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a b s t r a c t

Today, almost 70% of the electricity is produced from fossil fuels and power generation accounts for over
40% of global CO2 emissions. If the targets to reduce climate change are to be met, substantial reductions
in emissions are necessary. Compared to other sectors emission reductions in the power sector are
relatively easy to achieve because it consists mainly of point-sources. Carbon Capture and Storage (CCS)
and the use of low-carbon alternative energy sources are the two categories of options to reduce CO2

emissions. However, for both options additional infrastructure and equipment is needed. This article
compares CO2 emissions and metal requirements of different low-carbon power generation technologies
on the basis of Life Cycle Assessment. We analyze the most critical output (CO2) and the most critical
input (metals) in the same methodological framework. CO2 emissions and metal requirements are
compared with annual global emissions and annual production for different metals. It was found that all
technologies are very effective in reducing CO2 emissions. However, CCS and especially non-fossil
technologies are substantially more metal intensive than existing power generation. A transition to
a low-carbon based power generation would require a substantial upscaling of current mining of several
metals.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The demand for electricity has been rising steadily ever since its
introduction in the late 19th century [1]. Since 1980 the average
annual growth in demand has been over 3% and this growth is
projected to continue in the future [2]. The expected introduction of
new technologies such as electric vehicles and heat pumps may
even accelerate this demand growth in the future. In 2007 the
installed capacity for power generation was over 4000 GW and the
world electricity production in that year was almost 20,000 TWh
[2]. Almost 70% of this electricity is produced from fossil fuels [3]
mainly coal (41%) and natural gas (21%). Power generation
accounts for over 40% of global CO2 emissions with an annual
emission of 29 Gt in 2007 [4]. Hence, power generation is one of the
major contributors to climate change.

If the targets to reduce climate change are to bemet, the share of
electricity in the energy sector should increase while the emissions
from this sector should be substantially reduced. According to the
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IPCC, emissions need to be reduced by 50e85% below 2000 levels
by 2050, in order to stabilize atmospheric CO2 concentrations at
450e490 ppm [5]. This is estimated to correspond with a temper-
ature increase of 2e2.4 �C. More than half of this decrease can be
achieved by efficiency improvements, the remainder would have to
come from Carbon Capture and Storage (CCS) and non-fossil
alternatives [2].

1.1. Material requirements of power generation

In this paper we explore how and to what extent material
requirements may constrain the scale up of low-carbon power
generation technologies. In an earlier study we found that for some
specific technologies the use of minor metals may prevent them
from growing to a significant global scale [6]. The requirements of
minormetals will not be discussed here. Next to theseminormetals
it is also clear that in general the material intensity of new energy
technologies is higher than for existing technologies. For CCS this is
a logical consequence of the additional infrastructure that is
needed for the capture, transport and storage of CO2 in combination
with the loss of efficiency in power plants. For non-fossil technol-
ogies this is related to the relatively high material intensity that is
needed for harvesting energy from diffuse sources, such as wind
and sunlight.
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Table 1
Electricity mix in different cases based on the 2007 global power generation of 19855 TWh [3].

Current mix CCS Low-carbon IEA BLUE Map

% TWh % TWh % TWh % TWh

Coal 41.4% 8220 0%
Coal þ CCS 41.8% 8302 14% 2694
Natural gas 20.8% 4130 4% 863
Natural gas þ CCS 21.0% 4171 14% 2689
Oil 5.6% 1112 0% 66
Oil þ CCS 5.7% 1123 0% 0
Nuclear 13.7% 2720 13.8% 2747 20% 3971 24% 4856
Hydro 15.6% 3097 15.8% 3128 10% 1986 13% 2591
Biomass rape seed oil 15% 2978 3% 604
Biomass waste wood chips in CHP 0.96% 191 0.97% 193 15% 2978 3% 604
Wind 0.87% 173 0.88% 174 20% 3971 13% 2549
PV solar 0.02% 4 0.02% 4 20% 3971 12% 2342
Others 1.1% 218
Total 100% 19865 100% 19843 100% 19855 100% 19855

In the CCS and low-carbon scenario the 1.1% others is proportionally distributed over the other categories. In the IEA BLUEMap scenario the category ‘others’ accounted for 5%.
This 5% was also proportionally distributed over the other categories.

Table 2
Description of power generation pathways, basic data from Ecoinvent 2.0.

Abbreviation Description Additional data

Current mix electricity
Coal Production of electricity via

burning of coal UCTE (European
weighted average)

e

Natural gas Production of electricity via
burning of natural gas UCTE
(European weighted average)

e

Oil Production of electricity via
burning of crude oil UCTE
(European weighted average)

e

Nuclear Production of electricity in
nuclear power plant UCTE
(European weighted average)

e

Wind Production of electricty with
2 MW offshore wind
turbine OCE

e

Solar Production of electricity with
3 kWp flat roof PV installations
based on mc-Si

e

Biomass Rape seed oil in oil fired
power plant

A combination of
two ecoinvent
processes: rape
seed oil
production and an
oil fired power
plant

Biomass CHP waste wood chips e

Hydro Alpine region hydropower e

Electricity with CCS
Coal þ CCS As coal but with Carbon CCS [24]
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1.2. Goal of the study

In this article we will present an analysis of the effectiveness of
CO2 emission reduction and the requirements of selected metals in
low-carbon electricity technologies: iron, aluminum, nickel,
copper, zinc, tin, molybdenum, silver and uranium. These metals
are chosen as a mix of major metals that are important for the
general infrastructure: iron, aluminum, copper and zinc; metals
that are important for special alloys: nickel, tin and molybdenum;
and metals that are important for specific technologies: silver and
uranium.

The main research questions addressed here are:

1. to what extent can CCS and current non-fossil technologies
contribute to CO2 emission reduction targets of 50e85%?

2. what are the metal requirements of these CCS and non-fossil
technologies?

3. how does this metal demand compare to current mine
production?

We will start by comparing CO2 emissions and metal require-
ments of different electricity producing technologies on a life cycle
basis. After that CO2 emissions and metal requirements of four
cases will be compared:

- the current electricity mix [3]
- the current electricity mix but with the assumption that all

fossil fuel based electricity would be fitted with CCS
- an electricity mix consisting of only existing non-fossil

technologies
- the 2050 electricity mix as described in the IEA Blue Map

Scenario [7].

The emissions and metal requirements are then compared with
annual global CO2 emissions and annual mine production for
different metals. Possible bottlenecks are identified and possible
solutions are discussed.
Capture and Storage (CCS)
Natural Gas þ CCS As gas but with Carbon

Capture and Storage (CCS)
CCS [24]

Oil þ CCS As coal but with Carbon
Capture and Storage (CCS)

CCS [24]

Biomass þ CCS As biomass but with
Carbon Capture and
Storage as in
natural gas CCS

CCS [24]
1.3. Other constraints for low-carbon power generation

Material availability is only one of several factors that might
constrain the scale up of the low-carbon electricity technologies.
Although these are not the subject of this paper, the most impor-
tant constraints are briefly discussed in this section: economic
constraints, constraints of industrial capacity and spatial and
infrastructure planning.

Under the existing economic regime, low-carbon electricity
technologies are often more expensive than the dominant fossil
fuel based technologies. Only large scale hydropower, nuclear
power and wind turbines can compete with fossil fuel based elec-
tricity under specific circumstances, while the production price



Table 3
Basic data natural gas and coal power plants with CCS (based on [24]).

Natural gas Coal Source

Power plant
Type Combined Cycle Pulverized coal [39]
Size 400 MWe 400 MWe [39]
Efficiency 57.7% 35.9% [39]
Lifetime 180,000 h 150,000 h [39]
Operation 8000 h/a 8000 h/a [39]
CO2 emission 350 g/kWh

(plant only)
930 g/kWh
(plant only)

[39]

CO2 concentration flue gas 3.9 mol% 12.8 mol% [40,41]
Steel in construction 10,600 ton 35,000 ton [39]
Efficiency loss due

to capture
and compression

25% 15% [42,43]

Capture installation
Type Post combustion Post combustion
Solvent 35% MEA 35% MEA [41]
Capture efficiency 90% 90% [41]
Carbon steel 3700 ton 5560 ton [24]
Stainless steel 950 ton 1470 ton [24]
Life time 30 year 30 year [24]
Compression
Pressure at injection point 100 bar 100 bar [24]
Pressure after compression 140 bar 140 bar [24]
Weight compressor

and pump
210 ton 550 ton [24]

Electricity needs 86.5 kWh/ton CO2 86.5 kWh/ton CO2 [24]
Life time 15 years 15 years [24]
Pipeline
Length 200 km 200 km [24]
Size NPS 10 NPS 16 [24]
Wall thickness 6.4 mm 8.9 mm [24]
Weight 42 kg/m 93 kg/m [24]
Total weight 8400 ton 18,600 ton [24]
Injection
Depth of well 1000 m 1000 m [24]
Number of wells 1 2.7 [24]
Stainless steel 210 570 [24]
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solar electricity is much higher per kWh produced [8,9]. Further-
more, massive investments are needed for additional infrastruc-
ture, either in power transmission for non-fossil energy sources or
in CO2 pipelines for the CCS [10]. Subsidies, feed-in-tariffs and other
economic instruments are used to overcome this price-gap but this
requires considerable shifts in tax regimes and legislation.

However, even if new technologies are competitive with the
existing ones, it takes time to build the human and industrial
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Fig. 1. CO2 emissions of different p
capacity to scale them up to substantial levels i.e. more than 10% of
current production [11]. In 2007 world installed power generation
capacity was around 4500 GW and this is projected to increase to
around 7800 GW by 2030 [2]. Around 37.5 GW newly installed
wind capacity was added in 2009 [12]. With a capacity factor of
around 0.25e0.4 [13] this is equivalent to about 15 GW installed
coal or nuclear capacity (assuming capacity factors of between 0.7
and 0.9) [14]. PV solar is still far from this level with a newly
installed capacity of 5.4 GW in 2008 [15]. With a capacity factor of
around 0.14 [16] this is equivalent to 1.5 GW installed coal or
nuclear power. In order to contribute significantly to the global
power generation capacity in 2030 the production of bothwind and
PV solar need to be scaled up dramatically.

Next to the economic issues and industrial capacity, discussions
on spatial and infrastructure planning are common when new
nuclear power plants, wind turbines and CCS projects are planned
and this can slow down the implementation of these technologies
considerably [17,18].

2. Analysis of CO2 emissions and metal requirements
of different technologies

Life Cycle Assessment (LCA) is used here to analyze the CO2
emissions and metal requirements of different technologies for
power generation. In an LCA all emissions and extractions over the
whole life cycle of products and services are considered. In this
article we limit the scope to CO2 emissions and the metal
requirements. Furthermore, we limit the study to the production of
the electricity. This means that the transmission, distribution and
use of the electricity are not included. This simplification might
lead to a relative overestimation of material needs for distributed
power generation options like rooftop PV and distributed wind
power. Both of these options would reduce the amount of trans-
mission capacity that is needed. However, in practice, large scale
centralized wind and PV farms are needed in order to achieve
a substantial contribution to the global electricity production [6,19].
Centralized wind and PV farms will actually increase the trans-
mission network that is needed. Next to that, a substantial buffering
infrastructure would be needed in order to facilitate a substantial
share of the renewables in the electricity mix.

The production of the infrastructure, equipment and materials,
the transport and mining of fossil fuels and raw materials that are
needed for the electricity production are all taken into account. The
nuclear hydro biomass
rape

seed oil

biomass
waste
wood
CHP

wind solar

ower generation technologies.
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Fig. 2. Iron requirements in different power generation technologies.
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functional unit of this LCA, which is the basis for comparison of the
different technologies, is 1 kWh of electricity delivered to the grid.

3. Implications for mass deployment e three cases

In order to assess the effectiveness with regard to CO2 emission
reduction and the metal requirements, three cases for world elec-
tricity supply will be compared with a reference case (Table 1). The
reference case is based on the 2007 energy mix for power gener-
ation as given by the IEA [3]. We defined two alternative cases
based on different technologies to reduce global CO2 emissions:
CCS and non-fossil energy sources. The cases are not meant to
represent a realistic future electricity mix but they are used here as
two extremes of the spectrum of low-carbon power generation.
Future power generationwill most likely consist of a mix of CCS and
non-fossil electricity. Therefore, next to these extreme cases,
a fourth case was introduced which was based on the electricity
mix from IEA BLUE Map scenario as described in [10]. This mix was
combined with the global electricity supply in 2007. For the elec-
tricity production part, the IEA BLUE Map case is based on
a combination of low-carbon technologies and CCS.

The CCS case is identical to the reference case but all incinera-
tion based electricity (coal, natural gas, oil and biomass) is assumed
to be connected to a CCS infrastructure. The non-fossil case
assumes a power mix with an equal distribution over the different
non-fossil technologies: 20% nuclear, 20% hydro, 20% wind, 20% PV
and 20% biomass. Although this choice seems arbitrary, it is actually
a reasonable reflection of the potential (and limitations) of each of
these technologies. Intermittency of wind and solar will mean that
buffering is needed and that it is sensible to mix them with other
sources. Allocating 20% of the electricity mix to both seems there-
fore reasonable. Although recent growth in hydropower has been
substantial and some large projects are still in the pipeline a limited
increase from the current 15.6e20% of the mix seems reasonable to
assume. The best locations for hydropower have been developed
already and the environmental and social implications of large
projects will limit it’s growth potential. Nuclear power is back on
the political agenda in developed countries and many developing
countries are just beginning to explore its potential [20,21].
However, the lack of industrial capacity, risks of proliferation,
limited capacity for the storage of nuclear waste and difficulties to
scale up uranium supply are likely to limit the extent of the growth
[22]. An expansion from the current 14% to 20% seems just doable.
In the IEA BLUEMap case the contribution of fossil fuels is limited to
32% which is almost completely combined with CCS. Nuclear is
scaled up to 24% and hydro scaled down (relatively) to 13%. Solar
and wind combined deliver 25%, and 6% is derived from biomass.1

4. Methods & data sources

LCA is used to calculate CO2 emissions and metal requirements
per kWh electricity produced with different technologies. The LCA
was performed using version 5.0 of CMLCA [23]. EcoInvent 2.0
(Frischknecht et al., 2007) was used as the LCA database for all
electricity technologies and all background data and it was sup-
plemented with additional data for Carbon Capture and Storage
[24]. Abbreviations, descriptions and data sources of the different
technologies are given in Table 2. The basic data that was used for
the natural gas and coal fired power plants with CCS is given in
Table 3. For biomass two technologies have been analyzed which
more or less represent a worst and best case. The ‘best case’ is
1 It should be kept in mind that the IEA BLUE Map mix is based on the electricity
production in 2030 which is assumed to be about double that of 2007.
Combined Heat and Power with waste wood chips as a source of
biomass. The ‘worst case’ is rape seed oil which is fed into an oil
fired power plant. The metal intensities and CO2 emissions of the
different technologies are then multiplied by the total electricity
demand and mix as given in Table 1. This results in the total annual
CO2 emissions and metal requirements for the current mix, the CCS
mix and the non-fossil mix.

This bottom-up approach to calculate global CO2 emissions and
metal requirements on the basis of individual technologies should
be seen as rough estimations of actual emissions and metal
requirements. In reality the mix of energy technologies is much
more diverse than the one used here. Secondly, when the total
energy production is used as the basis for calculations the
substantial extra installed capacity which is needed for peak-
demand is not taken into account. Finally, in the non-fossil
scenario buffering will be needed because 40% of the sources (solar
and wind) are intermittent by nature. This buffering can either be
bi
om
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om

a

Fig. 3. Requirements of selected metals in different power generation technologies.



Fig. 4. Requirements of selected metals in different power generation technologies relative to the metal demand of the current mix.
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doneby installing back-up capacity of non-intermittent technologies
like nuclear and biomass, or by adding storing options like
compressed gas, pumped hydro, batteries etc. Both options will add
to the metal requirements and increase CO2 emissions of the system
as a whole. In this very simplified analysis we did not take these
factors into account.
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In a final step the reduction in CO2 emission is compared with
the emission reduction of 50e85% below 2000 levels which is
needed for stabilization of atmospheric CO2 concentrations. The
metal requirements are compared with the annual global produc-
tion of these metals. Data on annual global production are taken
from the US Geological Survey [25].
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5. Results

5.1. Analysis of the CO2 emissions and metal requirements of
individual technologies

The results of the calculations of CO2 emissions and metal
requirements of the different electricity producing technologies are
given in Figs. 1e3. Fig. 1 shows the CO2 emissions of different
technologies. The application of CCS, will reduce CO2 emissions
from fossil fuel based power plants with a factor 10. For biomass the
emissions related to the use of rape seed oil are about half of those
of natural gas fired power, without CCS. For the CHP with waste
U Ag Mo Sn Zn Cu 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

G
g

/a
 

Fig. 7. Requirements of selected meta
wood the emissions are a factor 30 lower. For nuclear, hydro and
wind, CO2 emissions are very low but not zero. This is caused by the
necessary production of equipment, capital goods and infrastruc-
ture. In a static attributional LCA, as we have used here, this uses the
inputs of the current fossil fuel dominated energy system. For the
same reason and because construction and production is relatively
more material and energy intensive the emissions related to solar
electricity are comparable with those of fossil fuels with CCS.

With regard to themetal requirements it is clear from Figs. 2 and
3 that CCS will increase the demand for iron and nickel substan-
tially. For coal fired power plants, the increase is about 30% for iron
and 75% for nickel. For gas fired power plants, it is about 40% for
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iron and 150% for nickel. This is caused by additional infrastructure,
especially the pipelines and the additional capacity needed to
compensate for the loss in efficiency. Wind requires 20% more iron
than coal plus CCS and solar is in the same range as natural gas
power plants. Biomass energy based on rape seed oil requires about
five times as much iron per kWh electricity produced than regular
fossil fuel based energy. The reason for this lies in agricultural
production of the biomass, which requires substantial inputs like
fertilizers and capital goods per unit biomass produced. The
intensity for other metals is given in Fig. 3 and is especially high for
the all new non-fossil technologies like rape seed based biomass,
PV solar and wind. For biomass the reason is again the high
amounts of fertilizers and capital goods required. For wind and
solar it is metal intensive turbines and solar panels and their
production.

In Fig. 4 the material demand of different technologies is given
relative to the metal demand of the current electricity mix. It is
clear that requirements for most metals are higher in the case of
CCS, but much more so in the case of non-fossil technologies.

5.2. Analysis of the CO2 emissions and metal requirements at world
scale implementation e the three cases

In Fig. 5 the CO2 emissions of the three different cases and the
reference case are given. The 11.6 Pg of annual CO2 emissions from
power generation compares well with the 11.9 Pg/a which is given
by the IEA [4]. However, in contrast to the IEA figures, the emissions
we calculated are “life cycle” emissions which means that the
emissions of the production of the fuels and capital goods and all
other upstream processes are included in the 11.6 Pg/a. Since over
90% of the life cycle CO2 emissions from gas and coal based elec-
tricity originate from the power plants themselves and less than
10% from the background processes this still means the bottom-up
figures we calculated are in correct order of magnitude. At an
assumed 90% capture rate at the power station, CCS reduces the life
cycle emissions to around 17% of the emissions in the current mix.
The non-fossil case reduces the emissions just a little extra to about
10% of the current mix. The IEA BLUE Maps scenario is about as
effective as the other two cases. All three cases are thusmore or less
equally efficient in reducing CO2 emissions. All three fall well within
the range of emission reductions (50e85%) that are necessary to
stabilize atmospheric CO2 concentration to levels around 450 ppm.

Figs. 6 and 7 show the metal requirements for the CCS, non-
fossil, IEA BLUE Maps cases in relation to the current mix. The
CCS case requires an annual input which is 10% (silver) to 40%
(nickel) higher than that in the currentmix. For uranium the annual
requirement remains constant as the nuclear fraction in the mix
remains constant in this case. The non-fossil case requires far more
metals than the current mix: between 1.5 times (uranium) and
almost 800 times (silver) the amount in the current mix.

Whether these increases are important becomes more clear,
when the requirements for power generation are compared with
current annual mine production. Fig. 8 shows the annual metal
requirements in the three cases and reference case, given as
a fraction of the 2009 world mine production of these metals. From
this analysis it is clear that the increases of metal requirement of
iron, tin, and zinc are relatively insignificant when compared to
current mine production. However, the increases in requirements
in the non-fossil case for aluminum (1e15%), nickel (50e250%),
molybdenum (30e100%) and silver (0e44%) but also uranium
(130e190%) would have a significant impact on the mining of these
metals. In the CCS case the material requirements are less but still
significant. Nickel demand would go from about 60% to over 80% of
the annual production and for molybdenum from about 30% to 40%.
In the IEA BLUE Maps case the material requirements are in
between as expected.

6. Conclusions and discussion

About 40% of global CO2 emissions originates from the
production of power. In this paper, we have analyzed towhat extent
these emissions can be reduced, by the use of low-carbon tech-
nologies (CCS, nuclear and renewables) and what the consequences
would be with regard to the metal requirements. All three elec-
tricity mixes presented here (CCS, non-fossil and IEA BLUE Maps)
result in a reduction of about 80e90% of CO2 emissions, if compa-
rable reductions would be achieved in other sectors the
450e490 ppm stabilization goals could be realizable. However, in
all three cases presented here this comes at a cost of higher metal
requirement.
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The addition of CCS to the current electricity mix, would influ-
ence the annual demand for nickel and molybdenum substantially.
Applying CCS requires 10e30% percent more metals than the
current electricity mix (Fig. 8). This is a result of the additional
infrastructure that is needed to capture, transport and store CO2
(specialty steels), in combination with a reduced efficiency of the
power plants.

The switch to a non-fossil electricity mix would result in a much
higher demand for nickel, uranium, silver, molybdenum and, to
a lesser extend, copper and aluminum. For PV solar, non-waste
biomass and wind the increase in metal use ranges from a few
percent to a factor thousand. This means that mining of these
metals would have to be scaled up considerably in order to fulfill
the demand for these new electricity technologies (Fig. 8). Not all
non-fossil technologies are more metal intensive than fossil fuel
based power. Nuclear power, hydropower and waste biomass have
a relatively low metal intensity. PV solar, non-waste biomass and
wind, however, are much more metal intensive than the current
mix. For PV solar and wind the increase is related to the relatively
high metal intensity of PV solar cells and wind turbines. For non-
waste biomass it is related to the need for relatively material
intensive agricultural processes including the production of agri-
cultural machines and the production of fertilizers.

The last couple of decades a trend of decreasing material
intensity per unit of GDP produced has been found in many
developed countries [26,27]. However, when climate change forces
these economies to switch to alternative energy sources, for the
energy sector, this trend is broken.

The type of material demand in different technologies depends
strongly on the specific technologies that are chosen. For example,
the extremely high demand for silver in solar electricity is related to
the choice for mono-crystalline silicon PV cells. However, other PV
solar technologies have material demand issues of their own [7].
Current thin film CdTe and CIGS will run into scarcity issues long
before they will contribute significantly to the global power
generation [6]. The 2 MW offshore wind turbine with a geared
generator that we used in this study does not require neodymium
based permanent magnets. However, the new, more efficient and
low-maintenance direct-drive turbines use about 150 kg Nd per
MW [6,28]. Scaling up these technologies to the level of tens of GW
would require a dramatic increase in the production of this rare
earth metal.

Next to PV solar, wind and biomass electricity other renewable
technologies like ocean renewables and PV thermal are available as
well. Some first results show that ocean renewables have an even
higher metal intensity than the technologies discussed here. The
amount of iron needed in the equipment itself (excluding the life
cycle) for wave and tidal energy is between 8 and 10 g/kWh [29],
which is four to five times as high as the life-cycle iron intensity for
wind turbines.

Wedidnot analyze anychanges in the grid related to thedifferent
technologies. However, it is clear that the CCS optionswould require
little or no changes to existing transmission and distribution infra-
structure, while the large scale introduction of PV and wind would
require substantial changes in the electricity infrastructure. Roof PV
relocates electricity production to the electricity consumers and it
will thereby reduce the transmission load in the network. In
contrast, centralized PV and wind power, especially of-shore, will
relocate and probably increase the infrastructure needed for trans-
mission. This will increase the metal requirements of these tech-
nologies considerably, especially for copper and aluminum.

The analysis presented here is a static analysis in which the
dynamics of the transition to a low-carbon electricity system are
not discussed. However, if climate goals are to be met a fast tran-
sition to a low-carbon power sector is needed. If the power sector
will be transformed in the next two or three decades, based on
current technologies, it is clear that this will cause a significant peak
in metal demand. Uncertainties about the long term climate policy
and technology choices will make it difficult for mining companies
to anticipate such a peak. Further research is needed to explore the
dynamics of the metal demand connected to the energy transition.

In this work we only looked at the electricity sector. However,
the energy transitionwill also lead to increasedmaterial demand in
other sectors. One of the most important ones will be the auto-
motive sector. Hybrids and plug-in hybrids, full electric vehicles
and fuel cell vehicles will all require metals in high tech parts like
batteries, electro motors (including permanent magnets) and fuel
cells [6]. At the same time the introduction of these vehicles will
considerably increase the demand for electricity.

Whether or not material requirements induce material scarcity
will depend on a host of things, but specifically also on the possi-
bilities for substitution [30,31]. In many of the technologies
described here, material substitution may potentially reduce the
requirement of specific metals. Silver in PV solar cells might be
replaced by other metals. PV solar cells can be made on
a completely new basis e.g. FeS cells. Nickel and molybdenum
containing steels might be replaced by steels containing other
alloys or by new strong and inert composite materials. Concrete
might be used to substitute for the steel towers of wind turbines.
Aluminum can substitute copper as a conductor. Extensive agri-
culture which produces high cellulosic biomass might substitute
for the highly intensive oil producing agriculture. However, there is
a limit to which this substitution is possible. It is not likely that
completely new carbon based materials will replace basic materials
like steel and other metals in the near future [31]. There is a limited
number of elements available and at themoment almost all of them
have useful applications. Shifting from one to the other will
therefore in many cases simply shift the problems of material
availability from one sector to another. In addition, substitution
that is forced by looming scarcity e in contrast to substitution
induced by product improvement e could very well slow down the
energy transition and reduce overall efficiency, as material choices
are forced by scarcity and the technically “optimal” solutions
cannot reach their full potential.

Energy and mining are linked to each other in two directions:
not only are materials needed for building (new) energy infra-
structures but, the other way around, huge amounts of energy are
needed during mining, reduction and refining of metals. Increased
miningwill lead to additional energy use. Dwindling ore grades and
the use of less accessible resources will increase energy demand
per kg of metal [32]. This will result in considerably higher CO2
emission levels providing a less optimistic picture of GHG benefits
of low-carbon energy pathways.

Until now technological developments in mining and process-
ing of metals have more than compensated for the dwindling ore
grades and increasing demand, keeping metal prices relatively low
[33e36]. The peaks we have seen in metal prices in the past can
almost always be explained by peaks in demand that outpaced the
capability miners and processors to increase supply. However,
there are indications that the latest mismatch between demand
and supply, the 2002e2008 metal boom, was at least partly caused
by more fundamental problems at the supply side [37,38].

The transition to a sustainable energy system is a prerequisite
for a sustainable future but there are hurdles, some of which are not
that obvious. In the end, changing the worlds energy system to
reduce GHG-emissions is a huge operation with huge implications
for the worlds material system as well. There are all kinds of
feedback mechanisms and dynamics involved that make it difficult
to oversee all implications. This paper shows, at least, that using
diffuse energy sources instead of concentrated sources
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substantially increases metal requirements for harvesting the
energy. It also shows that adding emission reduction technologies
to the existing fossil fuel based energy systems increases metal
requirements, be it to a lesser extent. Whatever the future energy
systemwill look like, at least we can be sure that the days of “easy”,
i.e. material-extensive energy, are over. It is very important to
explore all the implications of such a change to support the tran-
sition to a new energy system, in order to make it a sustainable
system and catch any drawbacks in an early stage.
Role of funding source

This study has partly been funded by a research grant from Shell.
Shell has provided some of the information on CCS technologies.
This data has been combined with data on CCS from literature. One
of the co-authors, Gert Jan Kramer, is a Shell employee, next to his
affiliation as a full professor at the faculty of Science at Leiden
University.
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