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Abstract

More and more attention is being paid to renewable technologies because they are
seen as a great opportunity to disengage our society from its dependence on fossil
fuels. Such flow-based energy resources that rely on solar energy are supposed to lead
us toward a sustainable energy future. However, because of their high capital
intensity, renewable technologies require large amounts of matter, including both
common and rare metals. These metals require energy for their production, and more
specifically for their extraction. The energy cost associated with metal extraction is
linked to mineral ore grade, meaning that as depletion progresses, energy cost
increases. In addition, renewable energy resources deliver less net energy to society
compared to fossil fuels, because of their diffuse nature. It is therefore easy to see that
a close relationship exists between energy and metals sectors. In this article, we
described more precisely this relationship by investigating how the energy
requirement associated with metal extraction could impact the energy-return-on-
investment (EROI) of different renewable and nuclear technologies. More precisely,
we present a methodology that can be used to calculate the sensitivity of the EROI of
a given technology to a specific or to multiple metals ore grade degradation. We
found that if considered separately, the qualitative depletion of a given metal has not a
significant impact on the EROI of renewable and nuclear technologies, unless its
concentration approaches very low grade. However, if all metals are considered
together, the EROI of these same technologies could be importantly diminished,
especially if they tend to very low concentrations.
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1. Introduction

Energy is of primary importance for human societies. Indeed, as for any other
physical system, our economic system requires the input of high-quality energy that is
used to support physical processes and perform actual work, and is then consequently
degraded into low-quality energy (heat) (Georgescu-Roegen, 1971; Odum, 1971;
Daly, 1985). Many authors have emphasized the fact that fossil fuels have enabled
human organizations to take the path of industrialization and then service-oriented
society thanks to their abundance, high concentration and associated low energy cost
of extraction (Hall and Klitgaard, 2012; Stern and Kander, 2012; Ayres and
Voudouris, 2014). Fossil fuels are by definition non-renewable because they represent
finite stocks. They are furthermore a source of pollution, with green house gases
emissions monopolizing most of the attention. For these different reasons, the
resilience of current complex societies is now questioned and the need to operate a
transition from fossil to renewable energies ® appears obvious and necessary.
However, some researchers have already highlighted that renewable technologies rely
on various metals like any other infrastructure; and that the requirement of the
different sort of metals needed to produce a unit of renewable energy is more intense
when compared to fossil fuels. Furthermore, the extraction of metals from deposits,
and their concentration in useable forms require energy. Some studies have shown
that the energy cost associated with metal production increases as metal concentration
in deposit decreases (Hall et al, 1986). We can see that a complex interdependence
exists between energy and metals sectors and it is the purpose of this article to further
investigate this relation.

In the present paper, we will first give an estimation of the current amount of global
energy consumed by the metal sector. Unfortunately, doing the opposite calculation of
the amounts of the different metals cornered by the energy sector is quite impossible.
Because the energy cost associated with metal extraction is increasing and that many
different metals are required in renewable technologies, we will then see that using
the energy-return-on-investment (EROI) concept is a useful approach for our topic.
We investigate here how the increasing energy cost associated with a specific metal
extraction could influence the EROI of different renewable technologies. Then, we
have also tested a broader sensitivity of the EROI of these same technologies to all the
different metals they require. Finally, we will discuss our methodology, in particular
its underlying assumptions, and make some suggestions for further improvements of
the kind of analysis we have performed.

¥ In this article, renewable technologies refer to renewable electricity production from wind and solar
energy (wave and tidal could have been incorporated under this denomination, although lack of data
prevent us from studying these nascent means of electricity production); biomass is considered out of
our scope of study.



2. Empirical observations
2.1 Interrelation between energy and metal sectors

Sectors of metal extraction and production represent a significant share of total energy
consumption. Rankin (2011) estimated that 10% of global primary energy production
is consumed by the metal sector. Data from the International Energy Agency (2014)
and from Norgate and Jahanshahi (2011) give a lower value of approximately 7%. We
performed our own estimation, using data on mean energy cost of metal production
(Valero and Botero, 2002; Rankin, 2011; Tharumarajah and Koltun, 2011; Ashby,
2013) and quantities of production (USGS, 2012) for different metals. As can be seen
in Table 1, we found as Rankin that at global level the metal sector requires about
10% of total primary energy consumption. Of course a degree of uncertainty around
these data exists for two reasons: unitary energy costs have different year of
estimation; and the method of allocation of the joint cost in case of coproduction with
other metals may differ from one study to an other.

Table 1 Estimations of the energy cost associated with different metal productions and the entire metal
sector. Source: diverse, see table.

Energy cost
of

Production in

Total energy

Share of total
energy

Metal production Source 201%;}25)65‘ cost (GJ) consumption
(GJY) (%)
Aluminum 212 Rankin (2011) 44400000 9391044000 1.798%
Antimony 13 Valero and Botero (2002) 180000 2412000 0.000%
Arsenic 28 Valero and Botero (2002) 46700 1307600 0.000%
Beryllium 457.2 Valero and Botero (2002) 230 105156 0.000%
Bismuth 56.4 Valero and Botero (2002) 7600 428640 0.000%
Cadmium 110 Valero and Botero (2002) 21800 2398000 0.000%
Tharumarajah and Koltun
Cerium 354 (2011) 27000 9563400 0.002%
Chromium 64 Valero and Botero (2002) 24000000 1538400000 0.295%
Cobalt 322 Valero and Botero (2002) 110000 35420000 0.007%
Copper (hydro) 64 Rankin (2011) 17000000 1095820000 0.210%
Copper (pyro) 33 Rankin (2011) 17000000 561340000 0.107%
Tharumarajah and Koltun
Gadolinium 2162 (2011) 5000 10812000 0.002%
Gallium 12660 Valero and Botero (2002) 200 2532000 0.000%
Germanium 2215 Valero and Botero (2002) 118 261370 0.000%
Gold 68400 Rankin (2011) 2700 184680000 0.035%
Hafnium 633 Valero and Botero (2002) 90 56970 0.000%
Indium 2875 Valero and Botero (2002) 600 1725000 0.000%
Iridium 2100 Ashby (2013) 4 8400 0.000%
Tharumarajah and Koltun
Lanthanum 219 (2011) 25000 5485000 0.001%
Lead 20 Rankin (2011) 5200000 101764000 0.019%
Lead (ISP) 33 Rankin (2011) 5200000 169052000 0.032%
Lithium 433 Valero and Botero (2002) 37000 16002500 0.003%
Magnesium 437.3 Valero and Botero (2002) 6350000 2776855000 0.532%
Manganese 56.9 Valero and Botero (2002) 17000000 967300000 0.185%



Mercury 409 Valero and Botero (2002) 1810 740290 0.000%

Molybdenum 148 Valero and Botero (2002) 250000 37000000 0.007%
Tharumarajah and Koltun
Neodymium 392 (2011) 21080 8263360 0.002%
Nickel (hydro) 194 Rankin (2011) 2100000 406917000 0.078%
Nickel (pyro) 114 Rankin (2011) 2100000 238392000 0.046%
Palladium 5500 Ashby (2013) 200 1100000 0.000%
Platinum 270500 Ashby (2013) 179 48419500 0.009%
Tharumarajah and Koltun
Praseodymium 220 (2011) 2800 616280 0.000%
Rhenium 171 Valero and Botero (2002) 5 855 0.000%
Rhodium 14200 Ashby (2013) 25 355000 0.000%
Silver 1582 Valero and Botero (2002) 24000 37968000 0.007%
Steel 23 Rankin (2011) 1500000000 34050000000 6.519%
Tantalum 1755 Valero and Botero (2002) 765 1342575 0.000%
Tin 207 Valero and Botero (2002) 230000 47518000 0.009%
Titanium 430 Valero and Botero (2002) 190000 81662000 0.016%
Tungsten 357 Valero and Botero (2002) 75700 27024900 0.005%
Vanadium 517 Valero and Botero (2002) 74000 38258000 0.007%
Tharumarajah and Koltun
Yttrium 756 (2011) 10000 7559000 0.001%
Zinc
(electrolytic) 48 Rankin (2011) 13000000 629720000 0.121%
Zinc (ISP) 36 Rankin (2011) 13000000 466050000 0.089%
Zirconium 1371.5 Valero and Botero (2002) 1440000 1974960000 0.378%

Metal sector energy

consumption in 2012 (GJ) 52211442690 10.525%
Primary energy production in
2012 (GJ) 5.22345E+11 100.000%

Conversely, the energy sector consumes a large part of the different metals that are
produced across the world. Bihouix and De Guillebon (2010) have evaluated that
between 5 to 10 % of global steel production is absorbed by the energy sector. It is
unfortunately really complicated to give more details about the level of consumption
of each metal in the energy sector. However, various studies have demonstrated that
the intensity of rare metals per unit of delivered energy of renewable technologies
(such as wind turbines and PV) is higher than for the infrastructure used in the
production of fossil-based electricity (UKERC, 2013ab; SEI, 2012; Pihl et al, 2012;
Yang, 2009; Kleijn et Van der Voet, 2010; Elshkaki et Graedel, 2013; Moss et al,
2013), and that this is also true for base metals and even common minerals (Pihl et al,
2012; Vidal et al, 2013; Lund, 2007; Kleijn et al, 2011; Elshkaki et Graedel, 2013;
Ashby, 2013). This means that renewable technologies require more rare and common
metals and minerals per installed MW compared to fossil-based electricity production.
For the interest of the reader and a later use in this article, we have synthetized the
metal requirements of the different renewable technologies taken into consideration in
this article in Appendix A.



Consequently, an energy transition toward renewables would require increasing metal
consumption (at equivalent installed capacity).

2.2 Evolution of the energy cost associated with metal production

Extracting and refining metals require consuming energy, so it is easy to define an
energy cost of production expressed in GJ per ton of extracted metal. We have already
given some numerical data on energy cost in Table 1, but it would be interesting to
assess the evolution of the energy cost associated with metal extraction and
production. Such temporal analysis is important to see how the energy cost associated
with metal extraction and production is related to cumulative production.

A first approach consists in analyzing the Energy Balance Flows established every
year by the IEA. We have extracted some results from such analyses and presented
them in Figure 1, where the evolution of the final energy consumption of various
sectors and the global economy can be compared.
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Figure 1 Evolution of the final energy consumption of different sectors and the global economy (based 100
in 1973). Source: IEA, 2014.

In Figure 1, mining activities (green line) represent all global upstream activities
related to mineral extraction and concentration for both metal and non-metal matter
(although fossil fuels like coal are not included). All other final energy consumptions
refer to global downstream activities, for either metal refining (blue and red lines), or
non-metallic minerals (such as sand, clay, etc.) manufacturing (red line). We can see
from this figure, that between 1973 and 2011, the final energy consumption of the
upstream mining sector (green line) has increased twice as much as the global
economy did (black line).



Sectors of metal and non-metal refining (blue, red and yellow lines) have also
increased their energy consumption in a larger magnitude than the global energy
consumption, but in a lesser order than the upstream mining sector. A reason for such
increase is simply the increasing amount of minerals that is extracted from the
environment due to increasing demand (i.e. a general volume effect). However, a
second, and to our mind more crucial reason for this increasing energy consumption
of metal sectors (and especially upstream mining activities) is the increasing unitary
energy cost of metal extraction due to the qualitative depletion of mineral deposits.
This hypothesis is comforted by Figure 1, taking into account that upstream activities,
which support metal concentration, are sensitive to ore grade; whereas downstream
activities, which represent refining of metals, are insensitive to ore grade.

The economic rationality imply to first consume metals from deposits where they are
easily accessible and the less costly to extract (so most often where they are highly
concentrated and close to the surface) and then to pursue with deposits less
concentrated when the first are exhausted. For instance, according to Mudd (2010),
between the mid-nineteenth century and 2006, the average grade of copper in
Australia fell from nearly 23% to less than 2%. Therefore, the more you deplete a
metal stock, the lower the concentration of the metal, the higher the unitary energy
cost of extraction. This has been reported, both at a local deposit level (Crowson,
2012), at national level (Mudd, 2010), and at worldwide level (Crowson, 2012;
Schodde, 2010). More precisely, as the concentration of a given metal decreases, the
energy cost associated with its extraction increases through an inverse mathematical
relation of power type (see Figure 2). This relation has been precisely documented for
copper, nickel and uranium (Page and Creasey, 1975; Mudd and Diesendorf, 2008;
Memary et al., 2012; Northey et al., 2013; Norgate and Jahanshahi, 2010). In Figure
2, results of this relation from Norgate and Jahanshahi (2010) in the specific case of
copper can be compared to a larger regression (that we will use later in this article)
that we have operated on data for 34 different metals*. The relation that is expressed
in Figure 2 comes from an econometric regression, which results are presented in
Table 2.

Table 2 Main results for the regression based on 34 metals represented in figure 2.

Dependent Variable: LOG(CONSUMPTION)

Method: Least Squares
Included observations: 34

Variable Coefficient Std. Error t-Statistic Prob.
C 5.632090 0.240914 23.37803 0.0000
LOG(GRADE) -0.600260 0.089179 -6.730985 0.0000

* The list of the 34 metals is as follows:

Aluminum, Antimony, Arsenic, Beryllium, Bismuth, Cesium, Chrome, Cobalt, Copper , Gallium,
Germanium, Gold, Hafnium, Indium, Iron, Lead, Lithium, Magnesium, Manganese, Mercury,
Molybdenum, Nickel, Platinum, Rhenium, Silver, Tantalum, Tin, Titanium, Tungsten, Vanadium,
Zinc, Zirconium, Praseodymium, Neodymium.



R-squared 0.586061

Durbin-Watson 2.167702
White test 2.778711 Prob. Chi-Square(2) 0.2492
Jacque Berra 2.767398 Prob. 0.2507
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Figure 2 Relation between ore grade and energy cost of extraction. Blue line refers to copper only, based on
data from Norgate and Jahanshahi (2010). We have produced the red line that exhibits the same relation
using an econometric regression on 34 different metals.

The econometric regression that we have performed show that the relation between
energy cost of extraction (Y) and ore grade (X) can be estimated by the equation
Y =279.25 x X~%, with best estimate for « = —0.60026 and a 95% confidence
interval of (-0.418609; -0.781910) for this same variable.

However, it must be stated that all metals will not follow the declining trend presented
in figure 2 at the same speed. Indeed, the speed of the ore grade degradation is
different for each metal. Data from the USGS presented in figure 3 show that the
cumulative production of rare metals (such as gold, silver, copper, nickel, platinum,
palladium, and rare earth elements) plus the reserves associated to these metals
compared to their natural abundance in the earth’s crust is higher than for common
metals (such as iron, aluminum, silicon, magnesium, manganese, and titanium). On
this same figure, the natural abundance of the different metals (represented by the
three black lines) is obtained by multiplying the average grade of these metals in the
continental crust by the mass of the continental crust in the top three kilometers, while
the green and red regression lines (power fit) represent the relationship between the
natural abundance of metals and their economic consumption (cumulative production
plus reserves). Two points have to be mentioned here: first, the economic
consumption of metals compared to their natural abundance is relatively imbalanced



in favor of geochemically rare metals (comparison of the regression lines with the
three black lines). Second, between 1996 and 2012, the ratio of economic
consumption to natural abundance increased faster for geochemically rare metals than
for common metals (comparison of the slope of the two regression lines). It means, as
already highlighted by Skinner (1976), that we tend to accelerate the depletion speed
of rare metals more rapidly than for common metals.
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Figure 3 Unbalanced anthropogenic consumption of metals in favor of geochemically rare metals. Reading:
the graph shows that we consume more rapidly rare metals than common metals. Indeed, the green and red
regression lines represent the economic consumption of metals (cumulated consumption + Reserves) while
the black and grey lines show the natural abundance of the different metals in the continental crust. The
difference between the green and red line reveals the part of the natural abundance of metals which has
been consumed for human needs between 1996 and 2012. Source: data of USGS, calculation by authors.

The question that then arises regards the impact of the energy cost of metal extraction
on the energetic balance of renewable technologies. Energy technologies are useful
only if they are able to deliver more energy to society than what is necessary to build

and maintain their infrastructures and support their daily energy requirements.

3. Methodology

3.1 Net energy and EROI concepts

The concept of net energy was first enunciated by Howard T. Odum when he stressed
in Energy, ecology and economics (1973) that it is not sufficient to look at the
quantitative volumes of energy that are available, i.e. stock resources, because the
most important variable is the quantity of energy that is really available to society
once the energetic system has been supplied for its energy needs. Charles Hall (1972)
formally introduced a derivative statistic of net energy, the Energy-Return-On-



Investment, or EROI. As a derivative concept, EROI uses the same variables as net
energy for its formulation, however resulting in a dimensionless ratio as can be seen
in equation (1) and (2):

Net Energy = Gross Energy produced — Energy Invested to get that Energy (1)

Gross Energy Produced
EROI = )
Energy Invested to get that Energy

Net energy and EROI are logically related according to (3):

EROI -1

_ EROI -1 3
Net Energy = Gross Energy Produced » —— - )

The EROI is a unitless ratio used to compare outputs to inputs and is therefore more
convenient than net energy, which is a finite amount of energy (Murphy and Hall,
2011). An EROI ratio of “20:1” has to be read “twenty to one” and implies that a
particular process or energy source yields 20 Joules on an investment of 1 Joule. The
numerator and the denominator of the EROI ratio have to encompass the same
boundary in order to clearly represent a net energy ratio of a precise entity. In fact,
most controversies surrounding EROI analyses between fuels such as gasoline and
corn-based ethanol for example are biased because they do not involve the same
boundaries (Murphy et al., 2011). These same authors and others (e.g. Cleveland,
2005) also emphasised the need for energy quality correction in EROI analysis.
Indeed, it is easily understandable that 1MJ of coal has not the same quality as 1MJ of
oil because of differences in energy density, capacity to do useful work (i.e. exergy®
content), flexibility of storage and transport, cleanliness and so on. Following this
idea, when the denominator of an EROI ratio is calculated, direct and indirect energy
inputs have to be quality corrected and not simply expressed in heat equivalent units.
Moreover, as indirect energy costs are most of the time not recorded by companies,
energy inputs have often to be deduced by combining economic inputs and energy
intensity factors. It is not the purpose of this article to deeply present the methodology
that is used to calculate an EROI. This kind of information can be found in the
appropriate literature: Hall et al., 1986; Berndt, 1978, 1990; Herendeen and
Cleveland, 2004; Cleveland, 2005; Mulder and Hagens, 2008; Coughlin, 2011;
Murphy et al., 2011; Brandt and Dale, 2011; Brandt et al., 2013a.

> The exergy of a system, also named available energy, is the maximum useful work that is potentially
extractable during a process that brings the system into equilibrium with its surroundings. Whereas
energy is conserved, exergy is destroyed during irreversible production/transformation processes.
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3.2 EROI values for different energy resources

A large number of studies have been conducted to estimate the EROI of different
energy resources. We are not going to present all of them in details, though it would
be really important to see differences in methodology and especially the boundaries
involved in these different studies. Instead, we have reported in Appendix B a table
that summarised the most up to date results that can be encountered in the literature
relative to EROI estimations. Michael Dale performed a recent and large meta-
analysis on EROI for the need of his PhD thesis (Dale, 2010). Lambert, Hall, Balogh
and others used this basis and complete it in recent articles (Hall et al., 2014; Lambert
et al., 2012). We have enhanced this work with only one reference: Weil3bach et al.,
2013.°

Looking at some sporadic values is in itself a source of information, but assessing the
evolution of the EROI of as many energy resources as possible brings a lot more
information regarding our energy resilience. Unfortunately, because of the lack of
hindsight concerning renewables and unconventional fuels, EROI trends are
especially present for conventional fossil fuels. Time-series analysis have been
performed for: global oil (Gagnon et al., 2009), American oil and gas (Cleveland et
al., 1984; and Hall et al., 1986; Guilford et al., 2011), Canadian oil and gas (Freise,
2011; Poisson and Hall, 2013), Norwegian oil and gas (Grandell et al., 2011),
Mexican oil and gas (Ramirez et Hall, 2013), Chinese oil, gas and coal (Hu et al.,
2011), Canadian dry gas (Freise, 2011), and American dry gas (Sell et al., 2011). All
these studies present declining trends in recent decades with maximum EROI already
passed.

This pattern necessarily raises some serious concerns, as our current industrialised
complex societies have been built on the use of these high quality fossil energy
resources, especially oil, that used to deliver huge amount of net energy and are now
experiencing declining returns. More and more energy is invested in the energy-
extraction sub-system of our economy, making net energy delivered to society less
available and fuels more expensive. For these reasons and others (pollution mostly)
political and scientific attention is increasingly being paid to renewable source of
energy, but as we have seen in this section (Appendix B), these forms of energy do
not generate as much net energy as fossil energy used to do so. However, if we
restrict our analysis to electricity production and without exploring the backup
problem, renewable technologies such as wind turbines are promising with current
EROI values equivalent to conventional means of electricity production. But as stated
before, renewable technologies present higher matter-intensity than conventional
fossil-based technologies. Therefore, the question of the impact of the energy cost

® As an anonymous reviewer accurately pointed out, it is always a problem to present EROI values
without explicating the methodology and assumptions (in particular boundaries) used to calculate them.
However, due to an evident lack of space, Appendix B only presents final values. Since references are
provided for each EROI value, the reader is in the capacity of reviewing the respective studies in order
to compare their methodologies.
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associated with metal extraction on the EROI of renewable technologies is of
primarily importance.

3.3 Assessing the impact of metal depletion on the EROI of renewable and
nuclear technologies

Two different calculations can be made in order to assess the impact of the energy
cost associated with metal depletion on the EROI. A first approach consists in
analysing the individual contribution of a given metal’s energy cost of extraction on
the EROI of a given technology. Another related method is explained thereafter in
order to determine the impact of a general quality exhaustion of all metals
incorporated in a given technology on its EROI.

Methodology for the calculation of the sensitivity of the EROI to one specific metal

First of all, for each technology j it is possible to calculate the total energy produce,
E,y.j, from one MW of installed capacity during its entire lifetime, L;, by simply
considering the load factor, o}, and that there is 8760 hours in one year:

Eout,j = 8760 * g; * L; 4)

Considering the current EROI ¢yy-rent j (Which value is considered in table 3), we can
calculate the total energy invested, E;, j, for one MW of a given technology:

Eout,j

E, i = S
in,j EROl yrrent, ;

For each MW of technology j, | different metals have been extracted and used in the
construction of this MW of installed capacity. As metal extraction does not account
for the totality of the energy invested in the energy system, we can define Acyrrent,ji»
as the ratio of the energy invested for the extraction of metal i, E ,e¢q1s currenti (NOt
depending on energy technology j, but solely on the metal type i) over the total energy
invested, Ej, j:

Emetals,current,i

Acurrent,j,i = E. . (6)
in,j

Similarly, Acyrrenej, IS the ratio of the energy invested for the extraction of all |
metals incorporated in technology j, over the total energy invested, Ej;, j:

1 _ Zi Emetals,current,i
current,j — E (7)
in,j

12



The current energy consumption due to the extraction of metal i, E,,eais current,ir 1S
obtained trough real data by combining Appendix A (metal intensity i of technology |
in ton per MW, noted hereafter p; ;) and Table 1 (current unitary energy consumption,
noted &.yrrenei) fOr each metal. But the current unitary energy consumption,
Ecurrenti» Can also be estimated thanks to its relationship to the current metal ore
grade, Teyrrene; as described in figure 2 and here in (8):

— —-a
gcurrent,i =aX Tcurrent,i (8)

Where a and a are two coefficients that are estimated through econometric analysis
in order for the relationship described in (8) to match real data as presented in figure
2. Then, through this same relationship, we can compute the evolution of the unitary
energy consumption, €e,omveqi; If We suppose that the concentration of the metal ore
grade i has moved from T yyrenti 10 Tevorved,i -

— -a
gevolved,i =axXx Tevolved,i (9)

Then, we can deduce the energy consumption due to the extraction of metal i (from
ore grade Teyoivea:) PEr MW of energy system installed j as a combination of the
evolved unitary energy consumption previously calculated, €eyo1peq, @nd the metal i
intensity of the energy system j, p; ;:

Emetal,evolved,i = pi,j X Eevolved,i (10)

With (10), we can now compute the energy share, A¢yorved,,i.Of the metal i in Ej;, ;:

Emetals,evolved,i

Aevolved,j,i = E. . (11)
in,j

And we deduce A¢yo1veay,ir as the share of the energy invested in technology j through
the extraction of metal i with a degraded ore grade, and the extraction of all other
metals except i (noted —i) operated at constant ore grade (i.e. current):

—i Emetals,current,—i + Emetal,evolved,i

Aevolved,j,i = E. . (12)
in,j
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Finally, we are able to calculate the EROIy41eq,j Of technology |, that is different
from EROI ¢yryen:j because of the ore grade degradation of metal i:

ER Olcurrent,j

1- Acurrent,] + Aevolved,],i

EROIevolved,j,i = (13)

By choosing different potential 7,164 IN @ recursive process, one shall calculate
the sensitivity of the EROI of a given technology to one particular metal.

Methodoloqy for the calculation of the general sensitivity of the EROI to all metals

If we want to calculate the sensitivity of the EROI of a given technology to all metals
incorporated in such technology’, we have to make an assumption about the speed of
exhaustion of the different metals. Indeed, as previously stated the speed of this
evolution will differ from one metal to another and depends mostly on the Clarke
Value of the metal considered (studied by different authors: Craig et al, 2001; Valero
et Botero, 2002; Rankin, 2011). This indicator is defined at a given time as the ratio of
the minimal concentration for economical exploitation of a given metal (in the current
period of exploitation) to its average concentration in crustal crust. Figure 4 exposes
the relation we have established between the Clarke Value of copper and the
multiplying factor that would affect the energy cost of copper extraction if the average
concentration of this metal would go from its economic minimal concentration to its
average crustal crust concentration (based on data from Norgate and Jahanshahi,
2010). We have extended this analysis to other metals (34 in total) and found a similar
relation (Figure 4).

" In the following section, indices j for the different technologies have been left out for convenience.
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Figure 4 Relation between Clarke Value and multiplying factor affecting the energy cost of extraction if
metal is extracted at average crustal crust. Blue curve represents relation for copper only, based on data of
Norgate and Jahanshahi (2010), red curve represents the same relation calibrated on 34 different metals.

Figure 4 can be read as follows with the example of copper (blue line): typical copper
deposit of minimal profitability have an ore grade of 0.5%, whereas copper grade in
common rocks is about 0.006%. As a consequence, the Clarke Value of copper is
approximately 83 (0.5/0.006=83.33). Thus, exploiting copper from common rocks
instead of concentrated deposit would imply multiplying the current energy cost of
extraction by 45 (8370.857=44.12). As a way of comparison in financial terms, Steen
and Borg (2002) have shown that if metals were extracted from common rocks,
financial cost associated with such exploitation would be multiplied by a factor 10 to
10,000.

Thus, in order to build a methodology that enable us to test the sensitivity of the EROI
to all metals, we will make the convenient assumption that all metals that are
considered are depleted in the same proportion. As a consequence we will only
consider geochemically rare metals because common metals have low Clarke Values,
implying that for the latter a shift from concentrated deposits to common rocks would
not induce a great change in their energy cost of extraction. Thus, in the following
section we will consider geochemically rare metals only, and suppose that their ore
grade is equally divided by a factor 8 through the extraction process. In this context,
the relationship linking the ore grade, T , to the initial unitary energy
consumption, &;pitiar, 1S provided below:

(14)

Einitial = —4
T(X
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We wish to understand how the energy consumption is modified and equals &¢;,q1
when the ore grade is reduced by a factor 6:

1
Efinal = W (15)

This can be rewritten in the equivalent form below:

Efinal = T_ x 0 (16)

As we want to know the multiplying factor, u, affecting the unitary energy
consumption when the ore grade is divided by the factor @, we divide (16) by (14)
and get (17):
g .
p=-L"0 = ge (17)

Einitial

Then, we use the previous equation (7) in order to obtain (18), where Ag;5pa
represent the share of the energy required for the production of all the different metals
over the total energy invested in the energy system once all metals ore grades have
been diminished by a factor 6:

* F
Aglobal — Zk.u m;t'als,current,k (18)
in

Using (12), we are now able to calculate the evolution of the EROI, now called
EROI g5pq, , Of the energy technology due to the degradation of all metals
concentration by the same factor 6:

EROIcyrrent

EROI lobal —
grona 1- Acurrent + Aglobal

(19)

By choosing different factor @ in a recursive process, one shall calculate the
sensitivity of the EROI of a given technology to all metals.

Data requirement for numerical applications

If one wants to perform numerical applications, both methodologies previously
presented require data concerning: energy cost of metal extraction, metal requirement
per electricity producing technologies, EROI, load factor and capital lifetime.
Examples of such assumptions and are proposed in Table 1 (energy cost of metal
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extraction), Table 3 (metal requirement per electricity producing technologies) and
Appendix A (EROI, load factor and capital lifetime).

Table 3 Hypotheses used for the calculation of a potential future EROI under metal scarcity.

Technology Load Lifetime, Considered Reference for EROI
factor,e L (years) current
(%) EROI
(X:1)
Parabolic through 33 30 20 Weil3bach et al., 2013
Solar tower plant 33 30 20 Kreith and Krumdieck, 2013
PV single Si 10 25 6 Raugei et al. 2012
PV multi Si 10 25 6 Raugei et al. 2012
PV a Si 10 25 4 Raugei et al. 2012 ; Weillbach et al.,
2013
PV CIGS 10 25 6 Raugei et al. 2012 ; Weillbach et al.,
2013
PV CdTe 10 25 12 Raugei et al., 2012
Onshore Wind 25 20 18 Kubiszewski et al., 2010
Offshore Wind 35 20 18 Kubiszewski et al., 2010
Hydropower 60 100 50 Weillbach et al., 2013
Nuclear 80 40 10 Hall and Day, 2009
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4. Results of numerical applications

4.1 Impact of specific metal scarcity on the EROI of different electricity
producing technologies

Our methodology allows us to calculate the impact of the degradation of a specific
metal ore grade on the EROI of different electricity producing technologies. Such
calculation is in principle feasible for any metal that is used in a given technology but
for the sake of clarity we choose to only show the results related to three metals:
copper (figure 5), nickel (figure 6) and chromium (figure 7).

Hydro Other

EROI EROI
60 25 = Parabolic Trough
. === Solar Tower Plant
20 e ——— PV Single Si
40 - =PV Multi Si
15 \ ===PV a Si
30 | \ ——PV CIGS
10 N PV CdTe
20 A Onshore Wind Power
o 5 *\‘§ Offshore Wind Power
—~ Nuclear Power (PWR)
odo . Hydropower

10,000% 1,000% 0,100% 0,010% 0,001%

Grade of copper

Figure 5 Sensitivity of the EROI of different energy technologies to the grade of copper (relationship:
energy consumption=1.397*grade”-0.60026). The vertical bar represent current grade.
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Figure 6 Sensitivity of the EROI of different energy technologies to the grade of nickel (relationship: energy
consumption=11.463*grade”-0.60026). The vertical bar represent current grade.
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Figure 7 Sensitivity of the EROI of different technologies to the grade of chromium (relationship: energy
consumption=26.529*grade”-0.60026). The vertical bar represent current grade.

A comparison of these different figures indicates that technologies are not equally
sensitive to the three different metals (copper, nickel and chromium) we have chosen
as examples. For instance, hydropower is more sensitive to chromium than copper
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because at the same extremely low concentration of 0.001%, the EROI of hydropower
is lower in the case of chromium ore grade degradation than in the similar case for
copper. But one could say that because chromium is currently exploited in deposit
with high concentration (23%) compare to copper (0.5%), the EROI of the different
technologies will probably be impacted first by copper than chromium grade
degradation. So we can see that trying to say that the EROI of a technology is more
sensitive to a given metal compared to another depends not only on the level of
diminution of its EROI, but also on the time at which this impact will start. This time
horizon problem is out of the scope of our approach and would require building
complex scenarios relying on different assumptions (GDP and population growths,
intensity in the use of the different metals in the energy system and in other societal
uses, etc). By way of illustration, Crowson (2012) has provided some data about the
evolution of the grade of copper. According to this author, in 1800, the economical
copper mines of the United of Kingdom were characterized by an average copper
grade of nearly 9.27% and as previously stated an average value of 0.5% is now
characteristic of copper mines. However, our calculations enable one to measure the
sensitivity of the EROI of a given technology to any metal used in such technology.

To our knowledge, only one peer reviewed study from Harmsen et al. (2013) has
investigated the relation between energy cost of metal extraction and EROI. In their
analysis, Harmsen et al. have investigated how the evolution of copper consumption
and its associated energy cost of extraction could affect the EROI of wind turbines on
a 2050 horizon, assuming different 100% renewable energy scenarios. Their results
showed that the EROI of wind turbines would be marginally impacted (3% of the
original value) by copper consumption on this time period is only wind turbine system
is studied. Taking into account grid and backup need would more importantly impact
the EROI of the energy system (15% decrease compare to initial value).

4.2 Impact of general metal scarcity on the EROI of different electricity
producing technologies

We have developed an alternative to our first methodology in order to calculate the
sensitivity of the EROI of the same technologies to all metals, considering a common
degradation of their deposit’s concentration. The result of this calculation is presented
in figure 8.
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Figure 8 Evolution of the EROI of different energy technologies to a similar degradation of the grade of all
geochemically rare metals. Reading: a multiple of the current grade of 0.1 means that the current grades of
all geochemically rare metals are divided by a factor of 10. (Relationship: u = 6* where a = 0.60026).

In this case, all technologies are affected but not equally, which is rather logical.
Some differences are worth pointing. In figures 5, 6 and 7, the evolution of the EROI
of PV Multi Si and PV CIGS is pretty much the same and differences of impacts are
hardly discernible. On the other hand, the evolution of the EROI of onshore and
offshore wind power show discrepancies in figure 7 (sensitivity to chromium),
whereas they exhibit the same behavior in figure 8 when all metals are accounted for,
highlighting the existence of compensatory effects. This shows that taking into
account all metals is important for a deep understanding of the impact of metal
scarcity on the EROI of energy systems.

Our results also show that if rare metals would be extracted from deposit with ore
grade approaching very low concentration (as we move on the far right of the
different figures), the energy requirement would be so important that it would
considerably decrease the EROI of all electricity producing technologies. Under this
scenario, only few renewables (hydro and wind power) and nuclear would still present
EROI well above the breakeven point. In such situation, wind turbines would still
deliver net energy to society but as shown by King and Hall (2011) and Heun and De
Wit (2012), this would surely imply that electricity produced in such condition would
be really expensive. Indeed, these authors showed that EROI presents a non-linear
relationship with market price of energy. Therefore, a decrease of the EROI from 10
to 4 is not equivalent to a fall of the EROI from 100 to 40. According to the
relationship provided by Heun and De Wit (2012), an EROI of 4 in the case of oil
corresponds to an energy price of USD(2010) 280 per barrel of oil.
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4.3 Sensitivity of our methodology

As exposed before, in order to assess the sensitivity of the EROI of energy
technologies to metal grade depletion, we have used the econometric relation
presented in figure 2. As a consequence, our results are particularly sensitive to the
value that is chosen for parameter a. So far, results have been presented using the best
estimate for this parameter. In particular, lower ore grades are underestimated with
this mean a, whereas using the upper estimate of the 95% confidence interval (that is
0.781910 instead of 0.60026) would put more weight on lower grade calculations.
Figure 9 presents the same results as in Figure 8 regarding the sensitivity of the EROI
to ore grade degradation of all metals but with an « of 0.781910.
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Figure 9 Evolution of the EROI of different energy technologies to a similar degradation of the grade of all
geochemically rare metals. Reading: a multiple of the current grade of 0.1 means that the current grades of
all geochemically rare metals are divided by a factor of 10. (Relationship: u = 6% where a = 0.781910).
We can observe that under such conditions, the EROI of all technologies are logically
more sensitive to important ore grade degradation. In figure 9, the decrease of all
EROI is more important and occurs at less important ore grade degradation.

5. Discussion

Our analysis aimed at describing the close relationship that exists between energy and
metal sectors. We have focused our analysis on the impact that the energy
requirement associated with metal extraction could have on the EROI of different
electricity producing technologies. First, the methodology we have developed allowed
us to measure the sensitivity of the EROI of a given technology to the degradation of
a particular metal ore grade (all other things remaining equal). Second, we have
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adapted this methodology to calculate the effect of a similar ore grade degradation of
all the different metals used in a given energy system. These calculations definitely
brought some light on the close relationship that exists between energy and metal
sectors. The authors would like to emphasize that thanks to the methodology
developed in this article, other analysts are now able to reproduce the calculations that
have been made. This could be interesting especially if data relative to other/new
technologies are found. As a matter of fact, it is obvious that the results of such
computation are highly dependent on the quality of the data that is collected.
Currently, data regarding energy cost of metal extraction and metal intensity in
electricity producing technologies is rather scarce and subject to industrial secrecy.
We think that there is a clear need to improve data quality in the future and that policy
action should be taken in this direction (for example through research funding in data
collection, or the establishment of industry standard and reporting).

It appears as highlighted in Appendix B that energy resources on which we have
become accustomed and dependent, do not generate has much net energy as they used
to do. Indeed, all fossil fuels present a declining EROI trend and unconventional fossil
fuels present relatively low EROI. Renewable technologies with which we would like
to replace these stock-based energy resources present EROI values that are lower than
past fossil fuels EROI values. There is still room for technological progress to
increase the EROI of these renewable technologies, but it will ultimately encounter a
limit; and as already stated, renewable technologies are more capital-intensive than
conventional means of energy production. This seems true for both common and rare
metals. As depletion occurs for metals, the energy cost associated with their
extraction increases following a highly non-linear behavior. In the context of a
transition toward renewables, all other things being equal, the increasing energy
requirement of the metal sector due to ore grade degradation would further increase
the demand for renewable technologies. Moreover, the intermittency of these
technologies implies the need to expand and reinforce the transmission grid, thus
generating an even greater demand for metals. As a consequence, in the perspective of
a transition toward renewable technologies, a potential vicious circle could developed
between energy and metal sectors as summarized in Figure 10.
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Figure 10 Potential vicious circle arising between energy and metal sectors in the case of a progressive
energy transition toward 100% renewable technologies.

This self-enhancing relation between energy and metal sectors could be attenuated
thanks to different levers:

Recycling could slow down metal depletion but also decrease the energy
requirement of the metal sector. Norgate and Haque (2010) gave the estimate
of potentially 65 to 95% energy savings. However it must be stated that the
effect of recycling is limited when the economy experiences continuous
growth. Moreover, a 100% recycling efficiency is impossible due to physical
dissipation as supported by the second law of thermodynamics (Ayres, 1999;
Craig, 2001).

Dematerialization of the economy that implies the consumption of less matter
and energy per MW. However it must be stated that final energy always needs
a minimum physical-based support to exist.

Energy efficiency in order to lower energy requirement for metal extraction is
also a solution. This is technological progress in a strict meaning of the term.
According to different sources (Ruth, 1995; UNEP, 2013; Norgate and
Jahanshahi, 2010, 2011) such sources of energy efficiency are quite large in
metal sector, though ultimately limited by thermodynamics laws. In that
regard, Ayres (2007) estimates that technical progress could reduce the energy
required for the extraction and concentration of copper by no more than a
factor two or three.

Technical substitution of rare metals with common metals (Skinner, 1976) and
others materials (Goeller and Weinberg, 1978). Nonetheless, as demonstrated
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by Messner (2002), incentives for substitution triggered by the price signal do
not always lead to a modification of the production technology due to the
presence of large switching costs. Moreover, the substitution process is
affected by inertia and the research into substitutes (perfect or imperfect)
needs time, money, and adequate economic incentives.

Energy economies of scope through metal coproduction. As we will move on
to less concentrated deposits, the opportunity of exploiting deposits with
multiples metals coproduction will appear more advantageous than nowadays
thanks to the possibility of scope economies. Indeed, metals produced as
byproduct or coproduct (mainly minor metals) beneficiate from an energy
credit as the energy cost associated with extraction and concentration is
completely allocated to the primary ore and not to the byproduct. As a
consequence, only the refining energy cost is allocated to minor metals.
Nonetheless, even in the case of coproduction with only one primary metal
that supports the energy cost of concentration, the exhaustion causes an
important effect on the EROI (see our graphs on individual sensitivity).

In the same way, economies of scale can be a good way to reduce the unitary
energy consumption even if the general consequences of this kind of measure
is largely unknown in term of ore grade degradation and total mining energy
consumption.

On the other hand, other factors could accelerate and enhance the relation depicted in
Figure 10:

Geologist B.J. Skinner enunciated what he called a “mineralogical barrier”.
Under a certain threshold metal would not appear as “grains” in mineral but
would substitute other atoms in the crystalline structure®. In this case, you
would have to chemically break the totality of the mineral to recover the
desired metal, which would prove to be really expensive from an energy
perspective. Skinner (1976) even evoked a break in the relation between ore
grade and energy cost of extraction (also discussed in Ayres, 2007).

Future deposits that will be put into production will be deeper, and will
probably contain more impurities. This will require more energy to convey ore
to the surface and to operate a finer crushing (UNEP, 2013).

Other environmental impacts have not been considered so far, such as waste
management, water need, or green house gases emissions, etc. If the
management of such negative externalities would be integrated, it would
surely imply an additional energy cost.

As already expressed by Harmsen et al. (2013), the energy cost associated
with the construction and maintenance of other parts of the energy system,
related to the transmission and distribution grid or to electricity storage, would
induce a further reinforcement of the relation between energy and metal
sectors previously depicted.

® For example, lead is a substitute for potassium at atomic scale, so is zinc for magnesium.
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6. Summary and conclusions

In this article we have analyzed the close relationship that exists between energy and
metal sectors. Surely, one of the most important contributions of this paper is to
underline that we cannot dissociate the issue of energy availability from the
economic/energy availability of raw materials (especially metals). In other words, we
have highlighted the importance of “quality depletion” compared to the more classical
“quantity depletion” that is usually the focus of studies related to material issues. Our
study also shows the interest of performing cross-sectorial analysis in order to
highlight hidden issues in conventional assessments. First, we have supported the
position of Rankin (2011) by estimating that 10% of the global primary energy
production is consumed by the metal sector. Then, we showed that the energy
consumption of the metal sector has increased faster than the rest of the economy
since 1973. Supported by previous studies, we made the fair assumption that this
apparent increasing energy requirement of the metal extraction sector is mainly due to
decreasing ore grade. Declining quality of mineral is a natural process that occurs at
different level (deposit, nation, world) and implies that more energy is needed to
extract a given quantity of metal. Because renewable technologies have higher metal
intensities compared to conventional means of electricity production, the question of
the sustainability of a transition consisting in a shift toward renewables is legitimate.
On the other hand, we have presented results from various studies regarding the EROI
of different energy resources. These studies demonstrate that fossil fuels, on which
our complex industrialized societies have based their constructions, experience
declining EROI; whereas renewable technologies present relatively low EROI, except
for hydro and wind power. Logically, we have decided to estimate how the energy
requirement associated with metal extraction could impact the EROI of different
electricity producing technologies.

A first analysis has consisted in the calculation of the sensitivity of the EROI of
renewable and nuclear technologies assuming different ore grade degradation for a
specific metal. We have exposed the kind of results that are possible to obtain through
three metal examples (copper, nickel, chromium), although this kind of sensitivity
calculation could be done for any metal used in a given technology. Each technology
as a specific sensitivity to a particular metal that can be measured through the
methodology we have developed. In a second step, we have adapted our methodology
in order to calculate the combined effect of all metals on the sensitivity of the EROI
of the same technologies. This exercise was useful to see that energy requirement
associated with metal extraction could have a significant impact on the capacity of
these “green” technologies to deliver net energy to society. Off course, the question of
the speed of degradation of the average ore grade of a given metal remains
unanswered. This evolution will be different for each kind of metal but will have
ultimately a negative impact on the EROI of renewable technologies.
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However, we have emphasized the fact that heading to such unpleasant future could
occur more rapidly than one shall assume due to the potential vicious circle that could
arise between energy and metal sectors. We have discussed the possibilities of such
vicious self-enhancing relation to appear in the perspective of a complete transition
toward renewables. It is currently impossible to say if such unpleasant situation would
effectively arise but we believe that our study has at least the merit of starting a
quantitative exploration of this issue.
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Appendix A: Metal intensity of different energy technologies
Source: Pihl et al. (2012), Ashby (2013) and EDF private data (not communicated)

. Solar PV PV Onshore Offshore Nuclear
Ton per MW Parabolic tower single multi PV. a PV PV wind wind Power Hydro
trough : . Si CIGS CdTe Power
plant si si power power (PWR)
0.00 0.24
Cadmium 661 0.265 426
0.63 0.06
Chromium 2.2 3.7 4 1 0.3589  0.29356 0.35 1.5
094 1.00 5.18
Copper 3.2 1.4 0.825 3 5 0.45 07 1.012 1.484 1.345 1.05
Galium 0.124
0.01
Indium 341 0.055
0.0055 0.00 0.00
Lead 3 632 78 0.04 0.3
0.01 0.00 0.07531
Molybdenum 0.2 0.056 062 0.109 05 0.0753 5 0.25
0.00 0.33 0.01
Nickel 0.94 1.8 0.0013 13 4 559 0.3766  0.37657 0.3
0.03765
Niobium 0.0377 7
Selenium 0.11
0.0170 0.06
Silver 0.01342 2 0.059 817
0.00 0.24
Telurium 75 287
0.14
Tin 321
0.09037
Vanadium 0.0019 0.0017 0.0904 87
0.0156 0.01
Zinc 0.65 1.4 2 785 0.121 0.4
Praseodymiu
m 0.0013 0.0308
Neodymium 0.0062 0.15092
Terbium 0.0003 0.00616
Dysprosium 0.0009 0.02156
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Appendix B

Resource Year Country I(EXR?)L Reference
Conventional oil and gas
(combined production)
Oil and Gas production 1999 Global 35 Gagnon et al., 2009
Oil and Gas production 2006 Global 18 Gagnon et al., 2009
Oil and Gas discoveries 1970 USA 8 Cleveland et al. 1984; Hall
et al. 1986
Oil and Gas production 1970 USA 20 Cleveland et al. 1984; Hall
et al. 1986
Oil and Gas production 1955 USA 22.5 Guilford et al. 2011
Oil and Gas production 2000 USA 15 Guilford et al. 2011
Oil and Gas production 2007 USA 11 Guilford et al. 2011
Oil and Gas importation 2007 USA 12 Guilford et al. 2011
Oil and Gas production 1970 Canada 65 Freise, 2011
Oil, Gas & Tar sands production 2010 Canada 11 Poisson and Hall, 2013
Oil and Gas production 2008 Norway 40 Grandell, 2011
Oil and Gas production 2009 Mexico 45 Ramirez and Hall, 2013
Oil and Gas production 2010 China 10 Hu et al. 2011
Conventional oil alone
Oil production 2008 Norway 21 Grandell, 2011
Conventional dry gas
Natural gas production 2005 USA 67 Sell etal., 2011
Natural gas production 1993 Canada 38 Freise, 2011
Natural gas production 2000 Canada 26 Freise, 2011
Natural gas production 2009 Canada 20 Freise, 2011
Electricity production n/a n/a 28 Weillbach et al.2013
Unconventional fossil fuels
Deep off-shore oil 2009 Gulf_ of 55 Moerschbaecher and Day,
Mexico 2011
Heavy oil 2005  California 5 Brandt, 2011
Tar sands 2010 Canada 6 Brandt et al. 2013b
Tar sands 1994
to Canada 4 Poisson and Hall, 2013
2008
Shale oil Despite its interest, no
n/a n/a n/a .
actual studies
Oil shale
in situ technology 2008 1.8 Brandt, 2008
retort shale technology 2009 2.2 Brandt, 2009
Coal
Coal production 1950 USA 80 Cleveland et al. 1984
Coal production 2000 USA 80 Hall and Day, 2009
Coal production 2007 USA 60 Balogh et al., in
preparation
Coal production 1995 China 35 Hu et al. 2011
Coal production 2010 China 27 Hu et al. 2011
Electricity production n/a n/a 30 Weillbach et al.2013
Nuclear
Electricity production Lenzen, 2008; Hall and
n/a us 5t015;75 Day, 2009; Weillbach et
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Renewables** (electricity)

Hydropower n/a n/a 50 Weil3bach et al.2013
Wind n/a n/a 20 Kubiszewski et al. 2010
Geothermal n/a n/a 751030 Halloran, 2008a; Atlasson
' and Unnthorsson, 2014.
Wave n/a n/a 15 Halloran, 2008b
Solar collector
Parabolic trough n/a n/a 20 Weillbach et al.2013;
Tower plant n/a n/a 20
Photovoltaic n/a n/a 41012 Raugei et al., 2012;

Weillbach et al.2013
Biomass (derived liquid fuel)

Ethanol (sugarcane) n/a n/a 0.8t0 10  Goldemberg, 2007

Ethanol (corn) n/a USA 081016 gggzeek, 2004; Farrel et al.
Ethanol (Beetroot) n/a n/a 2 Woods, 2003

Biodiesel n/a USA 13 ;’é)rggntel and Patzek, 2005,

* EROI values in excess of 5:1 have been rounded to the nearest whole number.
** EROI values for renewables are assumed to vary based on geography and climate and are not
attributed to a specific region/country.
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