
As all 17 minerals covered in the model are used for different 

applications outside the energy sector, this analysis compares 

the mineral demand coming from the 10 energy technologies 

under the 2DS and compares it with 2018 production figures. 

Figure 4.3, panel a, provides the percentage increase in mineral 

demand based on 2018 production figures, with the majority of 

demand coming from battery minerals, namely graphite, lithium, 

and cobalt. These minerals will be needed at scales significantly 

beyond current production levels, by up to as much as five times. 

Figure 4.3, panel b, illustrates the annual absolute increase in 

mineral production up to 2050, with production figures being the 

highest for aluminum, graphite, and nickel. 

Graphite demand increases in both absolute and percentage 

terms since graphite is needed to build the anodes found in the 

most commonly deployed automotive, grid, and decentralized 

batteries. About 4.5 million tons of graphite is needed to be 

produced annually by 2050, or a cumulative of 68 million tons, 

while graphite demand increases by nearly 500 percent from 2018 

production figures, demonstrating the critical role graphite plays 

in the clean energy transition, being used in Li-ion batteries, the 

most widely projected deployed battery technology.

Figure 4.3 Projected Annual Mineral Demand Under 2DS Only from Energy Technologies in 2050, Compared to 2018 Production Levels
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Note: 2DS = 2-degree scenario.
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38 As market dynamics were not considered in this analysis, further information on how market dynamics could potentially impact this report’s mineral projections, which are based on the IEA and IRENA scenarios, can 
be found in annex B.

Even where future demand from energy technologies does not 

exceed current production, the share of demand from energy 

technology in total demand for virtually all these minerals 

is likely to rise, which carries implications for their relative 

accessibility over the next few decades.38 For example, the 

percent share of aluminum appears to be relatively small, but 

the mineral’s absolute numbers are much greater than lithium 

(the highest percentage increase)—at about 5.6 million tons in 

2050, compared with 0.4 million tons for lithium that same year. 

Absolute demand may be so high that it could bring pressure on 

the aluminum industry’s capacity to meet the expected demand in 

servicing the low-carbon future.

Cross-Cutting Minerals

Cross-cutting minerals refer to minerals that are used across a 

wide variety of energy generation and storage technologies. Earlier 

in this report, the demand for minerals such as lithium, graphite, 

silver, and aluminum was identified as being concentrated in 

one or two specific energy technologies up to 2050. This section 

also focuses on the minerals that are used throughout a broader 

spectrum of energy technologies, as this has implications for 

the overall demand of minerals regardless of which technology 

or subtechnology ends up being deployed the most under each 

technology-based mitigation scenario. 

Copper, chromium, and molybdenum are examples of minerals 

that are used across eight or more technologies, with copper 

being used in all energy generation and storage technologies 

covered in the model. It is important to pay attention to cross-

cutting minerals since these are a subset of minerals that are not 

dependent on the deployment of one specific energy technology 

for the demand to be affected. In other words, changes in 

technology or subtechnology deployment will most likely have a 

minimal impact on the overall demand of cross-cutting minerals. 

Market Dynamics and Mineral Demand

The demand estimates produced in this analysis are the 

demand that would occur assuming that supply can fully 

adjust to meet that demand and that no substitution or 

efficiency improvements occur. Higher levels of demand 

would lead to higher prices, causing increases in supply 

but also substitution of other minerals, where technically 

possible, as well as innovation in efficiency improvements. 

The outlook presented in this section should be seen as 

the first pillar in understanding the full impact that a low-

carbon transition will have on the markets for minerals. 

These results should be combined with further research 

on the supply aspects as well as the substitution and 

technical efficiency possibilities.
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Figure 4.4 shows the total cumulative demand for copper from 

electricity generation and energy storage technologies through 

2050. The greatest share of demand comes from solar PV (39 

percent) and wind (35 percent), particularly for offshore wind. 

Together, solar PV and wind represent 74 percent of total copper 

demand in a 2DS. This is likely a significant underestimation 

of the demand for copper in servicing the clean energy future 

since it does not include infrastructure requirements, such as 

transmission systems. The International Copper Association 

estimates that more than 60 percent of refined copper is used for 

supporting electricity and heating systems.39 

39 For further information, see “Energy and Renewables,” Applications, Copper Development Association: https://copperalliance.org.uk/about-copper/applications/energy-and-renewables/.

Molybdenum is another critical mineral required for a range of low-

carbon technologies, especially wind and geothermal. The greatest 

share of demand for molybdenum from electricity generation and 

energy storage technologies comes from wind (47.3 percent) and 

geothermal (41.7 percent), with all the other generation and energy 

storage technologies together accounting for only a small share 

(11 percent) (figure 4.5). This is despite the fact that molybdenum 

typically only makes up 0.15 percent of the mineral composition 

of a wind turbine. Together, wind and geothermal account for 89 

percent of molybdenum demand under a 2DS. There is a lack of 

clear data allowing for determination of which subtechnology of 

wind accounts for the greatest demand. 

Figure 4.4 Total Copper Demand by Energy Technology Through 2050 
Under 2DS

Note: 2DS = 2-degree scenario, CCS = carbon capture and storage, CSP = concentrated solar power, 
PV = photovoltaic.
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Figure 4.5 Total Molybdenum Demand by Energy Technology Through 
2050 Under 2DS

Note: 2DS = 2-degree scenario, CCS = carbon capture and storage, CSP = concentrated solar power, 
PV = photovoltaic. 
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While copper and molybdenum are both cross-cutting   

minerals, there is a significant difference between the two:  

Copper is a base metal that is used across a wide variety of 

industries,40 while molybdenum is considered to be a niche  

mineral that is usually recovered as a byproduct or co-product  

of copper (figure 4.6).41  The difference can also be seen in 

production figures. In 2018, 21 million tons of copper was 

produced, whereas only 0.3 million tons of molybdenum was 

extracted—a 20.7-million-ton difference between the two 

minerals. In other words, 7,000 percent more copper was  

produced in 2018 relative to molybdenum, even though both 

minerals are used across a wide variety of energy technologies  

and will both contribute to a low-carbon future pathway given 

their importance in solar PV, wind, and geothermal technologies.

40 In this case, copper is referred to as a base metal since it is commonly used and inexpensive. It is not considered a precious metal such as silver or gold. However, for consistency, all minerals and metals in this report 
are referred to as minerals.

41 “Molybdenum,” Minerals Database, Minerals Education Coalition, accessed 2019, https://mineralseducationcoalition.org/minerals-database/molybdenum/.

As mentioned earlier, the copper figures are most likely vastly 

underestimated, with copper’s demand likely to increase 

significantly from new transmission infrastructure needed for  

new transportation infrastructure and energy systems, as well   

as for a growing global population.
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Figure 4.6 Cumulative Copper and Molybdenum Demand Through 2050 (2DS, Base Scenario) 

Note: 2DS = 2-degree scenario. 
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Demand Risk Matrix

A key element of this analysis is to understand how overall mineral 

demand could be affected by the technology concentration of 

each mineral or the increase in growth from energy technologies 

compared to current production figures. The relative importance 

of mineral demand is even more important for minerals that are 

cross-cutting, meaning they do not depend on the deployment of 

one or two specific technologies to be relevant. 

A demand risk matrix has been developed under a 2DS to provide 

an overview of these trends based on technology concentration 

levels per each mineral relative to 2018 production figures (in 

absolute and percentage figures). Two indexes, which make up the 

matrix, have been created, to ease comparisons between minerals: 

• Weighted coverage-concentration index (technology 

concentration index): This index captures how cross-cutting 

or concentrated in a few technologies the minerals are in the 

model. A value for 1 is given for the most cross-cutting mineral, 

namely copper, with the scores for all other minerals relative 

to copper. The index is calculated on an equal weighting of two 

items: (1) the number of technologies that require one mineral, 

and (2) the share of demand for minerals that comes from a 

single technology. The assumptions are described in further 

detail in annex B.

• 2018-2050 production-demand index (demand index): This 

index captures the scale to which production must scale up to 

meet demand from energy technologies. The index consists of 

two parts:

• Relative demand is captured by comparing 2050 demand from 

energy technologies to 2018 total production of the mineral. 

An index between 0 and 1 is then computed, with the mineral 

with highest relative demand, graphite, given a score of 1 and 

each other mineral given a score relative to graphite.

• Absolute demand is captured through the absolute level of 

demand in 2050 from energy technologies for each mineral. 

The mineral with the highest level (aluminum) is given a score 

of 1 and every other mineral is given a score between 0 and 1 

relative to aluminum. 

The two parts of the index are given an equal weight to  

compute an overall production-demand index. The two indexes  

are then plotted together to give four categories, or quadrants.  

A breakdown of the quadrants and the possible interpretation 

on mineral demand from energy technologies is below, as seen in 

figure 4.7 and annex B.
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Quadrant 1
Medium-Impact Minerals: 
Minerals that fall in quadrant 1 are the least impacted 

minerals from demand. These minerals feature in only  

a small range of energy technologies and the anticipated 

increases in demand are a small percentage of 2018 

production levels. It is important to stress that this matrix 

only compares minerals demand from energy technologies 

only and does not consider supply risks, nor the demand 

from other industries outside the energy sector.

• This is not to say that these minerals are not important  

 to the deployment of particular subtechnologies. 

Neodymium is a rare earth that is critical for the 

deployment of offshore wind.  

Quadrant 2
High-Impact Minerals: 
Minerals that fall in quadrant 2 are important  

because, although they only feature in a small number  

of technologies, their level of future demand is much 

greater than 2018 production levels. Changes to the 

technologies or subtechnologies used may have big 

implications for overall levels of demand. They are 

predominantly (but not exclusively) minerals used in  

energy storage technologies. 

• Lithium, which is only used in energy storage under  

this analysis, is projected to need 488 percent of  

2018 production levels to meet its 2050 demand  

under a 2DS.42

42 While this report does not address supply, about 71 percent of all rare earths, including neodymium, are produced in China.

Quadrant 3
High-Impact, Cross-Cutting Minerals: 
Minerals that fall in quadrant 3 are critical because 

the demand from 2018 production levels increases 

significantly, yet their use is also widespread across 

a variety of technologies. 

• Aluminum is used widely for both energy generation 

and storage technologies. The demand for aluminum 

is therefore expected to be critical regardless of which 

technology-based mitigation scenario is achieved. 

While aluminum’s overall level of demand from energy 

technologies is less than 10 percent of its 2018 production 

levels, it has the highest production levels compared to all 

other 16 minerals, with cumulative production reaching  

102 million tons by 2050 to primarily supply solar PV and 

then other energy technologies. 

Quadrant 4
Cross-Cutting Minerals: 
The minerals in quadrant 4 are important because while 

their overall demand from energy technologies relative 

to production (in percentage) is not as dramatic as that 

for minerals in quadrants 2 or 3, they are used across 

a wide variety of technologies and are not dependent 

on one specific technology. Therefore, the demand for 

these minerals will exist no matter which technologies or 

subtechnologies are deployed. 

• Copper, for example, represented as an index of 1, is used 

across all 10 energy technologies covered in the model and 

therefore is the mineral for which the demand will be the 

least impacted by significant changes in the technology-

based mitigation scenarios.
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Mineral Recycling, Reuse
Recycling could play an increased role in meeting demand for 

minerals to supply a low-carbon transition. As of today, the most 

recycled minerals are iron and steel (AGI 2017). Minerals mapped 

under the demand risk matrix in the previous section could, in 

theory, shift into different quadrants, depending on whether some 

of these minerals are partially recycled once energy technologies 

reach end of life, reducing the amount of minerals that need to be 

extracted. The opportunities for mineral recycling are important to 

explore, particularly as mineral demand increases under the most 

ambitious climate pathways.

Primary minerals refer to minerals that are extracted and 

processed into a final mineral product before being used to 

manufacture products, including energy technologies, while 

secondary minerals refer to minerals that have been recycled 

from a variety of products. The model’s estimated projections 

for the potential role of recycling do not consider the economics 

of mineral recycling, nor the technical limitations of recycling. 

The cost of recycling is a crucial factor in determining how much 

recycling takes place. If the primary mineral is available much 

more cheaply than recycled material, then very little recycling 

will occur. Policy support and technological improvements will 

play a critical role in how the mineral recycling industry develops 

to bring down costs and encourage innovation to meet demand 

from low-carbon technologies.

Recycling

Only five minerals have been selected to analyze the potential 

impact of recycling on mineral demand, given the limitations 

of available data on mineral recycling, as well as to provide 

consistency with other sections. Aluminum is specifically highlighted 

because it is used across almost all energy generation technologies 

and storage and has significant demand implications relative to its 

2018 production levels (quadrant 3 – high-impact, cross-cutting 

minerals). Lithium and cobalt are relevant because the demand 

for these minerals increase by 488 percent and 460 percent, 

respectively, relative to 2018 production (quadrant 2 – high-impact 

minerals). Nickel and copper are showcased because both minerals 

are cross-cutting minerals (quadrant 4 – cross-cutting minerals) 

and their increase in demand in either absolute or relative numbers 

is significant, relative to niche minerals, under a 2DS. 
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As discussed in the Recycling, Reuse section of chapter 1, two 

recycling rates are important for the analysis:

• End of life (EOL): The percentage of material that is recovered  

at the end of a products life and recycled into new material

• Recycled content (RC): The percentage of a new product that  

is made using secondary (recycled) material 

The implications of recycling under a 2DS can be seen in figures 

4.8–4.10. In these charts, the end-use demand for the relevant 

minerals is illustrated, chiefly the amount of minerals that is 

actually required to go into a wind turbine or solar panels. The 

figures show the amount of primary mineral that is required if 

current RC rates remain the same until 2050,43 along with the 

situation if EOL rates increase to 100 percent by 2050 (lithium 

rates are estimated differently, as explained in the Recycling, 

Reuse section in chapter 1). 

Figure 4.8 presents the impacts for aluminum and copper 

recycling. Approximately 102.8 million tons of aluminum is 

required to meet demand from the energy technologies under 

a 2DS. Should RC rates remain constant at today’s levels of 35 

percent, then 42.3 million tons would be met by secondary or 

recycled production, with the remaining 60.5 million tons coming 

from primary production, from bauxite extraction. 

If EOL rates increase to 100 percent by 2050—implying that all 

aluminum available is recycled—then RC rates rise to 61 percent. 

The final amount of aluminum needed to supply technologies 

doesn’t change, but the amount met by secondary production 

rises to 57 million tons, with 24 percent less primary production 

required.44 The demand for primary production does not disappear 

completely even with a 100 percent EOL rate, as the production of 

secondary aluminum is limited by the supply of scrap available. 

Should structural changes to the nature of the economy take 

place, which means that the ratio of scrap availability to overall 

mineral demand changes, then the potential to increase RC rates 

from 100 percent EOL rates exist, reducing primary mineral 

43 Data on global recycling rates for different minerals are patchy and a review of the literature shows a wide range of estimates.
44 The change in primary demand is a function of two factors: the time path of end-use aluminum demand and the time path of recycling rates. Although the results seem trite, they are in fact contingent on how fast 

recycling rates increase and when the majority of end-use demand occurs. Given that the larger share of end-use demand occurs closer to 2050, should recycling rates scale up more quickly than the linear trend 
assumed here, then overall primary demand would decrease. Similarly, a slower transition to higher recycling rates will require higher levels of primary aluminum to be supplied.

demand further. Examples of such changes that could increase 

scrap availability include changes to the design of products to 

enable better mineral recovery, and large falls in demand for the 

mineral from other sectors, outside the energy industry.

For copper specifically, current RC rates are assumed to be 

28.5 percent (figure 4.8) and an increase to 100 percent EOL 

by 2050 increases RC rates to 59 percent, reducing the overall 

cumulative demand for primary copper from energy technologies 

by 26 percent. While increasing EOL rates to 100 percent has a 

similar impact on both minerals, primary demand for aluminum 

still outweighs primary copper demand by more than three 

times, at over 46 million tons for aluminum and over 14 million 

tons for copper through 2050. Again, the copper figures may be 

underestimated given that transmission figures are not included 

in this analysis.
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Figure 4.8 Impact of Recycling on Cumulative Demand for Aluminum  
and Copper Under 2DS Through 2050

Note: 2DS = 2-degree scenario.
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45 It should be noted that there is a large amount of research and activity investigating the potential to recycle lithium from Li-ion batteries. However, to date little available public data show this is yet happening 
commercially at any scale. In fact, where there are recent studies, they have highlighted the low cost of lithium and the relatively high cost of recycling as a key barrier to scaling up lithium recycling. See, for example, 

46 Ziemann et al. (2018) and Church and Wuennenberg (2019).
47 This is drawn from the analysis in Ziemann et al. (2018).

Nickel is a crucial metal for the move to a green energy future as it 

is needed in energy storage, for use in Li-ion batteries, and is also 

used in a wide range of generation technologies, often being used 

as a component of the steel required. Rates on the RC of nickel, or 

scrap nickel, vary, but they center on 35 percent. Should RC rates 

stay at this level, then primary demand for nickel through 2050 

would stand at just over 20 million tons (figure 4.9). Following 

similar assumptions for copper and aluminum, as well as assuming 

that EOL rates increase to 100 percent by 2050, then RC rates 

increase to 58 percent and primary demand for nickel would fall 

by 23 percent compared to today’s RC rates. 

The battery minerals cobalt and lithium have very different 

recycling trajectories. Cobalt currently has an RC of 32 percent, 

with primary cobalt accounting for 5.4 million tons of demand 

up to 2050 (figure 4.10). An increase to 100 percent EOL by 2050 

increases RC to 47 percent, reducing the overall cumulative 

demand for primary cobalt from energy technologies by 15 

percent, following a similar trajectory as aluminum and copper 

with regard to decreased demand from primary production. 

However, the technical challenges of extracting cobalt for use 

in batteries may make these assumptions less robust than for 

aluminum and copper, which are easier to recycle.

Lithium, on the other hand, is very different because current 

lithium recycling rates (both EOL and RC) are close to zero 

according to a variety of sources.45 However, some sources have 

highlighted the high future potential for recycling to grow in this 

area.46  For example, they project medium and high recycling 

scenarios of EOL rates of 40 percent and 80 percent, respectively. 

In this analysis, a midpoint has been selected, with EOL rising to 

60 percent by 2050 implying an estimated 39 percent RC rate.47  

The impact of such recycling is to reduce cumulative demand for 

lithium by 26 percent. 

Figure 4.9 Impact of Recycling on Cumulative Demand for Nickel Under 
2DS Through 2050
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Figure 4.10 Impact of Recycling on Cumulative Demand for Cobalt  
and Lithium Under 2DS Through 2050

Note: 2DS = 2-degree scenario. 

Note: 2DS = 2-degree scenario, EOL = end of life, RC = recycled content, RR = recycling rate. 
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Reuse

Reuse differs from recycling in that recycling involves the breaking 

down of the material and re-forming it for an alternative use. The 

term “reuse” in this context is used to mean the reusing of the 

original component, such as a battery, for another use beyond 

what was original intended. For example, Li-ion batteries that are 

used in electric vehicles could potentially be used in other types 

of energy storage applications.48 While reuse of batteries could 

provide opportunities for stationary storage applications, this 

potential solution to reducing overall mineral demand should be 

carefully approached from waste and safety perspectives. 

This could be the case if, once clean energy technologies reach 

end of life and can be to some degree repurposed, they do not end 

up being used as an excuse to dispose these technologies under 

the guise of a “repurposed” product; this is especially true for 

developing countries or underserved communities that may end up 

becoming recipients of these technologies once they reach end of 

life, resulting in an increased amount of waste. 

In this context, reuse has also been termed as repurposing. 

Conservative assumptions have been applied to the rate of reused 

Li-ion batteries with the assumption that reused batteries meet 

50 percent of the demand for Li-ion batteries in stationary 

storage by 2050. This reduces the total cumulative demand for 

lithium by 3 percent (figure 4.11). Should there be a reuse of Li-ion 

batteries in transport, either between cars or between trucks and 

buses and cars—through remanufacturing processes—then this 

could reduce primary demand for lithium substantially.49 There is, 

however, little current evidence of these processes occurring at a 

commercial level, despite much research and interest in the area. 

48 See the discussion in Ahmadi et al. (2017).
49 See Strandridge and Hasan (2015) for further details.

Otherwise, with lithium demand only coming from energy storage 

under the Ref, 2DS, and B2DS, particularly in the automotive 

sector, the only way to significantly reduce lithium’s demand 

would be by finding ways to reuse Li-ion batteries in the electric 

vehicle sector, as stationary storage applications only account for 

a small share of energy storage deployments up to 2050. However, 

this trend is unlikely as electric vehicles require batteries with the 

capacity to undertake a large amount of cycling (charging and 

discharging) and to hold a charge and recharge quickly—features 

associated with new batteries.

Figure 4.11 Impact of Reuse on Cumulative Demand for Lithium Under 
2DS Through 2050

Note: 2DS = 2-degree scenario
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Opportunities and Challenges

While the opportunities for recycling minerals could help address 

demand risks associated with the low-carbon transition, some 

recyclable minerals may not be suitable for the production of 

certain energy technologies, as some technologies may require 

a very high grade of a specific mineral for their application (for 

example, steel). Moreover, the energy intensiveness of some 

recycling processes could pose the same issues that have been 

identified in steel and aluminum production. 

Recycling rates vary massively between minerals because of cost 

and technical issues. Rates for recycling of steel are especially 

high, with over an estimated 85 percent of it being recycled EOL. 

Even within minerals, rates vary across products. For example, 

95 percent of steel from automobiles is recycled, compared with 

70 percent from steel packaging. Recycling rates, however, can 

be deceptive. Despite 85 percent of steel being recycled, about 

one-third of steel comes from primary production, as the majority 

of steel is locked up in long-term, durable structures, limiting the 

amount of steel that is available for recycling, especially when 

demand is increasing.

Recycling brings environmental benefits in a number of areas, 

especially in GHG emissions, with the carbon footprint from the 

secondary production of minerals, such as aluminum, being a 

fraction that of primary production. For other minerals, however, 

recycling comes with additional environmental challenges, such as 

energy use and water footprints, that need to be weighed against 

the environmental benefits.

Overall, recycling could present interesting opportunities for 

countries with advanced recycling technology with reliable low-

carbon, electricity production to potentially reduce the pressure 

of increasing demand for certain minerals, but policy coherence 

among countries will be needed so that future international 

recycling practices take into account the environmental, safety, 

and high costs of mineral recycling.

Refurbishment of structures and equipment to prolong their 

life spans has not been covered by this analysis, but it is 

another crucial feature phenomenon that could affect the 

demand for primary minerals. Recycling of many components 

of energy technologies may prove to be technically difficult or 

costly. Refurbishing parts of energy technologies can prolong 

life spans dramatically, reducing the mineral footprint. For 

example, old wind turbines at the end of their life span can be 

refurbished by retaining the tower but replacing some or all of 

the other components, increasing the capacity of the turbine or 

retrofitting it with more efficient components such as gearboxes 

or generators. Estimating the scale of such effects is difficult, but 

increasing refurbishment would reduce the overall scale of mineral 

demand, and may impact minerals used in frames and structures 

more than those minerals used in specific components such as 

motors or magnets. 
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GWP of Energy Technologies
The importance in calculating the GWP of energy technologies 

is to compare the carbon footprint associated with extracting 

and recycling more minerals to supply a low-carbon future. The 

aim is to understand the carbon footprint implications of the 

clean energy transition, particularly as the previous sections of 

the analysis have demonstrated that low-carbon technologies, 

including generation and storage, are extremely mineral 

intensive. With the Paris Agreement calling for increasing global 

temperature to not exceed a 2°C scenario, the GWP analysis 

provides the approximate calculation of the carbon footprint of 

clean energy technologies compared with fossil fuel ones under the 

IEA 2DS, mirroring the approach taken in the demand risk matrix 

to meet mineral demand.

As seen in figure 5.1, there are emissions associated with minerals 

required for a low-carbon future up to 2050, but clean energy 

technologies provide a substantially smaller overall GHG footprint 

than either coal or gas—with renewable energy and storage 

contributing approximately 16 GtCO2e through 2050 in the 2DS, 

compared with almost 160 GtCO2e from coal and approximately 

96 GtCO2e from gas. In the base scenario, where substantially 

more electricity is generated from these latter sources, the 

emissions from coal and gas are much greater, at more than 470 

GtCO2e and 130 GtCO2e, respectively. 

The primary difference between clean and conventional energy 

has to do with the operation of each of those technologies. While 

the GHG footprint in the extraction and processing of minerals 

required for the construction of renewable energy technologies 

is likely to be higher than that for fossil fuel generation, once the 

emissions that result from extracting coal and gas, and crucially 

in burning it to generate electricity, are taken into account, fossil 

fuel generation has a significantly greater footprint. In other 

words, the relative GWP of “cradle to gate” of renewable energy 

technologies compared with the GWP of fossil fuel combustion 

under a 2DS are considerably smaller.

Although steel and cement were not included in the analysis, they 

have been included in figure 5.1 because of their high contribution 

to emissions from the construction of both renewable and fossil 

fuel energy technologies. Steel is currently estimated to account 

for 7–9 percent of total GHG emissions. Cement accounts for 

approximately 8 percent (Timperley 2018). Data on the steel and 

cement needed to build the technologies, and the carbon footprint 

for steel and cement, were drawn from the literature, with high, 

median, and low values used to capture the range of estimates in a 

similar manner as other aspects of the model.

Global Warming Potential 
of Energy Technologies, Minerals
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Figure 5.1 Cumulative GWP Through 2050 from "Cradle to Gate"   
Mineral Extraction and Processing, Operations of Renewable  
Electricity Generation, and Energy Storage Technologies Compared
to Fossil Fuel Technologies Under 2DS

Note: Extraction for construction includes the crade-to-gate emissions from the 17 
minerals included in the analysis. Extraction and processing steel and concrete includes 
crade-to-gate emissions for steel and concrete and are included because of the scale of 
emissions from these two minerals compared to the 17 minerals included in the analysis. 
GtCO2 = gigatons of carbon dioxide, GWP = global warming potential.
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GHG emissions from just the operation of coal and gas facilities 

alone are comparable to 2017 GHG emissions50 of more than 

60 years of European Union emissions, at an annual basis. This 

finding is consistent with the wider literature that have examined 

the life-cycle footprint of the different energy technologies. It 

also falls in line with the IEA’s estimation of coal combustion 

contributing to the 0.3°C of the 1°C increase in global average 

temperature above preindustrial levels, representing about 30 

percent of total GHG emissions globally.51 

The National Renewable Energy Laboratory (NREL) conducted  

an exercise attempting to harmonize the various life-cycle 

estimates of different energy technologies. The NREL’s scope 

differs from the GWP estimated above, as this analysis focuses 

solely on the GWP relating to the mineral extraction and 

processing, as well as the operation of energy technologies, 

without considering the end of life of these technologies, but the 

findings from their work are similar.52  

The takeaway from this GWP analysis is that, while a more 

ambitious climate scenario leads to a higher demand for number 

of minerals, the GWP of clean energy technologies, using a 

cradle-to-gate approach, is significantly smaller than coal and 

gas; therefore, the clean energy transition is the preferred means 

to achieve a 2°C or below pathway that is in line with the Paris 

Agreement and the Sustainable Development Goals. 

50 Data sourced from Union of Concerned Scientists, “Each Country’s Share of CO2 Emissions,” published July 16, 2008, updated October 10, 2019, https://www.ucsusa.org/resources/each-countrys-share-co2-
emissions.

51 Data available from the IEA Data and Statistics database: https://www.iea.org/data-and-statistics?country=WORLD&fuel=CO2%20emissions&indicator=CO2%20emissions%20by%20energy%20source.
52 The NREL finds that the mean carbon emissions per kilowatt-hour from solar PV is just 6 percent of the same kilowatt-hour produced by a coal plant, and 12 percent of a kilowatt-hour from a gas plant. More 

information on the project is available at “Life Cycle Assessment Harmonization,” NREL: https://www.nrel.gov/analysis/life-cycle-assessment.html.

GWP of Minerals
Given the material intensity of low-carbon technologies, as well 

as the implications associated with their disposal, particularly for 

battery technologies, current and future renewable energy policy 

should also take into account the emissions associated with these 

technologies’ increased deployment. It should also be noted that 

the GWP analysis does not consider the environmental and social 

risks (for example, water, ecosystems, and so on) associated with 

increased extractive and processing activities, particularly cross-
cutting minerals (quadrant 4) and high-impact, cross-cutting 
minerals (quadrant 3). 

The GWP can also be used to look at the carbon intensiveness for 

each mineral, relative to the 2DS, to understand which mineral 

has the lowest and highest carbon footprint. Figure 5.2 shows 

the balance between the emissions impact of these minerals and 

their demand importance in the transition to a low-carbon energy 

system, with circle size representing a mineral’s cumulative 

emissions up to 2050. 

Aluminum has the highest cumulative carbon footprint under 

a 2DS, at 840 MtCO2e, as solar PV is expected to be the most 

widely deployed renewable energy technology under that scenario, 

accounting for 87 percent of total aluminum demand; it is also 

used across a range of other energy technologies. Additionally, 

aluminum demand is expected to grow by 111 percent, from 48.8 

million tons under the base scenario to 102.8 million tons in a 2DS. 

Aluminum is the highest ranked mineral on the demand index 

as it is a high-impact, cross-cutting mineral; it is used across a 

wide range of technologies and has the highest annual production 

levels, reaching 5.6 million tons per year by 2050. 

Minerals for Climate Action: The Mineral Intensity of the Clean Energy Transition88

https://www.ucsusa.org/resources/each-countrys-share-co2-emissions
https://www.ucsusa.org/resources/each-countrys-share-co2-emissions
https://www.iea.org/data-and-statistics?country=WORLD&fuel=CO2%20emissions&indicator=CO2%20emissions
https://www.nrel.gov/analysis/life-cycle-assessment.html


0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1.0

63.0

73.7

Steel is outside the model
but would fall in quadrant 3

if it were included.

3.4

93.7

10.6

22.3

20.4

363.5

2.9

60.7

842.7

211.6

Copper

66.5

Cobalt

3,655.4

Steel

Aluminum

36.4

Lithium

Indium

Silver

Nickel

0.7

Titanium

Graphite

Vanadium

Neodymium

Manganese

4.7

Molybdenum
Chromium

Lead

Zinc

20
18

-2
05

0 
Pr

od
uc

ti
on

-D
em

an
d 

In
de

x

Weighted Coverage-Concentration Index

Figure 5.2 Total Cumulative Emissions from Cradle to Gate 
for Energy Technologies Through 2050 Under 2DS Compared 
to the Demand Index (MtCO2e)

Emissions values are MtCO₂e.



Graphite follows suit as a high-impact mineral, accounting for 

about 360 MtCO2e up to 2050 because it is exclusively used to 

manufacture anodes used in most battery technologies. Nickel  

has the third highest GWP and falls into the cross-cutting  
mineral category; it both has high levels of future demand, nearly 

doubling production from 2018 levels, and is used across a wide 

range of technologies. 

Together, aluminum, graphite, and nickel production for energy 

technologies account for a cumulative 1.4 GtCO2e up to 2050, 

nearly equivalent to the total 2018 CO2 emissions from France, 

53 Data from “CO2 Emissions,” Global Carbon Atlas: http://www.globalcarbonatlas.org/en/CO2-emissions.
54 A full overview of the aluminum production process and its associated emissions can be found in annex B.

Germany, and the United Kingdom combined.53 Steel has not been 

included in the GWP analysis to avoid double-counting minerals 

such as nickel, titanium, iron ore, and chromium, given that these 

minerals are needed to produce steel. The emissions from steel 

would be so high, that its cumulative emissions would stand at 3.7 

GtCO2e—more than four times higher than the GWP of aluminum.

Six minerals have been selected from three of the four quadrants 

in the demand risk matrix to understand which energy technology 

has the highest GWP per mineral under a 2DS. Similar to trends 

above, aluminum accounts for the largest share of emissions,54 led 

Box 5.1 Reducing Emissions from Aluminum Production

Extraction
of bauxite

Conversion
to alumina

Alumina
to aluminum

Transporting 
and manufacturing

Product
use

End of 
product life

Recycling (recycling, reuse, and refurbishment)Bauxite
mining

Alumina
refining

Aluminum
smelting

Store

Primary aluminum production is a multistaged process 

that transforms bauxite that is dug out of the ground into 

first alumina (aluminum oxide) through crushing, washing, 

treating, and baking the bauxite (the Bayer process), and 

then into aluminum via electrolysis (Hall-Héroult process). 

Emissions are produced at each stage, with the greatest 

proportion coming from the final stage because of the 

large amounts of electricity involved and the CO2 that 

directly arises from the process itself. Emissions per ton of 

aluminum could fall dramatically in the future—especially 

from this final stage—as a result of the low-carbon 

transition itself. Increased renewable deployment reduces 

the carbon intensity of electricity and therefore the 

emissions from the electrolysis process. Using data from 

the academic literature, it is estimated that cumulative 

emissions of 840 MtCO2e from aluminum from energy 

technologies only could fall to under 500 MtCO2e as 

a result of these changes, and increased recycling. 

However, as the process of producing aluminum produces 

direct CO2 emissions from the process of breaking 

down aluminum oxide (alumina) into aluminum, other 

technological advances will be needed to reduce emissions 

from the electrolysis process. 
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