.57 Potassium 37.30 

 Iron 28,390.02 Silicon 1,615.29 

 Lead 0.36 Tin 0.04 

 Magnesium 149.86 Titanium 21.20 

 Manganese 324.94 Zinc 4.72 

Geothermal Aluminum 6,790 Nickel 240 

 Chromium 200 Tin 3.60 

 Copper 2,440 Zinc 110 

 Iron 14,900   

Gas power Aluminum 750 Iron 5,500 

 Copper 750   

Nuclear Aluminum 200 Iron 58,904 

 Chromium 2,190 Manganese 75.19 

 Copper 1,470   

Hydropower Chromium 96,000 Manganese 5,760 

 Iron 1,242,000   

 780 

 781 

 782 

 783 

 784 



Table A. 2. Material intensity for vehicles (data in grams per unit) [29].  785 

 ICEV PHEV  BEV  

Ag 17.50 28 29.80 

Al 110,544 115,544 200,000 

Ce 46.96 49.68 0.16 

Co - 2,659.22 10,636.88 

Cr 12,789.17 12,789.17 11,850 

Cu 28,500 59,166.66 150,000 

Dy 14.71 165.72 224.63 

Fe 806,144.17 806,144.17 746,945 

Ga 0.42 0.81 1.13 

Gd 0.18 0.18 0.18 

Ge - 0.05 0.08 

In 0.38 0.38 0.38 

La 4.04 7.38 7.38 

Li 1.36 2,126.09 8,504.37 

Mn 5,968.28 5,968.28 5,530 

Mo 3,410.45 3,410.45 3,410.45 

Nb 426.31 426.31 426.31 

Nd 162.30 552.79 749.30 

Ni 4,263.05 17,863.81 58,025.59 

Pb 9,750 9,750 - 

Pd 1.24 0.95 - 

Pr 16.54 51.49 98.01 

Pt 2.25 5.51 - 

Ta 6.99 10.83 10.83 

V 852.61 852.61 790 

 786 

 787 

 788 

 789 

Table A.3. Nuclear and gas power material intensity for steel (data in kg/MW) [29].  790 

 791 

 Gas power Nuclear 

Al 750 200 

Cu - 2,190 

Cr 750 1,470 

Fe 5,500 58,904 

Mn - 75 

 792 

 793 

 794 

  795 



Appendix B. Exergy analysis. 796 

 797 

Table B.1. Exergy replacement costs (ERC) values for the elements considered (data in 798 

GJ/ton) [48,57]. 799 

Element ERC (GJ/ton) Element ERC (GJ/ton) Element ERC (GJ/ton) 

Ag 7,371 Ge 23,749 Pb 37 

Al 627 In 360,598 Pd 8,983,377 

As 400 K 665 Pr 577 

Cd 5,898 La 39 Pt 4,491,688 

Ce 97 Li 546 Si 0.73 

Co 10,872 Mg 136 Sn 426 

Cr 5 Mn 16 Ta 482,828 

Cu 292 Mo 908 Te 2,236 

Dy 348 Nb 4,422 Ti 4.94 

Fe 18 Nd 78 V 1,055 

Ga 144,828 Ni 524 Zn 1,627 

Gd 478 P 0.35   

 800 

Data presented in the International Energy Agency reports are in PJ, so to represent 801 

all the material flows in one single diagram, we have transformed all the information 802 

into Mtoe using a conversion factor (1Mtoe = 42,000,000 GJ).  803 

 804 


