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Fig. 1. World copper mine production by country. Other means the total production of countries whose average individual production was lower than 430 million tons per year.

(Source: [4,5,6,7]).

The maximum extraction cost to mine copper, as pointed out by
Henckens et al. [18] would be achieved if production would come
from common rocks or seawater, where copper concentration is
extremely low compared to current deposits. In this respect,
Skinner, already in 1976, stressed that extraction of copper from the
common rock was technically feasible, but it would require ten
times more energy than the extraction from copper ore [19]. More
recently, Steen and Borg by analyzing sustainable paths of pro-
duction of metals from the earth's crust with an idealized process
reported a rise of 90% for the production cost of copper from the
common rock in comparison with copper-market prices [20].

As a way to assess the value of minerals through non-monetary
approaches, Valero and Valero defined the concept of the exergy
replacement cost (ERC), by considering their physical quality
[21,22]. The ERC establishes the energy required to concentrate
minerals at the current average ore-grade from a state of mineral
dispersion coined as Thanatia [21]. Thanatia represents a scenario
of total mineral dispersion in the Earth's crust and is for the authors
the common rock from which minerals could be eventually
concentrated. An updated list of ERC values for different minerals
has been recently published [23].

The ERC values published so far have been based on estimations,
trends of statistical analysis and mathematical models. In this pa-
per, as similarly done in recent publication [24,25], we propose a
new approach to estimate the specific energy for the concentration
of copper from a state of mineral dispersion, Thanatia, with a
computational model developed with HSC Chemistry 9 and HSC
Sim software [26]. The aim is to provide a more accurate value than
that obtained in the past by Skinner [19], Steen and Borg [20] and in
particular by Valero and Valero [24].

2. The concept of the exergy replacement cost

One way to assess minerals is through the market price of
commodities. However, prices are unstable and depend on many

factors, such as market fluctuations [18]. Besides, the physical
quality of minerals, like geological scarcity is not necessarily
considered through market prices.

Another way to quantitatively evaluate minerals is through the
use of the Second Law of Thermodynamics. Exergy is an extensive
thermodynamic property that establishes the minimum amount of
work that a system can deliver when it is brought into equilibrium
with its surrounding environment [21,27—29]. In the case of fossil
fuels, when they are burned, the liberation of energy is associated
with their high heating value (HHV) [30,31]. On the other hand,
since non-fuel minerals are not combustible, the HHV is not
applicable. A traditional way to treat them has been by using their
chemical exergy. Szargut published the chemical exergy of different
elements [32], a value that was updated later by Valero, Stanek and
Valero [33]. These values have been used by Ayres [34], Dewulf et al.
[35] and Szargut et al. [36,37] to evaluate mineral resources.
However, this approach is very removed from a societal apprecia-
tion of the value of minerals. Dominguez et al. [38] portrayed this
fact by showing that the chemical exergy of precious metal gold is
60 kJ/mol, while aluminum exhibits 796 k]/mol. To overcome this
issue, Exergoecology was postulated by Valero [39] for a more ac-
curate assessment of natural resources. Physical Geonomics, one of
Exergoecology's division, deals with the application of exergy for
the evaluation of non-fuel minerals. In this branch, exergy of
minerals has two components: one is related to chemical compo-
sition (chemical exergy) and the other associated with the relative
concentration of the mineral in the Earth's crust (concentration
exergy). Concentration exergy is, in fact, closer to the societal
perception of value. Nature provides a “free bonus” for having
minerals concentrated in mines and not dispersed throughout the
Earth's crust. This “free bonus” significantly reduces the costs
associated with mining. When high-ore grade mines become
depleted, a reduction in this free bonus takes place, leading to an
extensive exergy consumption to extract a similar quantity of
metal. The bonus provided by nature can be measured through the
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concept of the exergy replacement cost (ERC).

ERC is de ned as the energy that would be required to extract
and concentrate a mineral from a completely dispersed state at a
crustal concentration (x ¢) to the conditions of concentration and
composition found in the mine (x ) using available technology.
Thanatia represents a state of total mineral dispersion into the
Earth's crust. Thanatia's composition is made up of 324 species, 292
minerals and 32 diadochic elements included in the crystal struc-
ture of other elements [ 21,40].

The exergy required to concentrate minerals from a concentra-
tion found in Thanatia (x ¢) to the average concentration (x n,) for
different minerals has been reported by Calvo et al. [ 23]. For the
interest of this paper, Thanatia would represent a mixture of ore-
bearing minerals, among these, chalcopyrite, at low concentration
in the Earth's crust (x ¢). The concept of ERC accounts for the energy
required to have copper concentrate at an average ore-grade (X m)
from Thanatia at the crustal concentration (x ().

The exergy replacement cost (ERC) in GJ/t of element was
calculated by Valero et al. [ 22] based on the observation of the
decline of ore grade and growth in energy consumption of cobalt,
copper, gold, nickel, and uranium. They suggested a mathematical
equation to give an estimate on the energy consumption as a
function of the ore grade, Equation (1).

Ex,p VoA Xy (1)

where Es pis the energy for the concentration and extraction of
minerals at the ore grade (xm), and coef cient A is a constant
determined for each mineral.

In the case of copper, Valero et al. [ 22] made different as-
sumptions, some of the main ones were: concentration of copper in
the Earth's crust x ;%6.64 107 g/g or 0.006% from chalcopyrite
(CuFe$S) [41], and average ore grade assumed X, ¥41.67 102 a/g
or 0.5% Cu f2], Table 1. Also, the authors considered that 60% of the
total energy was utilized for the mining and concentration pro-
cesses P2].

3. Overview of the concentration of copper

A typical copper ore-grade in open-pit mines is 0.5% and 1% or
2% in underground mines [ 43]. To extract the valuable metal, the
processing route depends upon the type of ore. Two main ore types
can be found, sul des and oxides. For both ores, the comminution
process is common. During this stage, particles are reduced in size
through crushing and grinding until one that metal can be liberated
during the concentration process [ 44,45]. The main route for sul de
ores includes the concentration through a  otation process [ 44]. A
concentrate is produced with 20% e 30% copper. Afterward, a py-
rometallurgical process which includes smelting and re  ning is
performed. The outcome is cathodes with 99.9% copper concen-
tration. For oxides, the preferred concentration process is by
leaching and then via a hydrometallurgical process that entails
solvent extraction and electrowinning. The result of this route is
copper with impurities with a concentration lower than 20 ppm
[43e 47].

Schlesinger et al. [42] report that a vast majority (80%) of copper
is obtained from sul de ores and only a small amount (20%) via a

Table 1
The exergy replacement cost (ERC) for copper in GJ per ton of element (adapted from
Ref. [23]).

Mineral Mineral ore Xm (9/9) ERC (GJ/t-Cu)

1.67E-02 292

X ¢ (9/9)
6.64E-05

Copper Chalcopyrite

hydrometallurgical process. The most common sul  de ore is chal-
copyrite (CuFeS,) [48].

The purpose of this study is to upgrade the previous value of ERC
for copper. Therefore the same conceptual scheme will be applied.
Accordingly, our target is to concentrate copper from its ore, chal-
copyrite, available at Thanatia's composition (x %0.006%) to the
average copper content in mines (X m ¥40.5%).

In the next line, explanations of the main aspects of modeling
the processes for concentration of copper ore from Thanatia are
described. Fig. 2 depicts the stages of comminution and concen-
tration for the computational model.

During the comminution process, a pivotal equation to compute

the speci c energy required for the mill is Bond's equation [ 44,49]
Equation (2):
!
1 1
WY 10W; p— p— Ek 2)
Pgo 0

where W is the speci ¢ energy consumption of the mill (kWh/t), W
is the work index measured in a laboratory mill (kwh/t), P80 and
F80 are the product and feed passing sizes (Im), respectively.
Finally, EF is the product of the Rowland ef ciency factors, which
depend upon the mill, size and type of media, type of grinding
circuit, etc. [ 44,49e 52]. Then, theoretical power draw by the mill
(kW) is calculated by W x T, where T is the throughput tonnage (t/h)
[44]. A common particle size after the comminution process is
usually below 100 mm [45,49,53e 56].

Froth otation (hereafter otation) is a concentration process
that takes advantage of natural or induced surface properties of
mineral ores. As mentioned before, sul de ores are typically
concentrated by this process. In  otation, hydrophobic (water-
fearing) particles are separated from the hydrophilic (easily wetted
by water) particles. The valuable metal is then collected from the
froth [ 44,45,57,58]. Flotation occurs in cells where the product
obtained is named as a concentrate, which has a higher concen-
tration of the desired metal and tailings as residues. There are
different types of arrangements of cells in series or parallel and
combinations. In these arrangements, it is common to nd the so-
called rougher and scavenger cells. The former ones are those
where the main step of concentration occurs, and the latter is used
to recover minerals from rougher tailings. Different layouts for
concentration plants are designed according to the best recovery of
metal [ 44,45,59]. Another parameter to consider in  otation is the
retention time, which is the time required for the process to form
the froth from which the metal will be separated [ 44,47,57]. Re-
covery of the desired metal from the ore is a parameter to evaluate
the performance of the metallurgical process [ 44,54].

4. Methodology

In this section, the conceptualization for the calculation of the
speci c¢ energy and the steps followed for the model set-up in HSC
Sim 9 [26] software are described.

Concentration

Comminution

Fig. 2. Stages of modeling and simulation. The comminution process consists of
crushing and grinding. The concentration is based on froth otation.
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4.1. Energy for copper concentration from Thanatia

The total speci ¢ energy to concentrate copper to an average ore
grade of 0.5% Cu from Thanatia was calculated as the energy in the
ore handling process plus the energy required in its concentration,
Fig. 3. The ore handling process included transportation of the ore
with Thanatia composition to the concentration plant. In the con-
centration facility processes of comminution and otation were
assumed to be performed. A complete list of 324 substances from
Thanatia, with the corresponding chemical formulas and the per-
centage by weight considered for the study can be found in
Ref. [40].

The ore-handling phase was considered to involve the trans-
portation of ore from an open pit mine to the concentration plant.
For this, it was assumed a minimum distance between the mine
and the concentration plant, so that the fuel consumption per ton of
ore prevailed over distance. Then, taking into account the copper
concentration in the feed stream of 0.003%, the speci c energy per
ton of copper was calculated.

The comminution was assembled into three circuits, crushing,
grinding and regrinding. During crushing the reduction of particle
size was carried out in a primary and secondary crusher. The
grinding stage was achieved by semi-autogenous (SAG) and ball
mills. As Thanatia represents a complex ore mine (a mixture of
different low-content minerals), a regrinding stage was also
considered.

In order to determine the theoretical power draw during
comminution, Equation (2) was used. Both, feed (F80) and product
(P80) passing sizes were obtained from the HSC Sim 9 [ 26] model.
The work index (W ;) for copper ore may vary from 4 to 30 kWh/t
[45]. An average value of 14 kWh/t was considered for the calcu-
lation of the speci ¢ energy consumption (W). This value was also
taken by Valero and Valero [ 30] to compute the exergy of commi-
nution and concentration of different minerals. To reduce the
complexity of using Rowland Ef ciency factors (EFx) in Equation
(2), the procedure explained by Will and Finch in [43, Ch. 7] for the
selection of mills through manufacturer's data was followed. In this
procedure, EFx with a value of 1 was assumed, then the speci ¢
energy consumption (W) for every mill was computed. With the W
value of every mill and information by manufacturers, models were
selected and the number of mills was estimated. Accordingly, for
primary and secondary crushers, information published in
Refs. [60,61] for gyratory and cone crushers was considered. For
grinding, we regarded data of speci ¢ energy for SAG and ball mill
reported by Latchireddi and Faria[ 53]of 10.26 kWh/t and 7.59 kWh/
t, respectively. Technical data for the HIG mill published in Ref. [ 44]
was utilized. Subsequently, with the nominal power available for

Copper: 0.5 wt-%

every mill, the power draw in comminution was calculated. The
power required on the  otation process of copper was obtained
directly from the HSC Sim 9 [ 26] model. Then, with the feed ow
rate (4500 t/h) and its copper concentration (0.003% Cu) the spe-
ci c energy per ton of copper was determined. Fig. 4 illustrates the
stages for the calculation of the speci ¢ energy for concentrating
copper from Thanatia.

4.2. Model set-up

The starting point for the design of a concentration plant is the
analysis of the ore type in the laboratory. On the basis of these
analyses and best practice of other similar facilities, the appropriate

owsheet for the plant was designed. In our case, due to the lack of
experimental data of Thanatia, the computational model was done
based on an extensive literature review of copper-concentration
plants and experience of the research group.

For the development of the model with HSC Chemistry-version
9.4.1 software [26], different references were studied to analyze
both owsheets and state-of-the-art technologies for copper con-
centration [ 14,43e 45,62e 67]. In addition, the work by Abadias
et al. [68] about modeling of copper processes from a circular-
economy perspective was considered. For the model, many vari-
ables were considered for the comminution and otation process.
Due to the high number of variables for the model, only some are
described. The circuits in the comminution and otation processes
modeled with HSC Sim 9 software [ 26] are shown in Fig. 5. For the
simulation, an Intelcore i7-6600 2.60 GHz central processing unit
with 32 GB of random-access memory was used.

Based on an analysis of operating data for copper otation mills
published in Ref. [ 45], and information of a low-ore grade mine
available in Ref. [67],a ow rate of 4500 tons per hour was assumed
as the input for the concentration plant. A top size in the ore feed of
600 105 mm was considered. Three circuits in the comminution
were assumed for the model: crushing, grinding and regrinding.
The raw material with 260 105 nm (F80) size was the feed in the
crushing circuit. Crushing was carried out by a gyratory and cone
crushers as primary and secondary crushers. Controls for particle
size output (P80) were set-up for the crushers, 175000 nm, and
45000 mm, respectively. Between the primary and secondary
crushers, a classi er with a cut size of 45000 nm was placed. It was
considered the output of the classi er reports to the grinding cir-
cuit. The latter was made up of SAG and ball mills with controls for
particle size output (P80) of 5000 and 145 mnm, respectively. After
the SAG mill a classi er with a cut size of 2300 nm was placed. The
conjunction of classi ers, mixer, and hydrocyclone in the crushing
and grinding circuit allowed to achieve a particle size in the

______________________ 7KD QID W

Chalcopyrite: 0.006 w¥
Copper: 0.003 wt-%

2UHKDQGOLQJ

&RQFHQWUDWLRQ

Fig. 3. Conceptualization of the total energy required to concentrate copper ore from Thanatia as the sum of energies for handling and concentration process es.
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comminution process of about 100 mm.

The hydrocyclone over ow reported to the  otation circuit. The

rst stage consisted of conjunction of rougher and scavenger cells.

Taking into account that Thanatia represents a complex ore, a
regrinding stage was also considered. A high-intensity grinding mill
(HIG) was selected for this task with a control for the output par-
ticle size of 34 mm. Concentrates from the rougher and scavenger
cells were assumed as the feed into the HIG mill. The output of the
HIG mill reported to the second arrangement of cleaner and scav-
enger cells. Tailings from the scavenger of the rst and second
concentration stages were conducted to the  nal tailings thickener.
To achieve the required concentration of copper, the over  ow of the
latter stage was the input in a pack of  otation tanks, re-cleaner 2.

For the otation process, fast kinetics constants (kf) were set up

for chalcopyrite, the main copper carrier, in the range of 1 e2.5.

These values were in accordance with those reported by Dua et al.
[69] and Fuerstenau et al. [ 47]. The volume and number of cells for
the otation tanks were established upon usual values of cells per
bank on manufactures data published by Weiss [ 45], and Wills and
Finch [44]. With these considerations, the model was set up for the
comminution and  otation processes. In the layout, the arrange-
ments between otation cells and recirculation circuits were made
to achieve the target of 0.5% copper.

¢ energy per ton of copper from common rock (Thanatia). Dashed lines indicate the steps developed with

5. Results and analysis

In this section results from the simulation, campaign are shown.
The validation of results is determined through a comparison of
critical parameters of the comminution and concentration pro-
cesses with those found in the literature. Finally, based on the
methodology previously described, the calculation of the speci ¢
energy is presented.

5.1. Simulation results

From the model developed, direct results were particle size for
feed and output of the crushers and mills in the comminution
process, Table 2. The reduction ratio (Rr) is determined by dividing
F80 to P80 for every mill, and the total reduction ratio is the product
of every mill as indicated in Ref. [ 63]. In this case, the total reduc-
tion ratio is 480.

For the otation process, direct results were retention time and
power consumption, Table 3. The result of the otation process was
a product with a mass ow rate of 19.81t/h with a copper con-
centration of 0.5%. During the concentration process of copper from
Thanatia, its recovery was 87%. Along with copper other elements
were recovered, their recovery rates are shown in  Fig. 6.
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Table 2
Feed and product size and reduction ratio for the comminution process.

Stage Equipment F80 (mMm) P80 (mm) Reduction ratio (Rr)
Crushing Primary crusher 264032 175000 2
Secondary crusher 219797 45000 5
Grinding SAG mill 16145 5000 3
Ball mill 1204 145 8
Re-grinding HIG mill 84 34 2
Table 3
Retention time and power draw for the otation process.
Stage Retention time (min) Power (kW)
Rougher 7 960
Scavenger 5 660
Cleaner 29 1540
Scavenger 37 1540
Re-cleaner 1 13 450
Scavenger 15 450
Re-cleaner 2 16 264

Fig. 6. Recovery of elements from the concentration of copper from Thanatia.

5.2. Validation of the model

The validation of the model consisted in the comparison of the
results obtained from the model for the comminution and con-
centration processes with values reported in the literature. For the
comminution, a parameter to consider was the particle size. As
previously mentioned, common particle size is below 100 mm. From
the simulation, the value obtained from comminution (crushing
and grinding) was 145 nm (Table 2). To reduce further the particle
size, aregrinding stage was included in the model, identi  ed by HIG
mill in Fig. 7. The particle size after regrinding was 34 nm (Table 2).

Another parameter for validation was the retention time in

otation (see Fig. 6). In [44, Ch. 10] retention time for the roughing
circuit was in the range of 13 e 16 min. In comparison with those of
the model, for Rougher 1 and 2 were in this range. However, the
retention time of Rougher and Cleaner were shorter and larger,
respectively. Therefore, it is expected to have a lower concentration
of copper in the rst rougher, considering that Thanatia was a
complex ore. That is why a shorter time was obtained in Rougher. In
the case of the Cleaner, recirculation produced an increment in
retention time. Recirculation circuits were necessary to achieve the

nal concentrate with 0.5% Cu. A key parameter for the validation of

the model was nal recovery. Haque et al. [ 54] modeled pyro and
hydrometallurgical low-grade copper deposits. In that publication,
the recovery of copper was assumed to have a yield between 86%
and 89%. The recovery obtained from the simulation campaign in
this paper was 87%, which was in the range of the expected
recoveries.

Even though Thanatia is a mixture of primary minerals in the
Earth's crust with low concentration, the results from the model
developed in HSC Sim 9 software [ 26] under the assumptions
described in Model set-up, were logical and reliable as shown
above.

5.3. Specic energy for copper concentration

With the considerations for the model set-up previously
explained in Section 2.2, the power demand for the otation plant
was estimated, Table 4.

As can be appreciated in Table 4, most of the power demand in
the concentration process was due to the comminution process (c.a.
97%). Within this process, the grinding circuit was the largest
consumer. This agrees with an investigation by Abadias etal.[ 68]in
which from an exergy point-of-view, the comminution process had
the highest energy consumption for the production of copper.

By following the methodology previously explained, the speci c
energy for the concentration process was calculated, Table 5.

The energy required for the concentration of copper from Tha-
natia can be assessed per ton of ore, as was done by Valero and
colleagues and reported in Ref. [ 21], or per metal concentrate. The

rst is useful for comparison purposes with previously obtained
ERC values, while the latter is the way commonly found in the
literature [ 55,70]. The speci c energy was equivalent to 151 MJ/t of
ore. This gure was more than twice the average value of electricity
consumption at a concentration copper plant in Chile for 2015
(80.8 MJ/t ore) as reported in Ref. [ 71]. If the speci c energy is
expressed by a ton of metal concentrate, this value was 34278 MJ/t.
This represents one order of magnitude greater than the speci ¢
energy required in current copper-concentration processes re-
ported by Norgate and Haque [ 54] and almost twice the value re-
ported by Rankin in Ref. [ 70].

In order to compare our value with the corresponding one re-
ported by Valero, it is necessary to consider the  ow rate of 4500 t/
h and the copper concentration of 0.003%. With the methodology in
Section 2.1, the speci c energy for the concentration of copper from
Thanatia was computed. For the ore-handling stage, a value of 1.2 L
of diesel per ton of rock was considered for the speci ¢ fuel con-
sumption. This was a gure reported by Calvo at al [ 15]. as an
average value for the energy consumption in the Chuquicamata
open-pit mine. The speci ¢ energy for the concentration of copper
from Thanatia is shown in Table 6.

For the current work, the ore-handling phase accounted for 24%
of the total speci ¢ energy in the concentration process of copper.
This agrees with  gures reported by Norgate and Haque [ 55].

The result of speci ¢ energy in Table 6 was obtained under the
assumptions made in the Model set-up. The second stage for the re-
cleaner in the layout should be thought for the requirement to
concentrate copper from very-low copper ore (Thanatia). The
regrinding circuit in the layout should be interpreted as the need to
reduce the particle size to get metal from the complex ore (Tha-
natia). This agrees with the study by Norgate and Haque [ 55] that
illustrated that the most energy-intensive stage when decreasing
ore-grades in copper was mineral processing.

5.4. Sensitivity analysis

Due to the complexity of Thanatia to determine which particle
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Fig. 7. Speci c energy for the concentration of chalcopyrite from Thanatia by changing the total reduction ratio (Rr) and Bond's work index (W i)

Table 4
Power draw for comminution and concentration processes.

Stage Power Demand Power Demand
(MW) (%)

Crushing 3.8 2.0

Grinding 174.9 92.7

Re-grinding 4.1 2.2

Concentration 5.9 3.1

TOTAL 188.6 100

Table 5

Speci c energy to concentrate copper from Thanatia based on the power demand of
189 MW.

Cu concentration  Flow Speci ¢ Speci ¢
(wt-%) rate (th)  Energy (kWh/t) Energy (MJ/t)
Feed Ore 0.003 4500 42 151
Conc. metal 0.5 19.8 9522 134278

size will be optimum to recover as much chalcopyrite as possible, a
sensitivity analysis was to be performed. In the analysis, two pa-
rameters were considered as independent variables to estimate the
speci ¢ energy. The rst parameter represented the possible
hardness of Thanatia during the comminution process. For this, it

Table 6
Speci c energy for the concentration of copper from Thanatia in GJ
per ton of element.

Phase Speci ¢ Energy
(GJlt)

Ore handling 1546

Concentration 5030

TOTAL 6576

was deemed that Bond's work index (W ;) varies in the range
written in Section 4.1. In that sense, it was assumed that the values
of Wi were: 4, 9, 20 and 30 kWh/t. The other parameter that is key
in the estimation of the speci ¢ energy is the total reduction ratio
(Rr). Values of reduction ratios for the sensitivity analysis for the
current study are shown in Table 7.

By considering the variation in reduction ratios (Rr) and Bond
work index (W ), Fig. 7shows the speci c energy for the concen-
tration of chalcopyrite from Thanatia.

In order to have a scheme of comparison with the current en-
ergy required for copper concentration processes, the average en-
ergy intensity for the Chuquicamata mine for 2000 to 2013
published by Calvo et al. [ 15] was converted into GJ per ton of
copper (Table 8).

The lowest value of the speci c¢ energy calculated from the
simulation is one order of magnitude higher than the previously
obtained ERC for copper. To put this huge amount of energy into
perspective, it represents about 74 times more the energy usage at
the Chuquicamata mine.

In Fig. 7 it can be seen that the speci c energy for the

Table 7
The total reduction ratio of the mills for the sensitivity analysis.

Scenario Total reduction
ratio (Rr)
1st 480
2nd 626
3rd 766
4th 953
5th 1260
6th 1758
7th 2667
8th 4081
9th 6247
10th 11637
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Table 8
Comparison of the speci ¢ energy of the current work with other reported values in
GJ per ton of element.

Speci ¢ Energy Source
(GJI/t-Cu)
Based on HSC-model 3100 - 30890 Current work
ERC copper 292 [23]
Chuquicamata 42 [15]

concentration of copper from Thanatia depends upon the reduction
ratios (Rr) and the Bond work index (W ;). If the same work index
used by Valero and Valero [ 30] is considered, W ¥214 kWh/t, and
assuming that Rr %480 (P80 %34 nm), then the speci c energy
obtained is 6576 GJ/t-Cu (Table 6). This value can be considered as
the “New ERC for copper from HSC". Here, it is important to stress
that the previous and the new ERC values are different because of
the calculation methods used. The previous ERC was approximated
by extrapolating existing mining data assuming that the speci c
energy would follow a given exponential behavior with ore grade
decline. By way of contrast, the new ERC for copper has been more
accurately estimated using a mineral-processing perspective with a
specialized software HSC [26].

6. Conclusions

While the use of metals has become more important in modern
society, their consumption has increased drastically. This has pro-
duced that rich mineral deposits have been already exploited and
the decline of ore grade is becoming a serious issue. The assessment
of mineral resources is thus playing a more important role for
economic, environmental and societal reasons. One way to assess
mineral resources is by estimating the natural bonus for having
minerals concentrated in mines. In this study, we undertook the
calculation of speci ¢ energy required for the concentration of
copper at an average ore grade from common rocks. For that pur-
pose, the chemical composition of Thanatia was considered as the
common rock. The research was done through the development of
a computational model with HSC Chemistry 9 and HSC Sim 9
software. For this endeavor, the simulation campaign was per-
formed with data from the literature, and no experimental test-
works were done. The layout was established upon an extensive
literature review of different copper concentration facilities and
experience of the research group. The outcomes of the model were
in the range of parameters published by other authors; hence the
results of the model were considered logical and reliable.

The speci ¢ energy for the concentration of copper from Tha-
natia is a function of the hardness of the ore, represented by the
Bond Index (Wi) and the reduction ratio of the process (Rr). By
assuming Wi %14 kWh/t and Rr Y4480 (P80 %234 nm), the “new
ERC from HSC value obtained was 6576 GJ/t-Cu. This is one order of
magnitude greater than the previous ERC value reported by Valero
and colleagues. This difference obeys to the method of calculation.
While the previous ERC was calculated by extrapolating existing
mining data assuming that the speci ¢ energy would follow a given
exponential behavior with ore grade decline, the new one results
from a robust analysis from a mineral-processing perspective with
a specialized software HSC. The main advantage of using HSC is that
each process for the concentration of copper was modeled based on
state-of-the-art technology.

An important conclusion of the study is that if humankind were
to reconcentrate dispersed minerals throughout the crust back
again into their initial concentrations found in the mines, the en-
ergy would be even higher as thought. This also helps to learn about
the importance of the mineral heritage of nations, currently being

exploited and sold without considering the vast energy efforts that
future generations will need to invest when ore grades decline. For
the case of copper, mining countries especially located in South
America should reconsider the signi  cance they already have in the
global commodity market.

Another key message of this study is the relevance of increasing
the recycling rate of metals because, in energy terms, secondary
production is or soon will become more competitive than primary
production as ore grades decline.

The methodology and results of the current study may be
considered as an update of the exergy replacement cost (ERC) for
copper and will be used for other metals in the future. In a forth-
coming paper, the authors will analyze the effect of ore-grade
decline on the energy for processing, using a similar procedure.
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gold found in common rocks. Thanatia’s composition is used as gold-ore for this research. Also, by
assuming that the ore will be placed in different locations, we estimate some environmental impacts
with GaBi software, version 8.7.0.18 and database 8007 [24]. The purpose of this work is to add more
information to look for more sustainable mechanisms for the production of metals. Furthermore, we
would like to encourage a more in-depth analysis of the production processes of metals for a proper
evaluation of the environmental impacts.

2. Thanatia

Valero at CIRCE proposed Thanatia as a state to estimate the “free bonus” given by Mother Nature
to have minerals concentrated in deposits [1,25]. Thanatia, which comes from the Greek “thénatos”
means death, represents an ideal state in which minerals are entirely dispersed into the Earth’s crust.
Thanatia is made up of 324 species, 292 minerals and 32 diadochic elements [1,26]. A complete
description of the substances in Thanatia can be found in [1]. The composition of Thanatia will be
used for the production of gold in our model. Gold in Thanatia is found mostly in nativl.21E-07 wt-
%) and tellurides, such as calaverite (2.46E-08 wt-%) and sylvanite ( 3.12E-08 wt-%) [1].

3. Organization of paper

The routes for metal production depends upon the type of ore. Therefore, according to the
composition of Thanatia, an extensive literature review was necessary. Generally, gold can be
obtained as it is found as native from or tellurides [1]. For both types, the comminution process is
essential. In this process, the ore is reduced in size through crushers and mill until an appropriate size
in which the metal contained in the ore can be liberated [27,28]. The specific energy in comminution
can be calculated by applying is Bond's equation [27,29] Equation (1):

1 1

where W is the specific energy consumption of the mill (kWh/t), Wi is the work index measured in a
laboratory mill (kWh/t), P80 and F80 are 80% the product and feed passing sizes (um), respectively.
EFx in the product of the Rowland efficiency factors which depend on the mill, size, type of grinding
circuit, etc. [27,29-32]. The theoretical power draw by the mill (kW) is determined by W x T, where
T is the throughput tonnage (t/h) [27]. A typical particle size after the comminution process is usually
below 75 um [33-35].

Fundamentals of gold production have been reviewed by Marsden and House [33], Yannopoulos [36].
The appropriate route for gold processing of the native gold, because of its high density, is through
gravity concentration. Therefore, studies by Carrasco [37], and Valdivieso et al. [38] were analyzed.
For the extraction of gold from the tellurides entails processes of flotation and pyrometallurgical
treatment (roasting). On this regard, literature by Elis and Deschénes [39], Zhang et al. [40], and
flowsheets of telluride processing plants, such as Emperor mines in Fiji [33] were examined. The
recovery of gold from native and tellurides was made with solvent extraction trough cyanide leaching
with a conventional process of carbon in pulp (CIP). Then, electrowinning was considered for the
recovery of gold from the leaching solution. Studies conducted by Sen [41], Muir et al. [42], Beyuo
and Abaka-Wood [43], Brandon et al. [44] and Adams [45] were revised.

4. Set-up of the model

The computational model in HSC Chemistry-version 9.7.1 software [23] was developed based on the
study of different flowsheets, especially for tellurides ores, and technical papers [33,38—40]. The
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experience of the research group at the Helmholtz Institute Freiberg for Resource Technology and
the Research Centre for Energy Resources and Consumption (CIRCE) was decisive on this task.
Thanatia was considered for the chemical composition of the ore from which gold is extracted. As
the starting point, it was taken its original concentration of 1.44-03 g/t Au as reported in [1]. Then,
by reducing the number of other minerals, especially quartz, an average representative value of 2.72
g/t Au was considered for the simulation.

In a recent publication by the research group, Thanatia’s composition was used to estimate
the effort made by Mother Nature to have minerals concentrated in mines. In this paper, we use a
similar layout and methodological approach. A simplified flow chart of the comminution,
concentration, and refining processes for the set-up of the model is shown in Figure 2.

Thanatia Composition
(1.44E-03 to 2.72 g/t Au)

Crushing
Grinding
Separation
]
Native gold Telli'ides
Gravimetric Regrinding
concentration l
1 Flotation
Leaching Roasting

Leaching & CIP

4

I

Electrowinnig

Gold in cathodes

Figure 2. Simplified flowchart to produce gold in cathodes by changing the ore.

Due to the considerable number of assumptions to simulate the production of gold from Thanatia,
only main ones are summarized in these papers.

For ore-handling, the consumption of fuel for transporting the open pit mine to the facility plant was
assumed 0.6 L/ton of rock as suggested in [11], where the tonnage prevails over the distance. Due to
the dispersed state of minerals in Thanatia, it was treated as a complex ore. Therefore, the input ore
in the model was assumed 6000 tons per hour. The concentration process consists of comminution
(crushing, grinding, and re-grinding), gravity concentration and flotation. The specific energy during
comminution was calculated with Equation (1). The 80% passing size of the feed (F80), and the
product (P80) for every crusher and mill were obtained directly from the HSC model. As previously
explained in Section 3, the work index has a direct influence on the specific energy. Since Thanatia
is a complex-ideal ore, and a single value for its hardness cannot be readily determined, in this work
as well as in Paper Gold 1, it was considered a range of values for the work index (Wi) from 3 to 42
kWh/t [46]. The fact that of not taking into account a single value for Wi constitutes a difference with
Valeros approach [1,47] to estimate the specific energy.

Because of the high density of gold, only gravity concentration is necessary for the native gold stream
[27,37,38]. Manufacture’s data about gravity concentrators were reviewed [48] about the
consumption of energy. In case of the gold associated with the tellurides, a re-grinding is required to
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liberate as much as gold as possible from tellurides. Then, flotation consists of circuits of roughers,
scavengers and a cleaner which assure that gold is concentrated enough before roasting. The latter is
a pyrometallurgical process in which gold contained by tellurides is liberated. In a publication about
the estimation of some environmental impacts of gold production, Norgate and Haque [20] reported
some figures for the specific consumption of energy. From this paper [20], it was assumed
consumption of natural gas was 0.35 GJ/t Au for roasting, 1.4kWh/t ore during leaching and 3100
kWh/t Au for electrowinning. The specific energy per ton of gold was estimated through the flow rate
in the model and the respective ore grade.

5. Results and analysis

Based on the assumption explained in the previous section, the model was appropriately set-up, and
the simulation campaign was performed. As an example of the simulation, in Figure 3 is seen the
crushing and grinding circuits in the comminution process with 2.72 g/t Au as ore grade.

[ 3]

-
- From Thanatia to Gold (Au)
n

Comminution

Figure 3. Screen capture of the simulation for the comminution process in HSC software.

As an example, results of the simulation and further data processing to obtain the specific energy to
produce gold from the composition of Thanatia with 2.72 g/t-Au for ore grade, a representative work
index (Wi) of 15 kWh/t and assuming an 80% passing (P80) size at the end of comminution is shown
in Table 1.

Table 1. Results for Wi=15 kWh/t and P80 final size of 75 um for an ore grade of 2.72 g/t-Au.

Process Specific Energy (GJ/t-Au)
Ore-handling 8.53E-03
Concentration 2.39E+04

Roasting 3.50E-01

Leaching 7.68E+03
Cyanidation 1.85E+03
Electrowinning  9.57E+03
TOTAL 4.20E+04

As seen in the previous table (Table 1), 57% of the total energy to produce gold from Thanatia
corresponds to the concentration process (comminution, gravity conc., and flotation). To examine the
energy consumption of these processes, the power draw and specific energy are shown in Table 2.
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Table 2. Power draw and specific energy for comminution, gravity concentration and flotation for
Wi=15 kWh/t and P80 final size of 75 um for an ore grade of 2.72 g/t-Au.

Stage Power Demand (MW)  Specifc Energy (kWh/t-ore)
Comminution 102 17.0

Gravity concentration 4 0.7

Flotation 2 0.4

TOTAL 108 18.0

In the table above (Table 2) more than 90% of the energy is consumed by the comminution process
(crushing and grinding). Therefore as a way to validate the result from the model in HSC and more
calculation, the specific energy during this process is compared with values reported in the literature.
Chapman and Roberts [49] and Ballantyne et al. [50] in their researches published some
representative figures for the specific energy in the comminution process in general and processing
of gold, respectively. By doing the appropriate conversion of 17.0 kWh/t into the same units as
reported by Chapman and Roberts [49] (61 MJ/t) and Ballantyne et al. [50] (194 kWh/oz-Au), it is in
the same range of magnitude with the figures reported by the authors. Therefore, we take the results
of our model are logical and valid. These will be presented and analyzed in the next sections.

5.1. Specific energy

In Figure 4 is shown the specific energy for the production of gold from Thanatia as a complex ore.
In the figure, the arrow indicates the direction in which time increases. The next processes were
considered: ore-handling, concentration (comminution and gravity conc.), roasting, leaching,
cyanidation, and electrowinning. Figure 4 has been plotted by changing the ore grade (from 1.44-03
g/t Auto 2.72 g/t Au) and by a range of the work indexes and different final particle size (P80).

1.0E+08
=)
<
ﬁ 1.0E+07
S
>
2
7]
c
w
g 1.0E+06
(%)
©
Q
w Wi=42, PBO=10um
Wi=42, PBO=T5um
1.0E+05 '
Wi=5, P80=10um
Wi=5, P80=TSum
Yy
I : T X 7 A 2 T ¥ 1
0.00 0.25 2:25 2.50 275

Ore Grade (g-Ault)

time increment

Figure 4. Specific energy for the production of gold with Thanatia’s composition by changing the
ore grade, work index (Wi) and final size in comminution (P80).
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As it was expected, the higher values of the specific energy are higher when the work index (Wi) and
the final size (P80) increase. An exponential growth exits, the specific energy consumption increases
when the ore-grade of the deposit decreases. Also, when the particle size decreases, the specific
energy for processing increases. That is why the band of specific energy is wider for P80 of 10 pm
rather than 75 pm, and the former overlaps the latter.

The model in HSC allows the use of a complex composition of minerals in low concentration, as they
exist in Thanatia and it was possible to incorporate changes in ore grade. That is why our model in
HSC is a more robust way to determine what was previously done by mathematical procedure done
by Rankin [21] and with SimaPro by Norgate and Haque [20].

5.2. Some environmental impacts

The life cycle assessment (LCA) is a methodology to evaluate the effects on the environment of a
product by measuring the impacts of the corresponding fabrication process [51]. LCA’s principles
have been applied to assess the environmental effects of the production of gold for a general location
by Norgate and Haque [20] and China by Chen et al. [52]. None of these studies have gone deeper in
the variables that intervene directly on the production process, for instance, the effect of the final size
in comminution. In this work, through the direct export-import link between HSC and GaBi, we will
evaluate the environmental impacts of the production of gold from ore with Thanatia composition.

The assessment of impacts is mainly associated with electricity during comminution because it
accounts for the highest energy consumption during the production processes. The LCA tool in HSC
software allows doing the life cycle inventory (LCI), which is a stage before the LCA, easily by the
production process under study. The tool enables to export an Ecospold file that is ready to be
imported in GaBi. We followed this procedure, and we assumed that the ore deposit with Thanatia
composition would be placed in one representative country in five continents and we interlinked the
electricity mix of every country with the process imported from HSC. As an example, Figure 5 shows
the connection of the introduced production process from HSC with electricity mix to evaluate some
environmental impacts with GaBi.

;E‘ Gold_Thanatia <LC> [Plans] -- DB Plan
Object Edit View Help
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—
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Figure 5. Screen capture of GaBi to assess some environmental impacts of the production process
imported from HSC.

We used GaBi software, version 8.7.0.18 and database 8007 [24]. The environmental impact
categories investigated were air pollution trough global warming potential (GWP), acidification
potential (AP) and photochemical ozone creation potential (POCP) and for water pollution
eutrophication potential (EP). Figure 6 shows the previous impact categories for an ore grade of 2.72
g/t Au, work index (Wi) of 15 kWh/t and assuming an 80% passing (P80) size at the end of
comminution of 75 pm.
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Figure 6. Main environmental impact categories in different locations for 2.72 g/t Au, work index
15 kWh/t and P80 at the end of comminution of 75 pm.

The largest GWP occurs in South Africa followed by China. Then, one order of magnitude lower is
the GWP for the United States and, the European Union and finally Brazil. These differences depend
mainly on the composition of the electricity mix. According to statistics of the International Energy
Agency (IEA) in 2016, 90% and 68% of the primary electricity production came from coal in South
Africa and China, respectively. On the other hand, approximately 33% and 31% of the electricity was
produced by burning natural gas and coal in the United States. For the European Union, 23% of the
electricity was generated by coal firing power plants. Hydroelectricity meant approximately 76% of
the total electricity produced in Brazil [53]. As we can see, comminution represents the most
extensive energy consumer process in the production of gold from Thanatia. Thus the composition of
the electricity mix will have a direct influence on the number of pollutants released to the
environment.

6. Conclusions

The high consumption of metals in the last years has caused that rich metal deposits have been already
exploited. At the edge, when no more attractive deposits would exit, metals would be produced from
common rocks. In this work, we undertook the effect of the decline of ore grade on the production of
gold. For this endeavor, we developed a computational model in HSC Chemistry, which is specialized
software for mineral processing and chemical reactions for the production of metals. Then, with the
model, a gradual decrease in the concentration of free-gold and other gold-bearing minerals, trends
of the specific energy were studied. The ore grades varied from an average representative value of
2.72 g/t Au to the concentration that gold would have in common rocks. Thanatia, an ideal state of
mineral dispersion was taken as the common rock from which will be produced. The concentration
of gold in Thanatia is three orders of magnitude lower than the current values, 1.44-03 g/t Au.

The results of the model show that comminution is the highest energy consuming process. The
specific energy was compared to the respective ones reported in the literature, and they are in the
same range of values; hence the results of the model are rational and reliable. Our model confirmed
the trend of exponential growth on the specific energy consumption because of the decline of the
grade studied by mathematical equations and LCA analyses until now. The advantage of having a
model in HSC will allow the assessment of ores with different mineral compositions and ore grades

in gold mines. On contrast to LCA analyses, which consider the metal production process like a
“black box.”

On the contrary, the model in HSC, the effect of a variable on the overall production process and its
impact on the environment can be better estimated. The model can be used to forecast the impact of
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the ore grade decline in mines. Also, pathways to reduce energy consumption towards sustainable
production of metals can also be studied with the interlinked connection between HSC and GaBi
software.

While the consumption of metals is expected to increase in the coming years, tools like HSC along
with other existing ones can be used in the search for more sustainable routes for metal production.
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