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Abstract: In the evaluation of product life cycles, methods to assess the increase in scarcity of
resources are still under development. Indicators that can express the importance of an increase in
scarcity of metals extracted include surplus ore produced, surplus energy required, and surplus costs
in the mining and the milling stage. Particularly the quantification of surplus costs per unit of metal
extracted as an indicator is still in an early stage of development. Here, we developed a method that
quantifies the surplus cost potential of mining and milling activities per unit of metal extracted, fully
accounting for mine-specific differences in costs. The surplus cost potential indicator is calculated
as the average cost increase resulting from all future metal extractions, as quantified via cumulative
cost-tonnage relationships. We tested the calculation procedure with 12 metals and platinum-group
metals as a separate group. We found that the surplus costs range six orders of magnitude between
the metals included, i.e., between $0.01-$0.02 (iron) and $13,533-$17,098 (thodium) USD (year 2013)
per kilogram of metal extracted. The choice of the reserve estimate (reserves vs. ultimate recoverable
resource) influenced the surplus costs only to a limited extent, i.e., between a factor of 0.7 and 3.2 for
the metals included. Our results provide a good basis to regularly include surplus cost estimates as
resource scarcity indicator in life cycle assessment.
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1. Introduction

The need for reduction of greenhouse gas emissions will most likely shift energy generation from
fossil fuels to alternative sources of energy such as solar, wind and nuclear power [1]. Renewable
energy production technologies often require significantly more metals in their construction, such as
copper, indium, lead, and molybdenum, compared to fossil energy [2]. It is, therefore, important to
understand the trade-offs in using different types of mineral, metal, and fossil resources. Life cycle
assessment (LCA) is a method that is capable of quantifying trade-offs in terms of potential impacts on
human health, natural environment and natural resources [3]. Particularly, life cycle impact assessment
(LCIA) methods assessing impacts on natural resources are still in an early stage of development [4-6].

Many indicators previously developed for resource use in LCA focused on evaluating the
exhaustion of resources in the earth. Tilton [7] defined this as the fixed stock paradigm, which
implies that resources are limited and will eventually deplete. However, physical availability is most
likely not the main problem as many metals are not destroyed after their use, but their economic
availability is [8-12]. Even though there may be commodities available to mine in the Earth’s crust, the
cost of extraction can be higher than the price consumers are willing to pay [7,9-14]. For fossil resources
the same is observed, with costs being the limiting factor for fossil resource extraction [15]. Since
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costs appear to be the limiting factor for the use of both metal and fossil resources, a resource scarcity
indicator expressed in costs for these resources is considered worthwhile to investigate [11,12,16-19].

The European Commission-Joint Research Centre—Institute for Environment and Sustainability [5]
indicated surplus costs, as explored by the ReCiPe method [20], as a promising indicator to assess
resource use among the existing approaches. However, its application is not yet considered mature for
recommendation [5]. For instance, mining and milling costs per unit of ore extracted were considered
constant across all mines [20]. Surplus costs are defined as the (economic) burden that current
resource extraction puts on future situations. These surplus costs over a long period of time are not
particularly considered in current decision making [10]. This definition closely links up with the focus
on externalities in LCA, i.e., the cost that affects a party who did not choose to incur that cost [21,22].
The quantification of these external costs directly fit into the framework of environmental life cycle
costing (LCC) [23,24].

The goal of this paper was to develop a method that quantifies the surplus cost potential per unit
of metal extracted in the future, fully accounting for co-production and mine-specific differences in
costs. We demonstrated how the method can be applied in practice for 12 metal commodities including
uranium, which is also an energy resource, and platinum-group metals as a group.

2. Methods and Data

2.1. Cause-Effect Pathway

Metals may come from two origins, either from mining or from secondary production, the latter
resulting from waste recovery. The current fraction of secondary production has to be included in
the life cycle inventory and is therefore not considered in the LCIA step. Without technological
development in the mining industry, increased primary metal extraction results in a subsequent
increase in mining and milling costs, as mines with lower operating costs are explored first. The
operating costs account for co-production and are allocated across all mine products in proportion to
their revenue to the mine operator. The average cost increase resulting from all future extraction of
a metal is calculated to arrive at the surplus costs per unit of metal extracted.

2.2. Cumulative Cost-Tonnage Relationships

Following the principle that mining sites with lower costs are the first to be explored, mines
producing a certain metal were sorted by increasing order of costs per metal extracted. Vieira et al. [25]
demonstrated that ore grades tend to decrease with the increase of copper extraction and that
a log-logistic regression can be applied to cumulative grade-tonnage relationships. Following the
same line of reasoning for costs, a log-logistic distribution can be fitted on the inverse of operating
costs per metal extracted and the cumulative metal extracted to account for the skewness in the data
points [25] by:

Ax,sample - CMEx,sample ) > )

1
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where C, is the operating cost per metal x produced (in USD/kgy), oy is the scale parameter, and f is
the shape parameter of the log-logistic distribution, and Ay sample and CMEy sample (both in kg ) are,
respectively, the total metal x extracted and the cumulative metal x extracted for the data sample used
to derive the curve.

2.3. Characterization Factors

The surplus cost potential per unit of extraction of a metal is an indicator of the future economic
scarcity of the extraction of this resource. The characterization factor (CF), defined as the average
Surplus Cost Potential (SCP) of metal x, was calculated by:
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where Cy is the operating cost determined via the cumulative cost-tonnage curve of metal x for
an amount of metal x extracted (MEy), Ry (kgy) is the reserve of metal x, defined as the difference
between all current known cumulative tonnage of metal x extracted (CME, 4t,1) and the global
maximum tonnage of metal x ever extracted (MMEy). This is illustrated in Figure 1.

Potential future operating costs
(USD3g)y/kg,)

numerator

CME 11 denominator

Cumulative metal extracted from now on
(kgy)

Figure 1. Visualization of the derivation of the surplus cost potential following an average approach
and a log-logistic cumulative cost-tonnage curve from the current cumulative metal extracted (CME;41)
up to global maximum metal extracted (MME).

The overall surplus cost potential caused by a product, e.g., production of photovoltaic electricity
in Spain, can be calculated by:
ISnr = ) CFyx x My ®)
X

where IS, is the impact score of natural resource extraction per functional unit of the product analyzed,
e.g., production of 1 kWh of photovoltaic electricity in Spain (USD/kWh solar electricity); CF, is
the characterization factor for resource x extracted (USD/kgy); and My is the amount of resource x
extracted per functional unit (e.g., kg, /kWh solar electricity). This impact score is measured at the
endpoint level, thus measuring the potential damage caused, and aggregates the impact score of
various types of abiotic natural resources, namely metal, mineral, and fossil resources.

2.4. Sensitivity Analysis

Alternative scenarios were calculated and analyzed with regards to the future production of
metals. Since it is unclear what the exact future production of each metal will be, reserves data were
used. Reserves data are variable because, on the one hand, ores are constantly being explored and
the extraction feasibility may decrease and, on the other hand, new deposits are being discovered or
become economically viable. To study the uncertainty of the future production of metals two different
reserve estimates were applied. The first type of reserve estimate is the “Reserves (Rr)” which is
defined as that part of a mineral resource “which could be economically extracted or produced at
the time of determination”, meaning at current prices, state of technology, etc. [26]. The other type
of reserve estimate, the “ultimate recoverable resource (Rygrgr)”, refers to “the amount available in the
upper earth’s crust that is ultimately recoverable”. The definition of ultimate recoverable resource as
used by UNEP [27], there called extractable global resource (EGR), was used here. This is assuming
that 0.01% of the total amount in the crust to 3 km depth will ultimately be available.
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2.5. Data Selection and Fitting

Characterization factors were derived for copper (Cu), iron (Fe), lead (Pb), manganese (Mn),
molybdenum (Mo), nickel (Ni), palladium (Pd), platinum (Pt), rhodium (Rh), silver (Ag), uranium (U),
zinc (Zn), and for platinum-group metals (PGM) as a group. Table 1 shows the data for the metals
included in the calculation of the characterization factors.

Table 1. Global cumulative extraction and reserve estimates used for deriving the characterization
factors expressed as surplus cost potential [26-32].

Metal Cumulative Metal Extracted Maximum Metal Extracted
CMEjo,1 (kgx) MMERr (kgx) MMEygrr (kgx)

Copper 5.92 x 1011 1.28 x 1012 5.22 x 1012
Iron 3.41 x 1013 1.15 x 1014 6.49 x 101
Lead 2.35 x 1011 3.24 x 101 3.04 x 1012
Manganese 5.80 x 1011 1.15 x 10'2 1.28 x 1014
Molybdenum 6.62 x 10° 1.76 x 1010 1.89 x 101
Nickel 5.53 x 1010 1.29 x 1011 7.82 x 1012
Palladium 5.15 x 10° 2.83 x 107 8.25 x 107
Platinum 6.97 x 10° 3.82 x 107 1.12 x 108
Rhodium 7.36 x 105 4.04 x 10° 1.18 x 107
Silver 1.13 x 10° 1.65 x 10° 2.11 x 1010
Uranium 2.71 x 10° 5.23 x 10° 433 x 101
Zinc 458 x 1011 7.08 x 1011 1.16 x 1013
Platinum-Group Metals 1.47 x 107 8.07 x 107 2.36 x 108

2.5.1. Cumulative Cost-Tonnage Relationships

To derive log-logistic cumulative cost-tonnage relationships, yearly metal production (in kgy)
and mining and milling costs per metal produced data (in USD/kg,) between 2000 and 2013 were
purchased from the World Mine Cost Data Exchange (WMCDE) [33]. The database contained for each
metal one cost curve per year with production and cost data for each mine. The data used for deriving
the cumulative cost-tonnage relationships are presented in Table S1 in the Supplementary Material.

The log-logistic distribution for each metal was derived as follows:

- Typically, deposits contain various metals but there is often a main metal that justifies the
operation of a mine exploring that deposit. As such, the operating costs of a mine are to be
shared by all outputs with a market value. In the World Mine Cost Data Exchange [33], the costs
were allocated across all mine products in proportion to their production (monetary) value to the
mine operator.

- Each table includes data in U.S. dollars valued in the year it represents, e.g., the costs for 2004 are
expressed in constant USD valued in 2004. The CPI Inflation Calculator [34] was used to convert
all costs into U.S. dollars for 2013 (USDyp13).

- For each mine, the weighted average costs per amount of metal produced, calculated on basis of
the operating costs per metal in that mine each year and the production tonnages for the same
years, and the total metal extracted in the period covered for that mine were calculated.

- The mines were then ranked in increasing order of costs per amount of metal extracted and the
cumulative metal extracted for each mine was calculated by adding the metal extracted of that
mine to that of all previous mines with lower operating costs.

- Alog-logistic fit was applied to the inverted costs for every mine with the software R for statistical
computing [35] to derive the scale parameter « and the shape parameter (3, including their 95%
confidence interval (95% CI). The R square (R?) of the log-logistic fit was also determined. For the
derivation of « and 3, the total tonnage of metal extracted A, was set equal to the total metal
extracted as reported in the WMCDE database between 2000 and 2012 or 2013, depending on the
metal [33].
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2.5.2. Characterization Factors

To derive the surplus cost potential per metal x, the cumulative metal extracted up to now
(CME;, tota1) is calculated as the total production from Kelly and Matos [28] which contains world mine
production tonnage since 1900 until 2012 for every metal under study except for uranium. For uranium,
data was retrieved from Nuclear Energy Agency and International Atomic Energy Agency [29].

To calculate the maximum amount of metal x extracted (MME,), global reserve estimates for
each metal are required. As mentioned above, two types of reserves were used: reserves and ultimate
recoverable resource. Reserves were set equal to the global mineral reserves as specified by the U.S.
Geological Survey [26]. U.S. Geological Survey [26] estimated the reserves for all metals under study,
except for the individual platinum-group metals (PGM) and uranium. For uranium, the global reserves,
following the same definition, were taken from Hall and Coleman [30]. Reserves fraction of platinum
(47.3%), palladium (35.0%), and rhodium (5.0%) were calculated from data for the three PGM ore types
mined in the Bushveld deposit situated in South Africa which accounts for nearly 90 percent of PGM’s
reserves [31].

Schneider et al. [32] estimated the ultimate recoverable resource (URR) for 19 metals and for
PGM as a group, eight of which are relevant for this study. The URR data for silver and uranium,
following the same definition, was taken from UNEP [27]. The data used for the two types of reserves
are presented in Table S2 in the Supplementary Material.

3. Results

3.1. Cumulative Cost-Tonnage Relationships

Figure 2 shows the log-logistic relationships between cumulative extraction of metal x and increase
in operating costs per unit of metal x. A number of metals (copper, lead, manganese, molybdenum,
nickel, palladium, platinum) and PGM indicate relatively high costs with low production for a few
mines. This can be seen from Figure 2, as a few data points on the right hand side of the curve are
almost in a vertical line, meaning low production tonnage and at the same time substantially higher
costs compared to other mines. These costs often result from co-production in which the main metal
being extracted is another than the one under study. Taking Figure 2a for copper as an example, the
mine with the highest cost per kilogram of copper extracted is Copper Rand in Canada, with gold and
silver as co-products [33]. Since 2009, this mine has been closed due to high costs in comparison with
the low copper prices [36]. However, if prices rise this mine may be reopened. This effect is in line
with the method here proposed in which mines with lower operating costs per output of metal are
extracted first.

The log-logistic fit between costs and cumulative extraction of a metal resulted in explained
variances between 77% (for palladium) and 97% (for iron, lead, silver, and zinc). The
parameters derived for the log-logistic cost-tonnage relationships are presented in Table S3 in the
Supplementary Material.

Copper Iron

cu)

Operating costs (USD,,;3/kg,
Operating costs (USD,,3/Kgy.)

00 5.0x 101 1.0x 10" 1.5% 101 2.0x 101" 0 3.0x 1012 6.0 x 1012 9.0 x 1012 12x1013
Cumulative copper extracted between 2000 and 2013 (kg,) Cumulative iron extracted between2000 and 2012 (kgg,)
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Figure 2. Cumulative cost-tonnage relationships and scale « and shape 3 derived with the log-logistic
distribution for copper (a), iron (b), lead (c), manganese (d), molybdenum (e), nickel (f), palladium (g),
platinum (h), rthodium (i), silver (j), uranium (k), zinc (1), and platinum-group metals (m). The data
were taken from the World Mine Cost Data Exchange [33] for the period from 2000 to 2012/2013.

3.2. Characterization Factors

The characterization factors derived for the metals under study are presented in Figure 3 and
can also be found in Table 54 in the Supplementary Material. The CFs obtained vary up to six orders
of magnitude. Rhodium resulted in the highest CF of $13,533-$17,098 USD;q;3 per kg of rhodium
extracted, while the lowest CF derived was for iron with $0.01-$0.02 USDy¢13 per kg of iron extracted.

With the exception of zinc, the surplus cost potentials derived are always largest using ultimate
recoverable resource compared to using the reserves. The CF depends on the combination of the scale
parameter (o), the shape parameter (), CME, and MME of a metal. It is not necessarily true that that
the CF gets always higher when MME becomes larger. In fact with very small MME values, so very
low reserves, the starting point of the cumulative cost calculation (CME,;,)) is in the steepest part
of the curve and the CFs become very large. This means that getting the last amount of metal out of
the ground will be very costly. Applying ultimate recoverable resource instead of reserves always
result in a lower fraction mined of the total amount available another working point. For instance,
for copper 46% of the total amount is already mined using reserves, while 11% is mined according
to ultimate recoverable resources. For zinc this is 56% versus 4%. Depending on the shape (f3) of the
log-logistic curve (relatively steep for copper and relative shallow for zinc), the increase in costs over
the full amount of metal mined can be larger or lower. In this case, the average steepness of the cost
curve for copper is larger for 11% to 100% metal extracted compared to 46% to 100%. In contrast, the
average steepness of the cost curve for zinc is larger for 56% to 100% metal extracted compared to 4%
to 100%.
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Figure 3. Characterization factors expressed as surplus cost potential (USDy;3/kgy extracted) using
reserves and ultimate recoverable resource as future extraction estimates.

4. Discussion

4.1. Comparison with other Indicators

Although log-logistic functions can be applied to derive both cumulative cost and ore grade
curves, the exact causal relationship between ore grade decrease and surplus costs is unknown as
far as we know of. Though ore grade can be considered as an important factor for determining the
operating costs in a mine [37], other factors that change over time can be important as well. These are
further discussed in the Limitations section.

For all metals under study the current operating costs were derived, calculated as the weighted
average operating costs of all mines for 2013 on basis of their yearly production of that metal, from the
World Mine Cost Data Exchange [33]. Goedkoop and De Schryver [20] derived characterization factors
in the ReCiPe method expressed as surplus costs following a simplified approach of the method here
proposed, e.g., with mining and milling costs per unit of ore considered constant across all mines.
Steen [38] derived characterization factors in the method to environmental priority strategies for
product development (EPS), defined as the costs to be paid to extract the mineral resources using
future technologies. For this method, a market scenario was created, where all future generations are
included and are imagined to bid on the present abiotic stock reserves [38]. All three monetary results
per metal can be seen in Table S5 in the Supplementary Material.

In Figure 4, the current operating costs, the CFs derived in the ReCiPe method with 3%
discounting, and the CFs derived in the EPS method are compared to the CFs here derived using
reserves as reserve estimate. For all metals except for zinc, the current operating costs are larger than
the surplus costs derived here. There is a factor difference of between 0.7 for zinc and a factor of
about 16 for manganese. From the log-linear regression in Figure 4, it can be seen that the surplus
cost potentials will be about 5.6 (equal to the intercept of the regression) times lower than its current
operating costs.

According to the log-linear regression derived in Figure 4 the CFs here derived give typically
a factor of 1.3 lower CFs compared to the ReCiPe method with a coefficient of determination (R?) of
0.81. Note that for individual metals, the differences between the two methods can be much larger, i.e.,
a factor of seven lower for molybdenum and a factor of 57 higher for zinc in our study compared to
the Goedkoop and De Schryver [20] method.

Compared to the EPS method, the CFs derived here give on average a factor of 126 lower with
a coefficient of determination (R?) of 0.88 (see log-linear regression in Figure 4). The differences
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between the CFs derived by each method for individual metals can differ to up to four orders of
magnitude, i.e., a factor of four for manganese and of 4 x 10® for palladium.

9

CF(EPS) = 1021 X CF(SCP)!26
R2=0.88

Cur.costs = 10975 X CF(SCP)%%8
R2=10.97

CF(ReCiPe) = 10%1! X CF(SCP)*"8
R2=0.81

log[Other costs] (USD,q;3/kg,)

-3
8 0 3 6 ’
log[SCP] (USD;13/kg,)

| @ Current costs ®ReCiPe @ EPS |

Figure 4. Log-linear relationship between the characterization factors (SCP) here derived, current
operating costs [33], the CFs derived in the ReCiPe method [20], and the CFs derived in the EPS
method [38]. Both axis are presented in logarithmic scale.

4.2. Limitations

Although we improved the surplus cost calculations of metals compared to current practice,
there are still limitations in our calculations as we assumed that costs increase with the increase
of metal extracted without explicitly considering the mine type, ore type, new discoveries and
technological developments. Currently, open pit mining is preferred due to lower operational costs
even though underground mines often contain higher metal grades [39-41]. As open pit mines will
most likely become depleted in the future, a shift towards underground mining is likely to occur.
Gerst [42] estimated that mining operations have to become deeper than the current open pit mining
operations. Furthermore, different ores have different characteristics and moving from one to the
other may result in substantially different mining conditions and, as a result, in different operating
costs [43]. The cost and tonnage data used to derive the cumulative cost-tonnage curves, however,
does not contain information on the mine type and ore type. This is why we did not separately
derive cumulative cost-tonnage curves for open pit and underground mines and different ore types
in our study. Additionally, there is evidence of overall reduction in mining costs per amount of
ore extracted due to technological advances in the mining sector [39,44]. For instance, mines have
been increasing in size and the larger the mine size the lower the costs per output extracted due
to economies of scale [39,45]. Since we used actual cost data, difference in mine sizes and other
differences in technological developments are included in the cumulative cost-tonnage relationships
derived. However, the time frame covered by the data is relatively short (13 years). Mining cost data
over a longer period of time for deriving the cumulative cost-tonnage relationships would therefore
be desirable.

Finally, the method here proposed also assumes that mines with lower operating costs per mine
output are mined first. However, there may be both mines with high and low costs operating at the
same time and this may be justified by higher metal prices.
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5. Conclusions

In this paper, we demonstrated how characterization factors for resource scarcity can be derived,
reflecting the surplus cost potential due to a unit increase in metal extraction. Although the surplus cost
indicator we propose is measured in monetary units, the surplus cost potential is about quantifying
externalities and not about current economic costs as such. The surplus costs are an (economic)
burden that we put on future generations resulting from a decrease in highly concentrated and
easily accessible resources and can be used in environmental LCC. Our results emphasize the
importance of (1) metal-specific cumulative cost-tonnage relationships and (2) future metal extraction
estimates. Additional cost and mining data is required to expand the method to include other mineral
commodities in evaluating scarcity of mineral commodities in an LCA context.
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