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A B S T R A C T

The development of cyanide-free gold leaching methods is becoming increasingly important due to the treatment
of complex ores, where treatment by cyanidation is not economically viable. Cupric chloride leaching provides
an alternative leaching process to replace cyanidation. A detailed simulation of refractory gold concentrate
processing by cupric chloride leaching is presented in this study. The simulation with mass and energy balances
was built to be used as life cycle inventory data to evaluate the environmental impacts of the development stage
cupric chloride process. Three cases, the Base Case (125 g/L Cl-), Mild Case (50 g/L Cl-), and Extremely Mild Case
(20 g/L Cl-), were investigated in two flowsheet options. Loss of gold to wash waters was observed in the
Flowsheet 1 cases, and therefore Flowsheet 2, with the recirculation of wash water to solvent extraction, was
developed and investigated in order to achieve higher gold recovery. The gold extraction improved from around
85% to 99%. Chemical consumption (NaCl, NaBr, CuCl2) was greatly affected by the leaching conditions, higher
concentrations consuming more initial chemicals. In milder conditions, efficient recycling of chlorides could be
obtained in the process, and no addition of NaCl was required. In the Extremely Mild Case, the chloride con-
centration was close to sea water conditions (20 g/L), where sea water could be used to provide chlorides for the
process, and the effluent waters could be disposed of in the sea after purification. The global warming potential
was estimated to be 12.5 t CO2-e/kg Au in chloride leaching and was further decreased to 10.6 t CO2-e/kg Au in
the mildest conditions (20 g/L Cl-). The milder chloride leaching conditions (20 g/L Cl- and 50 g/L Cl-) were
shown to decrease the acidification potential, eutrophication potential, and water depletion.

1. Introduction

Cyanidation has dominated the gold industry due to its economic
feasibility and technical simplicity as an easy to control process.
However, primary gold production is utilizing more and more re-
fractory ores, where gold is “locked” in a mineral matrix, usually as-
sociated with sulfide minerals (La Brooy et al., 1994; Zhou and Gu,
2016). Prior to cyanidation, refractory ores require pre-treatment
methods (roasting, pressure oxidation (POX), bio-oxidation) in order to
liberate the gold for cyanide leaching. Direct cyanidation of refractory
ores is challenging and unprofitable due to low gold recoveries. In
addition, challenges in ore mineralogy such as high silver and copper
concentrations prohibit gold dissolution in cyanidation while carbo-
naceous material causes the preg-robbing phenomenon (Lunt and
Weeks, 2016; Miller et al., 2016). These issues, more complex ores to-
gether with environmental concerns about cyanide, have led to a search
for an alternative cyanide-free leaching method. The most commonly

investigated cyanide-free gold leaching options include halide, thio-
sulfate, and thiourea based lixiviants (Aylmore and Muir, 2001; Tran
et al., 2001; Hilson and Monhemius, 2006; Aylmore, 2016). In recent
decades, methods utilizing glycine (Oraby and Eksteen, 2014; Oraby
and Eksteen, 2015) and ionic liquids (Whitehead et al., 2004, 2007,
2009) have emerged as interesting avenues of research.

Of these alternatives, halide systems were used in gold leaching
even before cyanidation. The possibility of gold forming complexes
with halides has been known since the 1800s (Rose, 1898). Within
halide processes, one suggested option is cupric chloride leaching.
Cupric chloride leaching has been mainly investigated and used for
copper recovery from chalcopyrite, and gold has been recovered as a
by-product (Haavanlammi et al., 2010). However, this system has also
shown potential for production of gold as the main product. The gold
dissolution and electrochemistry of the cupric chloride system has been
investigated by Nicol (1976), McDonald et al. (1987), and Lampinen
et al. (2017). Cupric chloride leaching has also proven to be efficient for
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secondary raw materials (Yazici and Deveci, 2015) and low grade
materials, such as flotation tailings (Altinkaya et al., 2018). Refractory
ore types can be treated with POX prior to cupric chloride leaching, but
simultaneous oxidation of sulfide minerals and liberation of gold during
leaching is also a possibility at high chloride and cupric concentrations.
The behavior of chalcopyrite and pyrite dissolution in the process has
been investigated by Lundström et al. (2005, 2016) and Elomaa et al.
(2018). In addition to the leaching step, many different recovery pro-
cesses, such as solvent extraction and electro-deposition redox re-
placement have been investigated for cupric chloride solutions (Paatero
and Haapalainen, 2015; Haapalainen and Miettinen, 2016; Korolev
et al., 2018, Korolev et al., 2020). The preg-robbing phenomenon oc-
curs not only in cyanidation but has also been investigated in cupric
chloride solutions (Ahtiainen and Lundström, 2016; Ahtiainen et al.,
2018).

In the light of recent developments in the field, it can be stated that
cupric chloride leaching shows potential to be an effective hydro-
metallurgical process for the gold industry. When building up an in-
dustrial scale process, the need to assess the possible environmental
impacts even before commercialization becomes essential and should
be conducted at the availability of prefeasibility data (Pell et al., 2019).
Environmental considerations have been included as an important and
mandatory step within production life cycle of metals from exploitation
of mineral resources to process selection and development (Marsden
and House, 2006). Researchers from geoscientists to metallurgists can
have impact on responsible sourcing of metals during the supply chain
as discussed by Wall et al. (2017). The aspects needed to be taken into
account in process selection are the environmental impacts that unit
processes have for example on water and air quality, land degradation,
flora and fauna, and sustainable and social development. Particularly,
in metallurgical processing the aspects influencing on the environ-
mental performance are the type and amount of solid, liquid, and
gaseous wastes produced, short- and long-term stability of waste pro-
ducts, degree of alteration of minerals and metals by the process, pro-
cess water balance, discharge requirement, and methods for waste
disposal and treatment as well as the indirect emissions via production
of utilities used in the process (Marsden and House, 2006). The pub-
lished data on experimental scale (Lampinen et al., 2017; Seisko et al.,
2019; Ahtiainen et al., 2018; Haapalainen, 2018) enables the con-
struction of simulation models of a future gold leaching plant utilizing
cupric chloride as the leaching method and creating indicative in-
formation on the mass balance and environmental impacts.

This study aims to investigate the full process performance of the
cupric chloride leaching process and the environmental indicators by
means of a simulation based life cycle assessment (LCA). The simulation
and the consequent environmental indicators can be modified to re-
present specific ores or plant configurations. The novelty of this study is
that the cupric chloride leaching of gold is investigated as a full process
concept.

Previous research has focused on investigating the unit processes
separately, i.e., leaching, recovery, and the electrochemical behavior of
gold and different minerals in cupric chloride systems. In this study the
cupric chloride leaching of gold was simulated using the HSC-Sim
process simulation module. The environmental indicators are uniquely
based on the mass balance created with HSC-Sim (Outotec, 2018) and
transferred to GaBi LCA software (thinkstep, 2019) in order to create
process specific estimations of the indicators. This methodology has
been presented by Reuter (1998, 2015). This combination of software
has been used previously for the evaluation of copper processing
(Ghodrat et al., 2017; Llamas et al., 2019) and minerals processing
(Kotiranta et al., 2015), but not yet the hydrometallurgical processing
of gold with cupric chloride. Today, cyanidation is the state-of-the-art
process used in the gold industry. There is currently only one cyanide-
free process operating on industrial scale in the world (Dai et al., 2013).
Cyanide-free processes should offer at least a similar level of me-
tallurgical performance and improved environmental operation in

order to compete with cyanidation. LCA is a standardized methodology
that can be used to investigate the environmental impacts of processes,
products, and systems. Simulation based LCA enables the investigation
of process performance and impacts, which can be compared to simi-
larly produced data on other gold processes (Elomaa et al., 2019,
Elomaa, 2020). The synergistic advantage of process simulation and
LCA helps to generate more detailed life cycle inventories (LCI) and
open the “black-box” of metallurgical processes (Segura-Salazar et al.,
2019) in comparison with the database values of metallurgical pro-
cesses.

In this study, an alternative cyanide-free process for gold produc-
tion, cupric chloride leaching, was investigated by simulation based
LCA. Two flowsheet options were simulated and investigated for three
different leaching conditions. The simulation mass balance was used as
the LCI data for the consequent LCA assessment and exported to GaBi
software. Environmental impact categories are used to classify the im-
pacts of processes and products. The categories are given a numerical
value, indicator, which is usually an equivalent of many emissions
contributing to same impact category. In this study, global warming
potential (GWP), acidification potential (AP), terrestrial eutrophication
potential (EP), and water depletion (Water) were estimated for the
cupric chloride leaching of gold. These impact categories reflect the
relevant environmental impacts of hydrometallurgical processing, in
which significant of water is used, and acidic conditions and high
temperatures are typical, as well as the high energy consumption in
large scale operation.

2. Cupric chloride process description

The mechanism and kinetics of gold leaching by cupric chloride
have been investigated by Nicol (1980), Frankenthal and Siconolfi
(1982), Diaz et al. (1993), and Seisko et al. (2019). These studies have
shown that gold dissolves in aurous form at lower oxidation potentials.
In the conditions examined in this study, the literature suggests (Seisko
et al., 2019, Seisko, 2020) that the majority of gold dissolves as AuCl2-.
This reaction is reported by McDonald et al. (1987) as presented in Eq.
(1):

+ + ++ +Au Cu 2Cl AuCl Cu0 2
2 (1)

Eq. (2) presents the general dissolution reaction for sulfide minerals,
suggested by Lundström et al. (2005).

+ + + ++ +MeS 2[CuCl] 2Cl Me 2[CuCl ] xSx
2

2
0 (2)

Pyrite oxidation has been studied in cupric chloride solutions and
pyrite dissolution has shown enhanced results at higher cupric ion
concentrations and temperatures. It has been suggested that the dis-
solution of pyrite follows Eq. (3) (Elomaa et al., 2018).

+ + + ++ +FeS 3[CuCl] 8Cl FeCl (aq) 3[CuCl ] 2S2 2 3
2 0 (3)

The cupric and chloride ions are present in highly concentrated
chloride solutions as different complexes (Lundström et al., 2009). Gold
dissolution is reported to proceed rapidly; however the dissolution rates
of pyrite and arsenopyrite are slower (Miettinen et al., 2013).

The flowsheet simulated in this study consists of leaching, recovery
of gold by solvent extraction (SX), and neutralization processes.
Miettinen et al. (2016) describe an evaporation process to recover
chemicals for re-use in leaching. The leaching is performed in a cupric
chloride solution at atmospheric pressure at temperatures close to
100 °C. Oxygen is supplied to the system to regenerate the oxidant and
oxidize cuprous ions to cupric, which provides the oxidative power to
the system. It is possible that in these conditions arsenopyrite is oxi-
dized, pyrite is oxidized to some degree, and further gold is leached.
The leaching residue is washed and solids are discharged to landfill
while the washing solutions are subjected to neutralization to produce
pure and acid-free solutions. The gold is recovered in an SX process,
where 2,2,4,-trialky-1,3,-pentanediol or 2-ethylhexanol are used as the
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organic extraction solution (Paatero and Haapalainen, 2015;
Haapalainen, 2018). The gold is stripped from the organic solution to a
weak NaCl solution, from which it is reduced to metallic gold using
sodium bisulfite (SMBS), Na2S2O5. The usage of SMBS leads to the HCl
reagent scrubbing procedure becoming unnecessary (Haapalainen,
2018). The gold is filtered out and the solutions are routed to effluent
treatment, where a hydroxide residue is produced and the required
solution bleed conducted. The depleted gold solution is split between
the neutralization process and the evaporation process that recovers the
chloride solution. The neutralization solids are also washed, producing
an atacamite-rich precipitate.

3. Material and methods

An LCA is conducted in order to evaluate the environmental impact
of a product, process, or activity during its lifetime from raw material to
end-of-life. LCA is standardized in ISO 14040 (2006) and ISO 14044
(2006) and has been increasingly adapted to evaluate the environ-
mental impacts and sustainability of metallurgical processes (Norgate
et al., 2007; Norgate and Jahanshahi, 2011). However, there are only a
few studies related to gold processes (Norgate and Haque, 2012;
Elomaa et al., 2019; Elomaa, 2020). The current study utilizes a method
combining HSC-Sim and GaBi software that has proven suitable for
estimating the environmental indicators of metallurgical processes
(Kotiranta et al., 2015; Reuter et al., 2015; Ghodrat et al., 2017; Llamas
et al., 2019; Elomaa et al., 2019). However, it has not hitherto been
adapted for the cupric chloride leaching of gold.

3.1. LCA assumptions

The HSC simulation produces a consistent mass balance of the
process to be used as the LCI (Llamas et al., 2019). The unit processes
that consume the most electricity are taken into account in evaluating
the electricity consumption based on the mass balance and required
equipment. The data is exported from HSC-Sim to the LCA software
GaBi, where the environmental indicators of global warming potential
(GWP), acidification potential (AP), terrestrial eutrophication potential
(EP), water depletion (Water), and resource depletion are estimated.
These impact categories were selected based on the nature of the
emissions originating from hydrometallurgical processes. Due to the
chemical reactions of the concentrate oxidation process that produce
hazardous gases (CO2) and the acidic lixiviant utilized in leaching, as
well as the fact that hydrometallurgical processing requires a significant
amount of water, the indicators GWP, AP, EP, and Water were selected
for estimation. Both the POX and leaching processes are referenced to
Finnish or European data in the GaBi database.

3.2. Functional unit

The functional unit of this study is 1 kg of produced gold, which is
reduced in the process and separated by filtering.

3.3. System boundary

This study uses a gate-to-gate approach in both processes, see Fig. 1.
The processes involve raw material and energy consumption, direct air,
water, and soil emissions during gold production, and waste disposal
including on-site treatment of wastewater, landfill, and leachates. The
system boundaries include the POX and leaching unit processes; from
the point when the concentrate enters the POX process after flotation,
to the point where the materials leave the process as product, emis-
sions, or by-products. The results of this study are indicative, as the
scales, conditions, technologies, and operation of the modelled pro-
cesses are based on literature information, not on existing industrial
processes. However, the simulation models can be modified for specific
operations for more detailed evaluation of specific gold plants. The

detailed description of the POX process is presented in an earlier pub-
lication (Elomaa et al., 2019). The LCI data for the POX process is
presented in Supplementary Material Table S1.

3.4. Gold material used in simulation

A refractory gold ore originating from a Finnish gold deposit was
chosen as the input material for the simulation. The adjusted miner-
alogy is presented in Table 1; the analysis results are taken from
Jaatinen (2011). The feed input was calculated to correspond to an
annual production of 10,000 kg Au, with a minimum gold recovery of
80%. Prior to subjecting the simulated material to cupric chloride
leaching in the model, the material is pressure oxidized, which is si-
mulated and presented in an earlier publication (Elomaa et al., 2019).

3.5. Cupric chloride leaching simulation flowsheet

3.5.1. Assumptions in simulation
Typically, aggressive leaching conditions (Table 2, parameter values

at the higher end) may dissolve sulfide minerals such as pyrite and
arsenopyrite directly whereas milder leaching conditions (Table 2, va-
lues at the lower end of the parameter scale) do not. Even though cupric
chloride leaching has been presented as being capable of the simulta-
neous oxidation of process-hindering minerals and leaching of gold
(Miettinen et al., 2016), the simulation in this study included a POX
step for the concentrate to oxidize pyrite and arsenopyrite. This deci-
sion was made since it is the state-of-the-art processing route for re-
fractory ores and thus the feed into the leaching step is comparable to
the feed subjected to cyanidation.

Due to the lack of necessary organic substances in the HSC database
and uncertainty regarding the SX chemistry of gold, the SX was simu-
lated as a black box by distributing the material flows according to
solution compositions reported in the literature. Thus, the amount of
organic extractant used was not estimated in this simulation.

It must be emphasized that this study utilized the theoretical gold
recoveries and process arrangements described and reported in the
cited literature. Consequently, only indicative results for the process
can be obtained from the simulations. Experimental work–in batch and
continuous operation–is required to define the gold recoveries and the
detailed method of gold recovery, separately and specifically for each
raw material. In addition, more experimental data is required about the
leaching behavior of sulfide concentrates in cupric chloride media to
produce reliable simulations. The assumed extraction of Au in leaching
in the current study was 99.7%, and the subsequent SX is assumed to
transport 99.9% Au to reduction, of which 99.9% is reduced to metallic
gold (Haapalainen, 2018).

The scenario editor of HSC Sim module was used to vary the
leaching conditions, and to see the impact on chemical consumption
and overall Au recovery. Filters and thickeners were assumed to work
according to the wizard constants provided by HSC-Sim.

3.5.2. Investigated flowsheets (1, 2) and cases (Base, Mild, Extremely mild)
The mass and energy balances in the current study were observed

through three separate cases: Base, Mild, and Extremely Mild. The mass
balances resulting from these cases were transferred to the subsequent
LCA. In addition, other conditions were simulated, and can be found in
the supplementary material. The highest cupric ion concentration was
set at 40 g/L, corresponding to 0.62 M, which has been proven to be an
efficient concentration for gold leaching (Lampinen et al., 2017; Seisko
et al., 2019). According to the solubility of sodium chloride in water
and previous studies on gold dissolution (Lampinen et al., 2017; Seisko
et al., 2019, Seisko, 2020), the highest chloride concentration was set at
125 g/L, corresponding to 3.7 M. The conditions of the three compared
cases were as follows:

• Base Case (Cu2+ = 40 g/L, Cl- = 125 g/L, Br- = 10 g/L, p= atm,
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T= 95 °C): This solution allows for fast gold dissolution, with minor
addition of Br. The conditions also support sulfide mineral dissolu-
tion and gold is stable in the solution. These conditions have been
applied widely in development-stage studies on cupric chloride
processes (Ahtiainen and Lundström, 2016; Miettinen et al., 2016;
Elomaa et al., 2018; Seisko et al., 2019).
• Mild Case (Cu2+ = 20 g/L, Cl- = 50 g/L, Br = 0 g/L, p = atm,
T = 95 °C): This milder solution may have sufficient gold dissolu-
tion and some sulfide mineral dissolution; however, the kinetics may
be slower than in the Base Case.
• Extremely Mild Case (Cu2+ = 3 g/L, Cl- = 20 g/L, Br = 0 g/L,
p = atm, T = 95 °C): There are only a few indications (Ahtiainen
and Lundström, 2019) that these kinds of conditions, similar to sea
water, could allow gold dissolution. The chloride concentration in
these conditions is similar to chloride concentration in sea water.
Therefore, total gold recovery is likely to be lower compared to the
other cases.

Two flowsheets: Flowsheet 1 and Flowsheet 2 were simulated in order
to recover gold (Fig. 2). In Flowsheet 1 the gold is recovered from the
resulting pregnant leach solution (PLS), whereas in Flowsheet 2 the gold
that would otherwise be lost to the wash water is also recovered in the

SX unit/module.

3.5.3. Simulation parameters
Cupric chloride leaching can be conducted with a wide scale of

solution parameters. The parameters derived from the cited literature
and used in the simulations are shown in Table 2. In addition, the
control units in the simulation for the parameters are shown.

4. Results

4.1. Observations of flowsheet performance

The simulated flowsheet is presented in Fig. 2 (Base case) presenting
both Flowsheet 1 and Flowsheet 2. Flowsheet 2 represents the circulation
of wash waters to SX. The main principles and observations gathered
from the flowsheet simulation are described in the following sections.

4.1.1. Water
In order to keep a sufficient solid liquid ratio in leaching, only some

of the depleted solution was subjected to evaporation. Miettinen et al.
(2016) stated the split ratio to be 40/60 to evaporation and neu-
tralization, respectively. In this study, it was found that most of the
depleted solution must be subjected to evaporation to maintain the S/L
ratio in pre-acidulation. The concentrated solution produced is used to
adjust the cupric or chloride concentration in the leaching stage, and
some fresh water is also added. The neutralized overflow is bled out of
the process. The split ratio to evaporation changes depending on the
Case (Table 3).

Miettinen et al. (2016) have stated that, in their HSC Sim simulation
of cupric chloride leaching of 300 t/h ore feed, an accumulation of
203 t/h water was observed, which resulted that this water is required
to be bled out of the process. Hence, this same amount of water needs to
be evaporated, allowing reuse and recycling of chemicals.

After SX, the solution needs to be purified in effluent treatment as
the stripping liquid is a weak sodium chloride solution, thus the amount
of recyclable chlorides is minimal compared to the depleted solution. In
addition, the SX process is described as highly efficient and thus only a
minor amount,< 0.006%, of gold is lost in this bleed.

4.1.2. Chemical consumption
Scenario Editor was used to see the impact of different chemical

concentrations on consumption values, see Supplementary Material Fig.
S1a–d. Table 3 summarizes the selected consumption points of the Cases

Fig. 1. The system boundary of the study. The dashed line shows the unit processes simulated with the HSC-Sim module and the background flows entering the
process.

Table 1
The mineralogical composition of refractory gold ore used as feed material in
the simulation, calculated based on reported analysis of Jaatinen (2011).

Mineral Value Unit

Au 38.7 ppm
Ag 33 ppm
FeAsS 13.8 %
Cu10Fe2Sb4S13 0.34 %
C 1.95 %
FeS2 32.05 %
Fe2O3 2.27 %
NiSb 0.22 %
PbS 0.06 %
Sb2S3 0.19 %
FeO*TiO2 1.71 %
NaAlSi3O8 4.82 %
KAl2(Si3Al)O10(OH)2 15.22 %
CaCO3 7.01 %
MgCO3 5.31 %
SiO2 15.02 %

Sum 100 %
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to illustrate the difference in chemical consumption. It was found that
the consumption of chemicals (NaCl, NaBr, CuCl2) was greatly affected
by the leaching conditions and optimization of the actual process. The
literature reports quite a diverse variation in leaching conditions,
Table 2. It is clear that there is a correlation between the required
amount of CuCl2 and NaCl (see Supplementary Material, Fig. S1a-d), as
the addition of CuCl2 introduces Cl- ions and the final Cl- concentration
is adjusted by NaCl. Thus, if a sufficient amount of chlorides can be
recycled from the process and the cupric ion concentration is adjusted

with CuCl2, then in the best case scenario a balance can be reached
where no addition of NaCl is required. This is the situation at least for
the Mild and Extremely Mild Cases. In addition, in the Extremely Mild
Case the chloride concentration is close to sea water conditions, namely
20 g/L. Therefore, it could be argued that sea water could be used to
provide chlorides to the process in future, and the effluent waters could
be disposed of at sea.

Gold extraction varies depending on the leaching conditions, i.e.,
solution concentrations; however, the current calculation assumes a

Table 2
The parameters reported in the literature from which the studied cases are chosen and the unit where certain parameters are monitored in the simulation.

Unit process Parameter Value Control Unit Reference

Controlled parameters
Leaching Cu2+ conc. 1–110 g/L Pre-acidulation (Haavanlammi et al., 2010; Leppinen et al., 2010; Miettinen et al., 2016;

Ahtiainen and Lundström, 2019; Lundström et al., 2019)
Leaching Cl- conc. 10–330 g/L Pre-acidulation (Haavanlammi et al., 2010; Leppinen et al., 2010; Miettinen et al., 2016;

Ahtiainen and Lundström, 2019; Lundström et al., 2019)
Leaching Br- conc. 0–100 g/L Pre-acidulation (Haavanlammi et al., 2010; Miettinen et al., 2016; Ahtiainen and

Lundström, 2019)
Leaching HCl conc. 0.3–20 g/L Pre-acidulation (Miettinen et al., 2016; Ahtiainen and Lundström, 2019)
Leaching Solids conc. 150–380 g/L Pre-acidulation
Gold stripping NaCl conc. 10 g/L Gold recovery (Haapalainen and Miettinen, 2016; Miettinen et al., 2016)
Reduction of gold Sodium bisulfite SBMS ratio 2.25 mol : 1 mol Au Gold reduction (Haapalainen, 2018)
Reduction of gold Sodium bisulfite SBMS conc. 0.5 M / 95 g/L Gold reduction (Haapalainen, 2018)

Other Parameters
Leaching pH 0.5 < pH < 2.6 (Haavanlammi et al.,2010; Leppinen et al., 2010; Miettinen et al., 2016;

Lundström et al., 2019)
Leaching Oxidation potential 450–800 mV Pt vs. Ag/AgCl (Haavanlammi et al., 2010; Leppinen et al., 2010; Miettinen et al., 2016;

Lundström et al., 2019)
Leaching Atmospheric pressure (Miettinen et al., 2016)
Leaching Temperature 80–100, used 95 °C (Haavanlammi et al., 2010; Leppinen et al., 2010; Miettinen et al., 2016;

Lundström et al., 2019)
Leaching Retention time 0.5 h (Miettinen et al., 2016)
Gold recovery Gold concentration in organic

solution
1–100, preferably 3–10 g/L (Haapalainen and Miettinen, 2016)

Filtration Filtration efficiency 96% HSC Filter standard (Outotec, 2018)
Filtration Filtration cake moisture 25% HSC Filter standard (Outotec, 2018)
Filtration Wash water amount 1.5 m3/t of solids HSC Filter standard (Outotec, 2018)
Thickener Solid conc. in underflow 40% HSC Thickener standard (Outotec, 2018)
Neutralization pH >2.5 Estimation for atacamite precipitation

Fig. 2. The flowsheets of the simulated cupric chloride leaching process for the Base Case. The blue line shows the Flowsheet 1 option and the red line shows
Flowsheet 2. The mass balance of the Flowsheet 1 Base Case is illustrated in the figure as t/h.
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constant extraction of 99.7% for Au. It can be argued that impurities
such as Fe3+ as well as dissolving copper may have a beneficial effect
on leaching kinetics and may even reduce the amount of new chemicals
required. The current simulation does not take this into account in the
steady state simulation. HCl can be used to maintain the pH at 1.5 when
necessary, although acidic POX carries acid to the chloride leaching
process. HCl is added in the simulation according to the H+ require-
ment in leaching, the input corresponds to around 5 g/L HCl con-
centration.

The evaporation of water is highly energy consuming. In Flowsheet
1, the circulation of solution is efficient and only a small amount or
none of the water needs to be evaporated. However, more water needs
to be bled out from the thickener to the environment through the
neutralization process. Contrary to Flowsheet 1, in Flowsheet 2 more
water needs to be evaporated due to the fact that wash waters are also
subjected to gold recovery. As the water is evaporated, it will halve the
amount of solution bleed.

4.1.3. Effect of gold extraction efficiency
The simulation predicted an overall gold recovery of 86.7% (Base

Case) when the extraction of gold in leaching is 99.7% and the SX re-
covers 99.9% of gold from solution. This is a result of separate leaching
and recovery units, requiring a solid/liquid separation process in be-
tween, thus dissolved gold is lost to the wash water of the leach residue
washing. Around 0.3% of gold is lost to the leach residue as unleached,
and 14.5% of soluble gold is lost to the overflow of the neutralization
thickener. This stream is routed out of the process, implying gold losses
unless it is subjected to SX.

When considering refractory gold ores in general, the extraction
efficiency of gold may vary significantly depending on the gold spe-
ciation and liberation. In this study, the material was pressure oxidized
and thus a high gold extraction was to be expected. However, if the
extraction of gold decreased in leaching from 100% to 70%, the overall
recovery of gold predicted by simulation would decrease from 86.8% to
60.8% (Fig. 3) in Flowsheet 1 under Base Case conditions.

In order to solve the problem of poor gold extraction (< 90%), the
wash water originating from the leach residue washing was also sub-
jected to SX, see Flowsheet 2. This increased the overall recovery to
99.2% (Base Case – Flowsheet 2). Fig. 3 presents the results where
varying scenarios were simulated by lowering the extraction efficiency
(100% to 70%) of Au in leaching. Then the overall recovery decreased
from 99.1% to 69.8% in Flowsheet 2, utilizing Base Case conditions. The
gold lost to solution was less than 1% in all the scenarios of Flowsheet 2.

Subjecting the wash water to SX (Flowsheet 2) has an effect on the
split between evaporation and neutralization, with the depleted solu-
tion amount being around 40 t/h larger than in Flowsheet 1. In Flowsheet
1 around 4.9–6.1 t/h water is evaporated from the solution, but in

Flowsheet 2 the amount of recirculated water is larger and thus more
water needs to be evaporated (22.5–27.5 t/h). In addition, more solu-
tion is treated in SX in Flowsheet 2, increasing the amount of solids
generated in effluent treatment and increasing the amount of bleed
solution. However, there is a significant improvement in the overall
gold recovery, from 85% to 99%. The cyanidation process was simu-
lated in a similar manner in an earlier publication (Elomaa et al., 2019).
The gold extraction of 98.5% was predicted by the simulation. By re-
covering the gold also from the washing waters the gold extraction can
be increased to the level of cyanidation.

4.1.4. Off-gases
When considering gold production, the majority of pollutants in off-

gases are produced in pyrometallurgical processes. Hydrometallurgical
processing is the focus of this study, thus the off-gases generated are
minor. The water vapor from the evaporation unit is the most sig-
nificant gaseous emission produced. In addition, oxygen is utilized in
leaching for the regeneration of cuprous ions. Almost pure oxygen was
used in the simulation, thus only a minor amount of nitrogen is released
from the leaching unit. In addition, when working close to boiling
temperatures, more water vapor could be emitted from the leaching
units.

4.1.5. Residues
The PLS and leaching residue are separated in a thickener from

Table 3
Chemical consumption, evaporation, bleed, and gold extraction in simulated cases.

BASE MILD EXTREMELY MILD

Flowsheet 1 Flowsheet 2 Flowsheet 1 Flowsheet 2 Flowsheet 1 Flowsheet 2

Chemical consumption
NaCl (kg/t) 30.7 40.8 0 0 0 0
NaBr (kg/t) 7.7 8.7 0 0 0 0
CuCl2 (kg/t) 50.9 57.1 25 27.6 4.1 4.6

Evaporation
Split (%/%) 93/7 78/22 93/7 79/21 92/8 75/25
To Evaporation (t/h) 59.2 83.1 58.4 80 58.5 74.7
Recirculated portion (%) 90.3 66.8 93.3 65.8 81.9 71.1
Water vapor (t/h) 1.7 27.6 0 27.4 0 21.6

Bleed
Thickener 2 bleed (t/h) 45.4 20.5 45.6 19.2 46.9 23
Gold recovery (%) 86.7 99.4 85.6 99.1 85.4 99.1
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Fig. 3. The effect of Au extraction on the solution, i.e., reaction progress to
overall gold recovery and the transition of gold to residues in Base Case con-
ditions.
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which the leaching residue is subjected to washing. During leaching, Fe
can be precipitated as hematite, Fe2O3, and scorodite, FeAsO4
(Miettinen et al., 2013). These precipitates together with insoluble si-
licate minerals can be deposited in tailings heaps. Some moisture is left
in the tailings, leaving a low chloride concentration in this residue
(4.32 g/L in Base Case, Flowsheet 1), corresponding to 1080 ppm of
chlorides in the flow. The chloride concentration limits in Finland are
300 ppm for inert landfill (Nyberg, 2019), 15,000 ppm for conventional
landfill, and 25,000 ppm for hazardous landfill (Wahlström et al.,
2006). The simulated value suggests a leach residue suitable for con-
ventional landfill.

In the neutralization unit, Cu is precipitated with NaOH as ataca-
mite. This residue, Cu2Cl(OH)3, is not sent to landfill, but can be used as
a leaching chemical in the process, which supports the precipitation of
copper as this product (atacamite) instead of covellite, CuS.

In the effluent treatment after SX, hydroxide precipitate is pro-
duced. The composition of this residue is mainly affected by the im-
purities that transfer to the organic phase and are stripped with NaCl.
According to Haapalainen (2018), the aqueous stripping solution
mainly contains Ca, Cu, Fe, and Zn. This is a laboratory scale analysis of
the solution and may be more complex on industrial scale. Never-
theless, a residue with high copper hydroxide concentration (45 wt%) is
produced and the simulation suggests that the chloride concentration in
this residue is low: 0.22 g/L, which corresponds to 55 ppm.

4.1.6. Mass balance of cupric chloride leaching
The quantities of the resources consumed are shown in metric tons

for the cupric chloride leaching of gold in Table 4. In the simulation, the
concentrate underwent POX and entered the process as slurry. The
amount of dry concentrate in the slurry was 28.6 t. The values represent
the mass balance of the system studied and were used when normalized
as the LCI of the process. As can be seen, the amounts of consumed
resources decrease as the milder conditions are adopted. However,
more energy is consumed in Flowsheet 2 due to evaporation and more
water is recirculated in the process, affecting the consumption of che-
micals.

4.2. Life cycle inventory

The inputs and outputs of the HSC-Sim simulation model can be
linked to corresponding flows in the GaBi database through the LCA
Evaluation tool in HSC-Sim. The LCI data for the POX process is derived
from an earlier publication of Elomaa et al. (2019) and seen in
Supplementary Material Table S1. Table 5 lists the inventory data used
for the LCA study of the cupric chloride simulations normalized to 1 kg
of Au. The data was produced with HSC-Sim software, where the si-
mulation models were based on data collected from numerous sources
described above. Three cases were selected for the LCA: the Base Cases
from both flowsheets and the Extremely Mild Case of Flowsheet 2, in

which a higher gold recovery could be obtained. Table 5 shows that the
chemicals consumed to produce 1 kg of gold are significantly lower for
the Extremely Mild Case compared to the two Base Cases. In addition, in
Flowsheet 2 more waste is recirculated in the process and therefore the
need to evaporate water increases. The amount of evaporated water is
the lowest for the Base Case of Flowsheet 1. Table 6 lists the LCI data
calculated with GaBi software for the whole process scenario. GaBi
version 6.115 and service pack 30 were used for the estimations.

4.3. Life cycle impact assessment

The environmental impact indicators chosen for discussion in this
study are GWP, AP, EP, and Water depletion. The cut-off flows are
shown in Table 5, which were defined as cut-off because no suitable
upstream process was found in the database.

4.3.1. Global warming potential (GWP)
The global warming potential of the Base Case simulated in

Flowsheet 1 is 12.5 t CO2-e/kg Au. If the gold recovery were improved
by subjecting the wash waters to recovery processes (Flowsheet 2), the
global warming potential of the process was found to decrease to 11 t
CO2-e/kg Au. Further, the Extremely Mild Case could provide an even
lower GWP value of 10.6 t CO2-e/kg Au, if the gold extraction were
conducted in sea water conditions. In an earlier study, the cyanidation
process was investigated in a similar manner and the estimation of GWP
was 10.3 t CO2-e/kg Au (Elomaa et al., 2019). Thus, in extremely mild
conditions with high gold extraction, the cupric chloride process could
be brought to the same level as the cyanidation process.

However, it needs to be emphasized that high (99.7%) gold ex-
traction and recovery in leaching and SX are assumed in the simulation
regardless of the solution composition, and the actual gold recovery in
each case (Base, Mild, Extremely Mild) can be confirmed only by ex-
perimental work.

Fig. 4A shows that the POX of the material contributes the most to
the global warming potential. It has been argued that, in future, cupric
chloride leaching could provide a possibility for simultaneous sulfide
mineral oxidation and gold dissolution, making oxidative pre-treat-
ments such as POX unnecessary. Removing POX or treatment of free-
milling ores in cupric chloride leaching could decrease GWP values
significantly.

4.3.2. Acidification potential (AP)
The acidification potential describes the amount of acids emitted to

the environment. SO2, NOx, HCl, NH3, and HF are the emissions con-
tributing to this indicator, which is expressed as SO2 equivalent. These
acidifying pollutants form H+ ions in the environment, which are
harmful to plants, animals, and structures. The acidification potential
decreases in a similar fashion to the global warming potential when
comparing the investigated cases. The main contributor to this

Table 4
The quantities of consumed resources in cupric chloride leaching of gold for all the cases studied.

Input Flowsheet 1 Flowsheet 2 Unit

BASE MILD EXTREMELY MILD BASE MILD EXTREMELY MILD

Dry concentrate 28.6 28.6 28.6 28.6 28.6 28.6 t
Electricity 1595 1595 1576 1593 1590 1533 kWh
Unspecified Energy 14 847 15 692 14 160 83 868 81 864 71 281 MJ
Ca(OH)2 1.3 1.2 1.1 1.4 1.3 1.1 t
Oxygen/Air 0.00025 0.00025 0.00025 0.00025 0.00025 0.00025 t
CuCl2 1.46 0.78 0.12 1.63 0.79 0.13 t
HCl 0.3 0.3 0.3 0.3 0.3 0.3 t
NaCl 0.9 0.05 0.05 1.2 0.09 0.09 t
NaBr 0.22 0 0 0.25 0 0 t
NaOH 0.7 0.45 0.26 0.7 0.45 0.3 t
Water 148 146 147 153 152 150 t

H. Elomaa, et al. Minerals Engineering 157 (2020) 106559

7



indicator is the electricity consumption, see Fig. 4B. The HCl amount
used in the process contributes only a little to AP; however, the aim
should be minimum consumption.

4.3.3. Eutrophication potential (EP)
The eutrophication potential presents the pollution state of aquatic

ecosystems as a result of the emitted nitrogen and phosphorous deri-
vatives. These emissions act as fertilizers in aqueous systems and create
more biomass in the environment leading to the eutrophication of lakes
etc. Fig. 4C shows that the EP decreases as milder conditions are used in
leaching. As such, none of the flowsheets show a direct emission con-
tribution to EP. The possible amounts of nitrogen and phosphorous
emissions produced must be measured in plant operation, for example
whether such elements are present in the concentrate and whether they
are soluble or not. However, the results show that if chemical con-
sumptions can be lowered the indirect EP can be decreased by almost
25%.

4.3.4. Water depletion (Water)
Water depletion describes the amount of water consumed to pro-

duce the functional unit of 1 kg of gold. In the studied cases, the water
consumption can be decreased by almost 16 m3/ kg Au through im-
proved gold recovery (use of Flowsheet 2). For leaching processes, the
water consumption is naturally high. In addition, water consumption is
a concern in areas where water is scarce, and where the groundwater
needs to be pumped for mining operations. However, the Extremely Mild
Case aims to use sea water as process water and to discharge the used
water back into the sea after sufficient purification. If such a scenario
can be realized, the water depletion indicator needs to be reassessed
and the consumption of groundwater or surface waters could be de-
creased. The differences in water depletion are shown in Fig. 4D.

4.3.5. Sensitivity analysis
The inventory data used and assumptions of LCI data gathering will

impact the results obtained. In this study, the electricity consumption is
estimated according to a simulated mass balance and known values
from industry. A sensitivity analysis was conducted on the benchmark
scenarios by changing the electricity consumption by 10% from the
scenario values presented in Table 7. The electricity grid mix used in
GaBi was referenced as EU-27 electricity grid mix, being an average
estimation of European electricity production. Table 7 shows the sen-
sitivity of different environmental indicators to variations in electricity
consumption. Variation was shown to have more impact on the en-
vironmental indicators of the POX process. If the electricity consump-
tion of POX increases or decreases by 10%, the environmental in-
dicators will show a 1–2% variation. The effect of a 10% increase/
decrease in the cupric chloride leaching process is smaller, having an
effect of less than 1% on the environmental indicators.

5. Discussion

In this study, cupric chloride leaching was investigated by simula-
tion based LCA. As to author’s knowledge the simulation based LCA
methodology has not been previously adapted to investigate the process
mass balance and environmental impacts of development stage hydro-
metallurgical cyanide-free gold processing using cupric chloride. By the
means of simulation, the development points of cupric chloride
leaching of gold can be identified. Two flowsheet options were simu-
lated and investigated in three different leaching conditions (20 g/L Cl-,
50 g/L Cl, and 125 g/L Cl-).

As presented in Chapter 2 the mechanism of gold dissolution in
cupric chloride systems has been extensively researched. The redox
potential characteristics of cupric chloride solutions has been

Table 5
LCI of cupric chloride leaching exported from HSC-Sim to GaBi as normalized amounts to 1 kg of Au.

Cupric chloride
leaching,

BASE Flowsheet
1

BASE Flowsheet
2

EXTREMELY MILD
Flowsheet 2

Cut-off
flow

BASE Flowsheet
1

BASE Flowsheet
2

EXTREMELY MILD
Flowsheet 2

Input Amount Unit Output Amount Unit

Concentrate 21188.9 18458.1 18577.9 kg Gold 1 1 1 kg
Electricity 1181.2 1028.0 995.5 kWh Nitrogen 0.002 0.002 0.002 kg
CuCl2 1078.3 1053.1 83.3 * kg Solid waste 24485.3 22216.7 21550.6 kg
HCl 227.0 197.7 199.0 kg Water vapor 3366.7 18658.4 14966.5 kg
NaBr 163.7 160.7 0 kg Waste water 108295.3 80312.6 80623.6 kg
NaCl 689.7 753.0 56.5 kg
NaOH 499.9 461.1 169.2 kg
Na2SO3 4.0 4.0 4.0 * kg
Limestone 996.1 898.4 742.6 kg
Oxygen 0.2 0.2 0.2 kg
Process water 109605.4 99149.7 97308.2 kg

* Cut-off flow, which is not included in LCA estimations.

Table 6
Balanced LCI data for the hydrometallurgical processing of refractory gold ore produced in GaBi for production of 1 kg Au.

Inputs/Outputs BASE Flowsheet 1 BASE Flowsheet 2 EXTREMELY MILD Flowsheet 2 Unit

Energy (net calorific value) 3.41E + 04 3.01E + 04 2.8E + 04 kWh
Material Resources 2.13E + 07 1.88E + 07 1.78E + 07 kg
Emissions to air 2.4E + 05 2.27E + 05 2.17E + 05 kg

Heavy metals to air 6.23E−03 5.48E−03 5.15E−03 kg
Inorganic emissions to air 1.57E + 05 1.55E + 05 1.46E + 05 kg
Organic emissions to air (group VOC) 11.9 10.6 9.67 kg
Other emissions to air 8.24E + 04 7.21E + 04 7.07E + 04 kg
Particles to air 65.8 57.6 56.8 kg
Pesticides to air 7.19E−05 6.32E−05 6E−05 kg
Radioactive emissions to air 7.86E−10 6.9E−10 6.52E−10 kg

Emissions to fresh water 2.09E + 07 1.84E + 07 1.74E + 07 kg
Emissions to sea water 7.6E + 04 6.67E + 04 6.3E + 04 kg
Emissions to industrial soil 1.01E−01 8.92E−02 8.53E−02 kg
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researched by Lundström et al. (2009). Gold dissolution mechanisms
has been identified by Nicol (1980), Frankenthal and Siconolfi (1982),
Diaz et al. (1993), and Seisko et al. (2019). The dissolution of different
minerals such as chalcopyrite (Lundström et al., 2009), pyrite, (Elomaa
et al., 2018) and other sulfidic minerals (Lundström et al., 2016) has
been researched in cupric chloride media. It has been identified by
Ahtiainen and Lundström (2019) that gold leaching in extremely mild
conditions with cupric chloride is possible. A generalized chemistry was
built based on this literature. However, to a person skilled in metallurgy
it is evident that the mineralogical characteristics of the concentrate
affect the actual extraction and that recovery efficiencies are unique to
specific concentrates. The gold speciation, liberation rate, and extrac-
tion efficiency require experimental examination for each specific ma-
terial. The actual chemistry in the process is more complex due to the
presence of different forms of copper chloride complexes depending on
the composition of the solution (Seisko et al., 2019). The predominant
cupric chloride complexes depend on the redox potential of the solution
and will affect on the complex for of gold chloride in solutions. Based in
research by Seisko et al. (2019) the form AuCl2- is assumed in

simulation. The assumed extraction of Au in leaching in the current
study was 99.7%; however, a lot of variation in extraction efficiencies
(78–94%) has been reported by Ahtiainen and Lundström (2019) de-
pending on the leaching conditions for free-milling concentrate. Simi-
larly, the subsequent SX is assumed to transport 99.9% Au to reduction,
of which 99.9% is reduced to metallic gold, according to Haapalainen
(2018). These percentages should be confirmed in experimental work
on an industrial PLS obtained from leaching of the material in question.

Based on literature it has been possible to develop a flowsheet for
the material under investigation. The build simulation can be further
developed and backed up with available experimental data in future.
Experimental work is required to modify the simulation model to pre-
dict more accurately the connection between solution conditions and
gold extraction for this specific material. On the other hand, the si-
mulation can be modified to other input materials to produce similar
generalized flowsheet and investigate the early stage mass balance of
different materials. In addition to this, most of the published studies
report the cupric chloride leaching experiments on laboratory scale,
thus, the parameters used in the simulation may not optimal for an

Fig. 4. The global warming potential, acidification, eutrophication, and water consumption of cupric chloride leaching in the Base Cases for both investigated
flowsheets and the Extremely Mild Case of Flowsheet 2.

Table 7
Sensitivities of environmental indicators in benchmark scenario with 10% variation of electricity consumption for two simulation models.

Variation POX
Flowsheet 1

Base
Flowsheet 1

POX
Flowsheet 2

Base
Flowsheet 2

POX
Flowsheet 2

Extremely Mild
Flowsheet 2

GWP ±1.4% ±0.474% ±1.39% ±0.471% ±1.45% ±0.47%
AP ±2.9% ±0.982% ±2.85% ±0.965% ±3.17% ±1.03%
EP ±2.2% ±0.745% ±2.13% ±0.722% ±2.5% ±0.811%
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industrial scale process. In the development stage of processes un-
certainties remain. Simulation based LCA enables the research of full
process concept with understanding the limitations of specific chem-
istry and the fact that in in a real industrial process, the changes in feed
material and the presence of impurities affects the process conditions.
However, this early stage evaluation of mass balance makes it possible
to identify the development points of cyanide-free gold leaching.

Compared to cyanidation the chloride processes have the benefit of
extremely fast leaching kinetics. However, the steady state simulation is
limited in the sense that it does not consider the retention times and
reaction times of concentrate in leaching. Gold leaching has been re-
ported to be extremely fast in chloride solutions, and full liberation of
refractory type gold is assumed after POX. The retention time and
leaching kinetics will have an impact on the reactor sizes needed. This
will evidently affect the power consumption of the process, as sig-
nificantly larger equipment is required for longer leaching times. For
free-milling or pre-oxidized material, two-hour leaching can be enough
for complete gold dissolution, meaning that similar leaching times are
also applicable for fully liberated, pressure oxidized material. In the
future, the possibility for simultaneous sulfide mineral oxidation and
gold leaching may provide an attractive option of eliminating the need
for an energy intensive POX process, consequently requiring longer
leaching times. In refractory concentrate, gold is mainly found within
pyrite and arsenopyrite. In the study of Elomaa et al. (2018), the cor-
rosion current densities of pyrite were measured by anodic polarization,
corresponding to pyrite dissolution rates of 0.05–2.9 μm/h. Based on
the shrinking particle model, an estimate of the leaching times can be
made. According to this model, at least 15 h of leaching is required for
the direct cupric chloride leaching of refractory concentrate to achieve
approximately 60% conversion of pyrite. Complete conversion
(> 90%) of P80 (75 µm) particle size concentrate would require 22 h,
which is a significant increase from the possible two-hour leaching time
for free-milling or pre-treated ores. However, the required leaching
times in cyanidation are usually at least 24 h. In addition, the cyani-
dation requires pre-treatment processing for refractory type con-
centrates.

In this study, solvent extraction was selected as the recovery method
for gold from chloride solutions. From the simulation it could be ob-
served that due to solid liquid separation after leaching some of the
gold was lost to washing waters. Cyanidation process uses activated
carbon recovery in CIL or CIP process, in which the gold is recovered
simultaneously from liquid and a S/L separation is not needed. In
chloride systems the recovery to activated carbon is also possible.
Carbon in chloride leaching (CICl) mode is suggested by Ahtiainen and
Lundström (2019) providing a simultaneous recovery method for gold.
However, in cyanidation process the activated carbon loaded with gold
proceeds to elution enabling the circulation of carbon back to leaching
whereas in chloride processes the carbon is smelted to recover gold.

Another observation from simulation was the water balance in
chloride process. In order to obtain the efficient circulation of chloride
chemicals and water evaporation unit was required. This was also no-
ticed for halogen leaching process in the previous study (Elomaa et al.,
2019). The evaporation of water is a highly energy consuming unit
operation. However, in the Flowsheet 1 Cases, the evaporation of water
can be minimized. In the Flowsheet 2 Cases, a significantly higher eva-
poration of water is required as can be seen from the unspecified energy
consumption in Table 4. However, this also allows for a decrease in the
addition of required chemicals. The chloride concentration adjustment
is necessary in an actual plant during processing if, for example, the
accumulation of chlorides occurs. Higher chloride concentrations make
the PLS more corrosive, simultaneously enhancing pyrite and arseno-
pyrite leaching, whereas milder conditions place fewer demands on the
equipment materials.

For cupric chloride leaching to fully challenge the cyanidation
process, more development of the recovery process is still required, as
cyanidation continues to have the benefit of being an in-situ recovery

method, where gold is not lost to wash waters. (Elomaa, 2020) How-
ever, although cyanidation boasts high gold extractions and stable
performance, this might change in future when more complex natural
ores need to be treated, in addition to the drive within environmental
legislation toward the banning of cyanidation.

The mass balance created by simulation was further utilized as life
cycle inventory of the processes. An early stage estimation of environ-
mental impacts of cyanide-free gold leaching processes has been pre-
viously published by Elomaa et al. (2019) and compared to cyanidation
process. The LCI data is produced in similar manner by using simulation
based LCA for all the processes. Based on the assessment, the global
warming potential was estimated to be 12.5 t CO2-e/kg Au in chloride
leaching and was further decreased to 10.6 t CO2-e/kg Au in the mildest
conditions (20 g/L Cl-). The GWP of cyanidation process was estimated
to be 10.3 t CO2-e/kg Au, indicating that in mildest conditions the
cupric chloride leaching could perform reach similar levels in global
warming category. In addition, the milder chloride leaching conditions
(20 g/L Cl- and 50 g/L Cl-) were shown to decrease the acidification
potential, eutrophication potential, and water depletion. However,
these categories did not reach the level of cyanidation (Elomaa et al.,
2019). When comparing the results of cyanidation and chloride pro-
cesses, it can be stated that if the water balance of chloride processes
can be optimized it will affect on the chemical consumptions and thus
to all impact categories (Elomaa, 2020).

The study was also limited by the LCA database used. The cut-off
flows were the ones for which suitable upstream processing was not
found in database. These being the chemicals CuCl2 and the metabi-
sulfite used for gold reduction. In future the LCA should be upgraded by
the addition of this data. The magnitude of the energy consumption of
the evaporation unit is not shown in the LCA results as the electricity
consumption for the unit was not defined in the current study.

Simulation is a conventional method used in engineering to in-
vestigate ideas, process concepts, scenarios and improve process per-
formance. It can be used in many stages of engineering work, from R&D
to process design and optimization (Roffel and Betlem, 2007). When
advancing from development stage and adjusting the process flowsheet,
simulation can be quickly modified and updated, and the data used in
subsequent LCA. This provides a consistent was of producing environ-
mental impact results by simulation based LCI data with specific plant
system boundary (Pell et al., 2019). In this study, the development
points of cyanide-free gold leaching method have been recognized and
suggestions have been made. Early stage environmental indicators have
been estimated and based on these it can be seen the consumables
significantly contributing to environmental performance.

6. Conclusions

In this study, a simulation was made of gold leaching from re-
fractory ore using a cupric chloride solution. Six cases were investigated
with different leaching conditions for the treatment of pressure oxi-
dized refractory gold concentrate. Loss of gold to wash waters was
observed in the Flowsheet 1 cases; consequently Flowsheet 2 was in-
vestigated for improved gold recovery, which increased from around
85% to 99%. The leaching conditions were defined and varied ac-
cording to published studies. However, high (99.7%) gold extraction in
leaching was assumed in all the cases. Thus, the simulation needs to be
verified in future based on experimental work.

It was found that the consumption of chemicals (NaCl, NaBr, CuCl2)
was greatly affected by the leaching conditions and optimization of the
actual process. The literature reports quite a diverse variation in the
leaching conditions. It is clear that there is a correlation between the
required CuCl2 and NaCl consumption as addition of CuCl2 introduces
Cl- ions and the final Cl- concentration is adjusted by NaCl. It was found
that in Mild and Extremely Mild Cases, no NaCl addition was required as
the chlorides could be recycled through evaporation; in addition,
copper was adjusted using CuCl2. In addition, in the Extremely Mild
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Case, the chloride concentration is close to sea water chloride condi-
tions (20 g/L). It could be argued that sea water could be used to supply
chlorides to the process and the effluent waters could be disposed of at
sea, providing that the kinetics of the leaching reaction were feasible.
The global warming potential of cupric chloride leaching was found to
be 12.5 CO2-e/kg Au for the Base Case of Flowsheet 1. After improve-
ments to increase the gold recovery in Flowsheet 2, the GWP of the
process was found to decrease to 11 t CO2-e/kg Au in Base Case con-
ditions. The Extremely Mild Case of Flowsheet 2 could provide an even
lower GWP value of 10.6 t CO2-e/kg Au, as the gold extraction would be
conducted in sea water chloride levels. This result predicts that, in fu-
ture, with proper process adjustments, the environmental impacts of
chloride leaching could be decreased to a competitive level.

Overall, simulation-based LCA is an efficient tool for estimating the
process conditions and environmental indicators of different scenarios
already in the early stages of process development. In order to avoid
environmental catastrophes, it is essential to assess the possible en-
vironmental impacts in the development stage prior to building in-
dustrial scale operations. When relying on published literature for
process data, the availability of high-quality information is an im-
portant factor contributing to the validity of the simulation model.
More transparent reporting of leaching operations, material character-
ization, and specific conditions of processes should be obtained. This
study has produced more transparent LCI data of cupric chloride
leaching of gold while also assessing the metallurgical aspects of the
process.
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