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ARTICLE INFO ABSTRACT

Keywords: The unique properties of certain metals have made them indispensable in manufacturing advanced technological
Nickel devices and for use in the green economy. However, these metals are not infinite, and the average ore grades in
Cobalt mines have been decreasing in recent decades. This study examines energy consumption as a function of ore
EZI;;I:gS grade decline for Nickel, Cobalt, and platinum group metals (PGMs), using simulations created with HSC
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Chemistry software. A limit of recovery (LOR) for each commodity was also defined. A comparative analysis of
the evolution of ore grades, energy costs, and market prices was additionally carried out. According to the
simulations, extracting nickel from sulfide ore tailings would be profitable if the price doubled. As for Cobalt, it

would only be feasible if the market price increased considerably. For PGMs, even if the ore grade reached the
LOR, it would still be profitable to recover them under certain circumstances explored in the paper.

1. Introduction

Nickel (Ni), cobalt (Co), and platinum group metals (PGMs) are
highly valuable due to their diverse range of applications and significant
role in the green economy (F. K. Crundwell et al., 2011). They provide
specific technical details that are necessary to manufacture better and
more efficient devices (Magistretti et al., 2020; Parasuraman, 2000;
Wager et al., 2011). Ni and Co are used in batteries, catalysts, medicines,
and permanent magnets (Bao et al., 2019; Cardenas-Trivino et al., 2017;
Fernandes et al., 2013; Orefice et al., 2019), while PGMs are extensively
used in catalyzers and catalytic converters of vehicles to reduce emis-
sions (Mpinga et al., 2015; Saguru et al., 2018). This makes PGMs very
strategic for the automobile sector. Additionally, PGMs are essential in
rechargeable batteries and superalloys (Degryse and Bentley, 2017;
Sverdrup and Ragnarsdottir, 2014; Wager et al., 2011).

The primary deposits of Nickel, Cobalt, and Platinum Group Metals
are not located within the boundaries of the European Union, which
implies a high dependency on imports to support its industrial devel-
opment. Specifically, the EU needs approximately 700 kton of these
metals annually, but only 100 kton are produced within the region
(Nickel Institute, 2012). As a result, two out of the three metals analyzed
in this paper, considering PGMs as a single entity, are classified in the
European Commission’s critical raw material list (European Commis-
sion, 2023). Although Nickel does not meet the critical raw material
(CRM) thresholds, it is listed as a strategic raw material under the
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Critical Raw Materials Act. On the other hand, Co is deemed critical due
to its crucial properties essential for high-technology industries, and
PGMs are considered critical because of their strategic economic
importance, low recycling rates (Graedel, 2011; Wilburn and Bleiwas,
2004), and limited availability and scarcity in the crust.

According to the International Energy Agency, the demand for Nickel
is expected to double by 2040 in a conservative scenario and almost
triple in the worst-case scenario (International Energy Agency, 2021).
However, the maximum production peak of current Nickel reserves is
expected between 2025 and 2033 (Calvo et al., 2017b; Sverdrup and
Ragnarsdottir, 2014).

Cobalt is primarily produced in the Democratic Republic of Congo
(DRC), which holds more than 60% of the world’s production (Farjana
et al., 2019). The demand for Cobalt is expected to increase by 100% by
2040 in a conservative scenario, while in the worst scenario, this value
could rise to 480% (International Energy Agency, 2021). The DRC has
the highest Cobalt reserves, followed by Australia, which has one-third
of the DRC’s reserves (Shedd, 2020). However, mining production for
Cobalt in the DRC is unregulated, and there is a history of political
instability and armed conflicts, making it a high-risk business environ-
ment (Shedd et al., 2017). This could affect the future of Cobalt pro-
duction in this country as processors and industrial consumers become
more concerned with responsible sourcing of raw materials.

The demand for PGMs is continuously increasing (Schulte, 2020),
which could put the availability of these resources at risk in the
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following decades. South Africa is the primary producer of Platinum,
accounting for over 75% of the world’s supply, with ores ranging from 7
to 10 g/t (Shaik and Petersen, 2017). Some authors have suggested that
there could be enough PGM reserves for the next 200 years based on
current production data and estimated reserves (Ndlovu, 2015). How-
ever, others have calculated that the maximum production peak for
PGMs would occur in 2020 (Sverdrup and Ragnarsdottir, 2014). Ac-
cording to Valero et al. (2018) the demand for Co and PGMs could
exceed their supply, creating a bottleneck.

The increasing demand for minerals are putting more and more
pressure on the mining sector, which must face decreasing ore grades. As
a thermodynamic fact, mining energy increases exponentially as ore
grades decline (Calvo et al., 2016a). Consequently, extraction costs also
increase, and mining may become unaffordable if prices remain low.

In this respect, global events directly influence commodity prices.
For instance, following the onset of the war in Ukraine, the price of Ni
doubled in just ten days. At present, the price of Ni remains higher than
in the pre-war period. If this price increase persists over time and other
metals experience similar increases, the mining industry may respond by
activating lower-graded mines, which could affect total energy
consumption.

Moreover, primary metal production carries massive environmental
effects. As an example, up to 12 t CO2eq. per ton of ferronickel are sent
to the atmosphere (Bartzas and Komnitsas, 2015). With the future de-
mand and production expected for metals, the emissions sent to the
atmosphere and the waste generated by the metal industry could be
unaffordable for the future society unless some measures are taken
(Spooren et al., 2020). In this respect, some studies have calculated the
reduction of the environmental impact if certain metals were extracted
from secondary resources. For instance, (Zhang et al., 2022) concluded
that global warming associated with secondary copper extraction could
be reduced sevenfold compared to primary production.

This study aims to examine the energy costs associated with
extracting Ni, Co, and PGMs as ore grades in mines decrease. Previous
research has explored the evolution of energy costs for gold (Palacios
et al., 2019), copper (West, 2011), and lead and zinc (Magdalena et al.,
2021Db). For this study, a model was developed using specialized soft-
ware, HSC Chemistry, which takes into account all the metallurgical
processes required to refine each metal to the desired commercial grade
(Outotec, 2020). The software enables thermodynamic calculations to
be carried out, modeling different pyrometallurgical and hydrometal-
lurgical flowsheets (Outotec, 2020). Moreover, cost allocation for Ni,
Co, and PGMs was performed using various strategies to simulate how
energy costs are associated with each metal. Lastly, several analyses
were conducted to estimate the behavior of future mines during the
beneficiation process and their future profitability considering metal
market prices and energy costs.

2. Description of the metallurgical process

Co and Ni are typically co-mined, but Ni can be derived from two
primary sources: laterites and sulfides. Approximately 70% of Ni re-
sources are found in laterites, typically used for ferronickel production.
However, the amount of Co present in laterites is typically too low to be
economically feasible for extraction, so Co is usually obtained from Ni
sulfides. PGMs, including Ru, Rh, Pd, Os, Ir, and Pt, can also be found in
Ni ores, either dissolved or as distinct mineral grains (F. Crundwell et al.,
2011; Xiao and Laplante, 2004).

Although laterite reserves are more abundant than sulfide reserves,
this study will only focus on Ni sulfides, as they contain higher con-
centrations of Co and PGM than laterites (Pina et al., 2010). Further-
more, besides metal concentration in the ore, the specific energy
required to extract Ni from laterites is also higher than the specific en-
ergy required to extract Ni from sulfide ores (Khoo et al., 2017; Mistry
et al., 2016; Norgate and Jahanshahi, 2011).

After analyzing various Nickel-bearing minerals, it was decided to
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use pentlandite as the primary mineral ore (Alves Dias et al., 2018; Rao,
2000). Pentlandite has the highest Nickel concentration, implying lower
specific energy when compared with other minerals. A standard con-
centration of pentlandite and other gangue minerals, such as quartz, has
been established for an average mine to proceed with the simulation.
Mineral composition and concentrations are also required to proceed
with the simulation. Different scenarios can be created to simulate the
future behavior and evolution of the mine once every mineral is set up
with its concentration. Therefore, pentlandite concentration in the mine
will be gradually reduced as the concentration of gangue minerals in-
creases, simulating what could occur when the mine becomes
exhausted.

Different specific energies have to be considered to carry out the
simulation. For instance, ore handling involves using diesel for trans-
portation, machines, and electricity for various units (Calvo et al.,
2016a). Additionally, the increase in the concentration is achieved by
increasing the g/t ratio of the metal (Nagaraj, 2005), starting from a low
ratio at the beginning of the process. The purpose of the comminution
process is to reduce particle size, which will increase the energy at this
stage for low concentrations due to the embodied energy (Qin et al.,
2022). Then, comminution is followed by a flotation process (Bulled and
Mcinnes, 2005). The last stage is refining, where pure metal is obtained.

Fig. 1 represents all the main stages involved in the extraction of Ni,
Co, and PGMs, highlighting the most important data introduced in the
simulation. This diagram has been created following a literature review
(Black et al., 2018; F. K. Crundwell et al., 2011; Metso, 2015; Napier-
Munn and Barry, 2006; Rankin, 2011).

The beneficiation process is divided into three main stages: commi-
nution, flotation, and refining. As seen, comminution and flotation
stages are shared by all metals. After flotation, PGMs minerals are
separated from pentlandite through gravitation (F. K. Crundwell et al.,
2011). During the metallurgical stage, PGMs are refined to separate the
six metals that compose PGMs (Cole and Joe Ferron, 2002; Kriek et al.,
1995). Finally, pentlandite is refined to separate Ni and Co, obtaining
these two metals in pure form at the end of the process.

In order to conduct the simulation, it is necessary to obtain con-
centration data before and after each of the main stages, including
comminution, flotation, and refining. Average concentration values for
each stage have been established based on various sources (Black et al.,
2018; Cramer, 2007; Pina et al., 2010).

Table 1 displays the concentration of each metal at different stages of
the beneficiation process. PGM is considered a single metal at this stage
for simplification purposes, with a unique concentration in each step. It
should be noted that the “in mined ore” figures are representative of the
typical values found in literature references.

After inputting the data into the software, various scenarios were
created by progressively decreasing the average concentration of each
metal, as detailed in Table 2 and as supported by the consulted literature
(Mills, 2022). In each scenario, the ore grade was reduced by one-third
relative to the previous one, with Scenario 12 representing the lowest
concentration of each metal, even falling below the crustal concentra-
tion (Valero and Valero, 2014). Currently, the lowest cut-off grade for
metals is observed in gold, with a concentration of 2 g/t (2x10-4 wt-%),
but technological advancements are expected to increase efficiency in
the coming decades. As a result, scenarios involving values close to the
crustal concentration were also investigated.

3. Simulation and results

The amount of feed at the beginning of the process significantly
impacts the number and size of units required in the various processes,
which in turn affects energy consumption. In order to standardize the
study, a feed rate of 800 t/h has been chosen for all scenarios, which is
appropriate for low-grade ores. The simulation involves considering
three main energy sources, which correspond to the three stages
described in the flowsheet. The first stage is comminution, where the
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Fig. 1. Flowsheet for the extraction of Ni, Co, and PGMs.

Table 1
Concentration in different steps along the beneficiation process [data in %]
(Black et al., 2018; F. K. Crundwell et al., 2011; Pina et al., 2010).

In mined ore After flotation After smelting & converting

Ni 1.5-2.5 10-20 40-70
Co 0.05-0.1 0.3-0.8 0.5-2
PGMs 0.0004 0.01-0.02 0.2-0.4

size of the extracted rock is reduced to the required particle size for
subsequent steps. As the ore grade decreases in each scenario, more rock
must be processed to obtain the same amount of ore, resulting in an
increase in embodied energy and specific energy consumption (Mudd,

2010, 2009; Norgate et al., 2010; Valero and Valero, 2012). The initial
concentration at the beginning of the flotation process determines the
design of the flowsheet. As the concentration decreases consecutively in
the scenarios, more cleaners, column cells, roughers, and scavengers are
required to achieve the desired concentration at the end of the process,
increasing the specific energy of the flotation process. In contrast, the
specific energy in the refining stage remains constant because the con-
centration at the beginning of this stage must always be the same across
all scenarios.

After the simulation, the software provides data for the units used in
the comminution process, including the primary crusher, cone crusher,
SAG mill, ball mills, and re-grinding. Table 3 presents the specific energy
consumption of each unit during the comminution process. These values
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Table 2
Initial ore concentration for each scenario [data in wt-%].
Ni Co PGMs Ni Co PGMs

Sce. 14 3 0.16 4x10* Sce. 7 4.1x10° 2.19x10* 5.49x107
Sce. 2 1 0.0533 1.33x10* Sce. 8 1.37x10°° 7.32x10°° 1.83x107
Sce. 3 0.33 0.0178 4.44x10° Sce. 9 4.57x10* 2.44x10°° 6.1x10°%
Sce. 4 0.11 5.93x10°® 1.48x10° Sce. 10 1.52x10°* 8.13x10° 2.03x108
Sce. 5 0.037 1.98x10° 4.94x10° Sce.11 5.08x10°° 2.71x10° 6.77x10°
Sce. 6 0.012 6.58x10™ 1.65x10°° Sce. 12 1.69x10° 9.03x107 2.26x10°

A = concentration in mine (F. K. Crundwell et al., 2011).

Table 3
Power demand and energy required during the comminution process.

Equipment Power demand [MW] Specific energy [kWh/t rock]
Primary crusher 0.365 0.38
Cone crusher 0.477 0.88
SAG Mill 3.975 7.27
Ball Mill 1 22.92 12.05
Ball Mill 2 11.96 9.68
Re-grinding 3.73 10.46

will not be altered during the study as particle size reduction is required
in all scenarios. The values obtained from this simulation have been
compared with those reported in the literature (Latchireddi and Faria,
2013) and are within the same order of magnitude. As shown in Table 3,
the highest energy consumption is from Ball Mill 1, followed by Ball Mill
2. The reduction ratio may explain this since these units aim to reduce
particle size by two orders of magnitude. Interestingly, re-grinding re-
quires less energy than SAG mills, despite having a higher specific en-
ergy. The reason for this is the particle size required for the final product.
Re-grinding is introduced in the comminution process to decrease par-
ticle size considerably. Still, the efficiency drops as the process needs to
be repeated more than once to achieve the desired size.

Using the Outotec Chemistry software, the energy demand for the
flotation units involved in the process can be calculated, providing the
total energy for the stage. Since the simulation includes multiple sce-
narios for the future behavior of the mine, more flotation units are
required with each subsequent scenario to achieve the desired concen-
tration. The process described in this article represents the current
mining practice, but as mentioned, each following scenario will require
additional roughers, cleaners, and scavengers, leading to an increase in
specific energy for the entire process, as shown. Table 4 presents
selected scenarios, along with the specific energy required for concen-
tration during both the comminution and flotation stages of the bene-
ficiation process, for comparative purposes.

The refining process is initiated once the desired concentration is
achieved, and it involves various chemical processes to extract pure
metals. As all the metals are initially present in the same feed, i.e.,
pentlandite, it needs to be sent to the metallurgical plant for further
purification. Although the software can simulate the metallurgical pro-
cesses, the values for the different metals are obtained from the litera-
ture for simplicity. The energy required for Ni purification is reported to
be in the range of 60-100 GJ/T (Calvo et al., 2017a; Wei et al., 2020),
while for Co purification, it is in the range of 72-129 GJ/T (Calvo et al.,

Table 4
Specific energy for concentration in the comminution and flotation stages [data
in GJ/t-ore].

GJ/t-rock Comminution Flotation Both

Scenario 1 (conc. in mine) 5,526.37 2.29 5,528.66
Scenario 4 149,212 3,800.6 153,012.6
Scenario 8 1.21 x107 54,559.3 1.21 x107
Scenario 12 9.79 x108 3,098,853 9.82 x108

Note that PGMs are composed of six different metals.

2017a; Dai et al., 2018). In the case of PGMs, the value chosen for energy
consumption during the refining stage is in the range of 315-566 GJ/T
(F. Crundwell et al., 2011; Kingsbury and Thathiana Benavides, 2021).

4. Analysis and discussion
4.1. Energy share in the different stages of the beneficiation process

As mentioned earlier, the decreasing ore grade of certain minerals in
mines may result in a capacity shortage to meet market demand (Calvo
et al., 2016b; Northey et al., 2014). While it is impossible to predict the
future of resource availability in each mine, it is possible to estimate the
behavior of specific energy for concentration for each extracted metal. It
should be noted that for the sake of simplicity, all six PGMs have been
considered as a single metal in this analysis. Although the beneficiation
process is the same for all metals, they are ultimately separated during
refining. If the analysis had been performed for each PGM individually,
it would not have affected the study’s final outcome.

When the concentration of a metal is very low, ore handling becomes
a critical process. The lower the ore grade, the more rock needs to be
treated, processed, and transported, which in turn increases the amount
of diesel required to transport the rock from the mine to the processing
plant. For the three metals analyzed in this study, we consulted the
Ecoinvent database for ore handling data (Ecoinvent, 2007). While the
energy required for PGMs represents the lowest share of total energy, ore
handling can still account for a significant portion of the energy con-
sumption in the beneficiation process. It can vary widely depending on
the metal being extracted. For example, in this study, the ore handling
value for PGMs is 1,030 GJ/t-PGMs, while for Ni it is only 11.2 GJ/t-Ni.
In the case of Co, it represents almost 40% of the total energy required
for the rest of the stages. These differences can be attributed to the ore
grade at the beginning of the process.

4.2. Cost allocation

Most mines are designed to extract more than one metal to maximize
mine exploitation. During the extraction process until the end of the
metallurgy process, there are common stages for all the metals extrac-
ted, which are needed to allocate different costs. Allocation is key when
energy costs are being calculated since different results can be obtained
depending on the type of allocation selected. Accordingly, different cost
allocations have been reviewed to select the most accurate for this study.
Hence, this analysis will focus on selecting Bond Index values and
comparing different cost allocation systems, using: 1) metal market
prices, 2) data from the Ecoinvent database, and 3) a thermodynamic
allocation procedure explained below.

When the ore grade is very low, the comminution stage has the
highest share of energy consumption. Therefore, Bond index is essential
for calculating the energy at this stage since the energy calculated could
be several times higher or lower depending on the value chosen, as
demonstrated in previous studies (Magdalena et al., 2022; Palacios
et al., 2019). Therefore, selecting an accurate Bond index that reflects
the reality of the ore being treated is crucial. A wide range of Bond index
values can be applied, from 2 kWh/t to 24 kWh/t, depending on the
mineralogy of the rock in the mine. This study has chosen an average
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value of 13.65 kWh/t since it is a typical value for ores containing Ni
(Michaud, 2015).

Efficiency factors are also considered in the data calculation, not just
the Bond index. This is because the efficiency of the mills is never 100%,
and it can increase the specific energy required by up to 10-20% for
regular particle sizes (Rowland, 1999), applying an efficiency ranging
from 90 to 95% as average in this study. Moreover, if the particle size
required is extremely small, the efficiency decreases even further,
requiring more energy to achieve the same result.

Regarding cost allocation, the first procedure (Fig. 2A) is based on
the average metal prices between 2010 and 2020, as well as the pro-
duction, as shown in Equation (1).

P,'XM,‘
Allocation = m (€8]

Where P; is the market price, and M; is mine extraction. This allo-
cation is calculated by multiplying the annual production of each metal
by the mentioned average price. The resulting values are then divided by
the sum of the three metals, obtaining the share of each metal in the total
revenue. These percentages can vary depending on the year chosen since
metal prices can be very volatile. Using this approach, the cost allocation
obtained for Ni, Co, and PGMs are 61%, 6%, and 33%, respectively.

The second option for cost allocation involves obtaining values from
the Ecoinvent database (Ecoinvent, 2007), and the results are shown in
Fig. 2B. This database provides allocation values for two different mines
located in South Africa and Russia. The cost allocation is different in
both mines as it is calculated based on the main metal sold. Therefore,
allocation can vary depending on the metal sold and the by-products
extracted. In the South African mine, the cost allocation for Ni repre-
sents 7%, while in the Russian mine, it represents 47%. The average of
both mines has been calculated based on their respective allocation by
mass and revenue, resulting in 50% for Ni, 30% for Co, and 20% for
PGMs.

The proposed cost allocation based on Thermodynamic Rarity values
of the metals (Valero and Valero, 2015) is shown in Fig. 2C. Thermo-
dynamic Rarity is an index that assigns an average energy value to each
metal based on its global scarcity, embodied energy, and energy
replacement cost (ERC) according to the Second Law of Thermody-
namics. The embodied energy of a metal refers to the total energy
required to extract it from the mine to its use in the industry. On the
other hand, ERC is the energy required to restore a mineral from a
dispersed state to its initial concentration (Valero et al., 2013). Ther-
modynamic rarity values can be consulted in (Valero et al., 2021). The
rationale behind this approach is that metals with a higher Thermody-
namic Rarity require more energy to be produced, and therefore, their
costs should reflect their scarcity. The annual production is multiplied
by the Thermodynamic Rarity value for each metal to obtain the cost
distribution, which is 40% for Ni, 29% for Co, and 31% for PGMs.

Table 5 summarizes the values obtained with each methodology used
for cost allocation calculation. In the first case, the distribution provides
a larger share to those metals with higher prices, although the amount of
metals extracted may be lower. This allocation is not based on physical
properties or sustainability conditions and can be very volatile,
depending on political and demand factors. In the second case, using
data obtained from Ecoinvent, the allocation in tons could differ
depending on the mine and the primary metal extracted. These two
approaches, however, do not adequately reflect the situation of these
metals and their scarcity. The third approach, based on Thermodynamic
Rarity, provides that cost allocation is not based on economic terms but
rather on the scarcity of the planet’s crust. More in-depth and comple-
mentary studies have analyzed different cost allocation strategies
considering the market price, tonnage, and energy (Valero et al., 2015).

As shown in Fig. 2, cost allocation based on Thermodynamic Rarity
and Ecoinvent can provide similar results. However, for the purpose of
this paper and the analysis carried out, Thermodynamic Rarity has been
selected as it places greater emphasis on metal scarcity, which is a
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Fig. 2. Cost allocation for Ni, Co and PGM using different approaches. A) metal
market prices, B) Ecoinvent database, C) Thermodynamic Rarity. Specific en-
ergy for concentration is in GJ/t-ore.

physical indicator.

4.3. Limit of recovery

Different organizations and authors have made various estimates for
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Table 5
Summary of the different types of cost allocations analyzed.
Ni Co PGMs
Market price (2010-2020) 61% 6% 33%
Ecoinvent 50% 30% 20%
Thermodynamic Rarity 40% 29% 31%

the amount of Nickel resources. For example, the British Geological
Survey (2008) estimated Nickel resources at 262 million tonnes (MT),
while the Nickel Institute (2016) estimated it at 300 MT. However, not
all of these resources are economically viable to extract due to techno-
logical constraints and other factors. Studies have been carried out to
determine the grade limit for extracting minerals (Norgate et al., 2010;
Rotzer and Schmidt, 2018; West, 2011). Some authors suggest that
future mines will not be restricted by depletion but by dilution, as ad-
vances in technology may make it viable to extract elements that were
previously not feasible (West, 2011). Others argue that the issue will be
related to the price, as dealing with lower ore grade mines would require
more energy for extraction, increasing prices and making these mines
profitable (Rotzer and Schmidt, 2018).

In this paper, we have used the version proposed by Rotzer and
Schmidt (2018) for analyzing the specific energy for the concentration of
depleted mines, as it is not possible to predict how technology will
evolve in the following years. Therefore, the best available technology
has been applied to develop this model (Lenzen, 2008). In terms of ore
grade, some authors (Sverdrup and Ragnarsdottir, 2014) mention that
the limit of extraction for a mineral in any mine is 0.5 g/t, as there is
currently no technology to lower concentrations, and it would not be
economically viable.

We propose a new ore grade limit, the Limit of Recovery (LOR) to
analyze the specific energy for concentration of depleted mines. We
propose to use the energy needed to extract a ton of PGM from tailings as
a baseline for setting the LOR. In this case, the concentration of PGMs in
tailings comes from literature, which is set up at 2.4 x 10°® wt-% (F.
Crundwell et al., 2011). This concentration corresponds to an energy
cost of 992,124 GJ/t-PGMs, as extracted from Fig. 3C. Therefore, it is
possible to calculate which ore grade corresponds to 992,124 GJ for Ni
and Co and set their corresponding LOR values.

Interestingly, the ore grade for Nickel that could be reached by
applying the mentioned energy limit would be below crustal concen-
tration, which makes little sense. This is why the chosen LOR for Nickel
is assumed to be the average crustal concentration. Table 6 shows the
final LOR values used in this study for the three analyzed commodities.

Fig. 3 depicts the expected trend for the beneficiation process ob-
tained for Ni, Co, and PGMs after carrying out the simulation. Each black
dot in the figure represents a scenario, and not all 12 scenarios are
present in all the figures due to scale reasons. In this case, the cost
allocation has been carried out using Thermodynamic Rarity. In addi-
tion to the dots representing the ore grade for each scenario, three other
key points should be considered. Firstly, the current ore grade values
have been obtained from the literature (F. K. Crundwell et al., 2011).
Secondly, various studies have demonstrated that recovering metals
from tailings can be profitable (Alfonso et al., 2020; Morin and D’Hu-
gues, 2007) and could be critical to meet future metal demands, espe-
cially since the concentration in those tailings could be similar to the
current ore grades in mines (Magdalena et al., 2021a). The concentra-
tion for PGM in tailings is 2.4x10° wt-%, 0.3% for Ni, and 0.014% for Co
(F. K. Crundwell et al., 2011). The last key point is the LOR, which
corresponds to the first column in Table 6. In the case of Ni, the LOR
value is equivalent to the crustal concentration, as mentioned
previously.

In the case of Ni, the primary energy share corresponds to the
refining process in the first scenario (Fig. 3A). However, as the ore grade
decreases, comminution becomes more relevant, which can be observed
in the curve shifting towards an exponential trend. The metal content in
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Table 6
Limit of recovery (LOR) as proposed in this study and average crustal ore grade
[wt-%].

Metal LOR Crustal concentration (Valero et al., 2011)
Nickel 4.00 x10* 4.00x10™*
Cobalt 6.89 x10° 5.15x107
PGMs 2.40 x10°° 3.95x10°%

tailings (0.3 wt-%) is reached around Scenario 3, which could be very
relevant in the near future as current tailings still contain a significant
amount of Ni that could soon become economically viable to recover if
the average ore grade in the mines decreases to that extent. A similar
situation can be seen for Co (Fig. 3B), where the metal content in tailings
is reached before Scenario 3. However, the metal content in tailings for
Co is one order of magnitude lower than that for Ni. In both cases, the
LOR is still several orders of magnitude lower, and as stated before, in
the case of Ni, the LOR value is equivalent to the crustal concentration.
As for PGMs (Fig. 3C), the current ore grade in the mines is considerably
lower. As explained, since the limit for LOR was established using the
energy needed to extract a ton of PGM from tailings, in this case, LOR is
equivalent to the ore grade in tailings. Comparing these values, it can be
seen that LOR is only two orders of magnitude lower than the current ore
grade. This situation could create potential supply problems in the
future if all mines start becoming depleted.

4.4. Analysis and implications of energy consumption

An estimation was made to observe how the specific energy for
concentration (in GJ/t of metal) changes as the ore grade decreases until
it is almost 0 wt-%. Three values have been used for comparative pur-
poses: current ore grade in mines, metal content in tailings, and LOR
(minimum concentration). To put these results into perspective, they
have been converted into tons of oil equivalent (TOE) per ton of metal.
Table 7 summarizes the values obtained for each scenario and metal.

In 2020, the global production of Ni was 2,510,000 tons, 142,000
tons for Co, and 383 tons for PGMs (U.S. Geological Survey, 2022),
equivalent to an energy consumption of 9.56 MTOE (scenario A). This
represents over 31% of the total Australian mining energy consumption
in 2019 (Australian Government, 2020). If, for instance, all PGM re-
serves were to be extracted, which according to the U.S. Geological
Survey (2022) are estimated at 70 kT, more than 22 MTOE of energy
would be needed, representing 16% of the total energy consumption in
Australia in 2019 (Australian Government, 2020).

Energy consumption dramatically increases when the metal content
reduces until the tailings concentration (scenario B). For Ni, energy
consumption increases almost three-fold, while for Co, this value in-
creases seven-fold when compared to scenario A (current ore grade). A
more drastic increase can be seen when comparing scenarios B and C.

4.5. Economic assessment

The simulation and the specific energy data obtained can now be
used to conduct an economic evaluation to assess the energy costs for
each metal and compare them to their current market prices. Commi-
nution and flotation primarily rely on electricity, while diesel is used
during the ore handling phase, and natural gas and coal are used during
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different metallurgical processes. Therefore, since all previously ob-
tained values are in energy terms, converting them into monetary terms
using energy prices is straightforward. The electricity market is very
volatile and depends on many factors. Therefore, electricity prices are
very variable, directly affecting the energy cost to mine and refine
metals and, ultimately, the final price of metals.

Australia has a significant mining industry and one of the world’s
largest mineral reserves, so its electricity and energy prices are used in
this study. The Australian Government publishes more reliable elec-
tricity and energy prices than other main-supplying countries. Accord-
ing to the Australian Energy Regulator, the average prices for electricity,
natural gas, and coal in 2020 were 0.29 USD/kWh, 0.073 USD/kWh, and
62 USD/ton, respectively, while the diesel price was 1.22 USD/1
(Australian Government, 2021). Combining this information with the
specific energy previously calculated, we can obtain the energy costs for
the simulations for each metal as a function of the ore grade’s evolution
(Fig. 4).

Additionally, an economic assessment can be carried out by
comparing the energy costs of each metal in each scenario and simula-
tion with their current market prices. According to USGS statistics, the
average Ni price was 10,403 USD/ton in 2022, while for Co it was
55,731 USD/ton, and more than 29,580,000 USD/ton for PGMs (U.S.
Geological Survey, 2022). The PGMs price was calculated as an average
of the six metals included in the PGMs group. Since metal market prices
can be volatile and change considerably over time, the analysis in Fig. 4
includes three prices: 1) 2022 price, 2) maximum historical price, and 3)
current price multiplied by ten. Using the energy costs calculated for
scenario 1, the share of the metal price that corresponds to the energy
costs can be obtained. For Ni, the current energy costs represent 63% of
the metal price, while for Co, this number is 67%. In contrast, for PGMs,
the energy costs only represent around 3% of the metal price. Electricity
and diesel prices are subject to fluctuations due to economic and polit-
ical issues. For example, in Australia, the electricity price increased by
100% at the beginning of 2022 (Australian Government, 2021). There-
fore, different scenarios have been created considering: 1) the afore-
mentioned energy prices, 2) a two-fold increase in energy prices, and 3)
a five-fold increase in energy prices.

Analyzing the relationship between energy and metal market prices,
the case of Ni is particularly representative because the striped area
covers situations where extraction from tailings could become profitable
given the current energy price and even if this price were to double. A
different situation can be seen if the energy price increases fivefold. In
this case, extracting Ni from tailings would not be economically bene-
ficial, even with a severe increase in the metal market price. Regarding
Co, the striped area would cover the first two energy price scenarios
(current price and price multiplied by a factor of two) when considering
the current ore grade in mines. Still, in the case of tailings, the situation
is different and could only be profitable under certain conditions while
maintaining current energy prices. Even a slight increase in energy price
could make this process unaffordable. if the metal market price remains
within the striped area. However, if the Co price increases, it would be
viable to recover the metal from tailings and even from materials with
an even lower concentration. All the numbers are listed in Table 8.

The energy costs associated with tailings processing would be
significantly higher for PGMs as it would be necessary to process a larger
amount of rock. However, due to the scarcity and high market prices of
PGMs, the current energy cost represents only 3% of the metal price.

Table 7
Comparison of the specific energy for each metal for three scenarios: A) current ore grade, B) metal content in tailings, C) LOR.
Ni Co PGM
Sce. wt-% GJ/t-Ni TOE/t-Ni wt-% GJ/t-Co TOE/t-Co wt-% GJ/t-PGMs TOE/t-PGMs
A 3 128.39 3.06 0.16 514.86 12.29 4x10* 13,210.65 315.53
B 0.3 355.49 8.49 0.01 3,601.84 86.02 2.4x10°° 992,124 23,696
C 4x10™ 992,124 23,696 6.9x10° 992,124 23,696 2.4x10° 992,124 23,696
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Fig. 4. Energy cost as a function of the ore grade for Ni, Co and PGMs. The
striped area represents the area between each metal’s current and maximum
historical price.
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Table 8
Energy cost with different ore grades and different energy prices [$/t-ore].
wt-% Current x2 x5 Commodity
price’
Ni 3 9,340 18,680 46,700 10,403
$/ton
0.3 114,429 2.39E + 04 5.98E + 04
4x10™ 25,754,851 3.96E + 04 9.90E + 04
Co 0.16 23,738 47,476 118,690 55,731
$/ton
0.016 130,746 261,492 653,730
6.9x10° 29,291,647 58,583,294 146,458,235
5
PGMs 4x10* 489,170 978,340 2,445,850 29,580,000
$/ton
2.4x10° 113,996,791 227,993,582 569,983,955

6

! (U.S. Geological Survey, 2022).

Consequently, the striped area representing profitable scenarios for
tailings processing is much larger with respect to the current ore grade
compared to the other two elements analyzed. The high price of PGMs
can only be compared to that of gold, which explains why the profit-
ability threshold is so low. In this study, the metal content of PGMs in
tailings was used to determine the minimum energy required to extract
any metal. If the ore grade decreases until that point and energy costs
remain constant, it would still be possible to recover PGMs. A two-fold
increase in energy costs would be required to make the recovery unvi-
able. However, other costs such as operation, maintenance, and man-
agement must also be factored in, and energy costs from other metals
could reduce the initial share, making the process more feasible.

Finally, PGMs present a unique situation due to their scarcity in the
crust and their high market prices. As previously mentioned, the current
energy cost represents only 3% of the current PGMs price. This explains
why the striped area is so high with respect to the current ore grade,
compared to the two previous elements. The high price of PGMs, which
can only be compared to that of gold, justifies this situation. In this case,
the PGMs metal content in tailings has been chosen as the LOR to obtain
the minimum energy needed to extract any metal. Even if the ore grade
decreases to that point, it would still be possible to recover PGMs if the
energy costs are maintained. The energy costs would have to increase by
more than two-fold to make the recovery unprofitable. However, the
price could hold some energy costs coming from the other metals,
reducing the initial share, obtaining more benefits. Other costs apart
from energy must be added to these prices, such as operation, mainte-
nance, and management.

It is important to note that mines are designed to be economically
feasible, which means that cost allocations are crucial to maximize metal
extraction. As a result, it is common for the metal that generates the
maximum profit to receive a higher cost allocation since its market price
is higher (Magdalena et al., 2022). Conversely, companion metals with a
lower market price receive less allocation to obtain more benefits when
metals are sold. Although there are no common criteria for cost allo-
cation, economic assessment is widely used since mining companies
need to make a profit from extracting minerals. Therefore, an analysis
was conducted to determine what would happen if allocation changed.
Since Ni is the most extracted metal out of the three studied in this
paper, a larger share of the total cost allocation was considered, ranging
from 40% to 70%. Table 9 summarized the results of this analysis. In this
example, different allocations have been provided for the three metals
studied, obtaining different costs depending on the allocation procedure
used.

Based on the results of this analysis, the main conclusion is that by
increasing the cost allocation for Ni, the costs for Co and PGMs reduce
considerably (almost 50% in the case of PGMs), while Ni prices increase
only slightly. This can be easily seen if the energy costs are compared
with current metal prices. As mentioned, the energy cost for Ni, Co, and
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Table 9
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Energy costs calculated according to different cost allocation procedures and energy prices [$].

Current energy price

Current energy price x2

Current energy price x5

Ni Co PGMs Ni

Co PGMs Ni Co PGMs

Ni 40% 8,985
Co 29%
PGMs 31%

Ni 50% 9,223
Co 24%
PGMs 26%

Ni 60% 9,461
Co 19%
PGMs 21%

Ni 70% 9,699
Co 14%
PGMs 16%

23,292 983,960 17,970

21,063 829,338 18,446

18,833 674,716 18,922

16,604 520,094 19,398

46,583 1,967,920 44,925 116,459 4,919,799

42,125 1,658,676 46,115 105,313 4,146,690

37,667 1,349,432 47,305 94,167 3,373,580

33,208 1,040,188 48,495 83,021 2,600,470

PGMs represents 63%, 67%, and 3%, respectively, of the current price.
However, if this comparison were made with the highest allocation for
Ni (70%), the energy cost associated with this metal would be 69% of the
current Ni price, while for Co, it would change to 47% and 1.5% for
PGMs. Mining companies can use these different allocations to deter-
mine the price of the metals they are extracting, as it can lead to sig-
nificant differences in some metals.

5. Conclusions

Metals have become increasingly critical due to their expanding
usage in technological devices and industries, and this demand is ex-
pected to persist in the future. This study scrutinized Nickel, Cobalt, and
Platinum Group Metals from diverse viewpoints, taking into account key
factors such as the energy cost of extraction, the limit of recovery (LOR)
for each commodity, and the impact of price variation in the mining
sector. These approaches allowed for the evaluation of outcomes in
various scenarios.

HSC Chemistry software was employed to simulate the energy con-
sumption behavior in a mine as the ore grade declines. For this purpose,
the specific energy for concentration was calculated for various pro-
cesses carried out during the beneficiation process, including commi-
nution, flotation, and refining stages. The amount of energy required to
extract a ton of different metals was determined by considering current
concentrations in mines, in tailings, or when an ore grade limit (LOR), as
specified in this paper, is reached. Energy costs would increase more
than 250% for Ni, 700% for Co, and 7,500% for PGMs if they were
extracted from tailings. In these cases, for extraction to be viable, the
market price of Ni should at least double, and that of Co and PGMs
should be more than two and three times higher, respectively.

The economic evaluation also underscored the importance of cost
allocation. Currently, the energy cost represents 63%, 67%, and 3% of
the price of Ni, Co, and PGMs, respectively. However, if the cost allo-
cation changes, it may be feasible to extract a specific metal, despite a
reduction in the ore grade.

As demonstrated in this paper, the cost to extract and refine these
commodities will become unaffordable as the ore grades approach the
limit of recovery. Environmental impacts will also tremendously grow,
putting ecosystems at risk.

Therefore, it is crucial to work on postponing the depletion of mines
as much as possible. Recycling could be an excellent solution in this
regard. However, the recycling rates for some of the metals analyzed in
this study, including many others critical for the green economy, are
considerably low. Even if millions of devices containing those metals are
manufactured daily, their dispersive use makes it challenging to recover
them. Currently, it is still more profitable to resort to primary extraction
than to try to recover these small quantities, but this may not always be
the case in the future.
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