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Abstract
Purpose The soaring demand for cobalt for lithium-ion batteries has increased interest in the utilization of non-conventional 
cobalt sources. Such raw materials include complex ores containing minerals such as cobaltite and skutterudite, which, while 
rare, occur around the world, including in Finland, Canada, and the USA. The goal of this study was to evaluate the cradle-
to-gate impacts of cobalt sulfate recovery from unutilized cobalt- and gold-bearing ores with the use of process simulation.
Methods A literature analysis was conducted to establish the state-of-the-art processing methods for complex cobalt ores 
containing significant amounts of gold. The drafted process was simulated using HSC Sim software to obtain a mass and 
energy balance, which was compiled into a life cycle inventory (LCI). The environmental impact categories (global warming, 
acidification, eutrophication, ozone depletion, photochemical smog creation, water use) were calculated in GaBi software. 
Uncertainty regarding the possible future raw material composition was studied, and the simulation was used to investigate 
process performance and to evaluate the effect of variation in the process parameters on the environmental impact indicators.
Results and discussion The results indicated that the main cobalt mineral type (cobaltite, linnaeite) had only minor effects 
on the evaluated impact categories. With cobaltite-dominated ores (High As case), the global warming potential (GWP) was 
estimated to be 20.9 kg  CO2-eq, of which 12.7 kg  CO2-eq was attributed to the hydrometallurgical process. With linnaeite-
dominated ores, the equivalent values were 20.4 kg  CO2-eq and 11.0 kg  CO2-eq. The production of a high grade concentrate 
was observed to greatly decrease the impacts of the hydrometallurgical process, but the cobalt losses in the beneficiation 
stage and the mineral processing impacts would likely increase. The simulation showed that there is still potential to improve 
the cobalt recovery (to approximately 96%), which would also affect the indicator values.
Conclusions The impacts were estimated prior to intensive metallurgical testing to determine the possible high impact 
areas in the process. Based on this, it is suggested that, during hydrometallurgical processing, improved treatment of cobalt-
containing wash waters and the optimization of oxygen utilization efficiency in pressure leaching are the most significant 
ways to decrease the environmental impacts. Optimal solutions for the concentrate could be found when experimental data 
on the minerals processing steps becomes available.

Keywords Cobaltite ore · Pressure leaching · Battery metals · Sustainability · Complex ore processing

1 Introduction

The ongoing transition to electric mobility is projected 
to massively increase the demand for battery metals, 
such as cobalt, nickel, and lithium, many of which are 
considered critical raw materials in the EU (European 
Commission 2020). In ores, cobalt is usually extracted 
as a by- or co-product of nickel and copper, which makes 
the metal vulnerable to fluctuations in the demand for 
copper and nickel (Olivetti et al. 2017). Over 50% of the 
world’s cobalt is mined together with copper in the Dem-
ocratic Republic of Congo (DRC), where small scale 

Communicated by Matthias Finkbeiner.

 * Mari Lundström 
 mari.lundstrom@aalto.fi

 Marja Rinne 
 marja.rinne@aalto.fi

1 Department of Chemical and Metallurgical Engineering, 
School of Chemical Engineering, Aalto University, 
Vuorimiehentie 2, P.O. Box 16200, 00076 Aalto, Finland

2 Metso Outotec Research Center, Kuparitie 10, P.O. Box 69, 
28101 Pori, Finland

/ Published online: 4 September 2021

The International Journal of Life Cycle Assessment (2021) 26:2127–2142

http://orcid.org/0000-0002-1223-0511
http://orcid.org/0000-0002-9032-3553
http://orcid.org/0000-0002-6655-6779
http://crossmark.crossref.org/dialog/?doi=10.1007/s11367-021-01965-3&domain=pdf


1 3

artisanal mining is estimated to cover approximately 
20% of the country’s mining output and is associated 
with human rights violations, corruption, and environ-
mental damage (Nkulu et al. 2018). Although end-of-life 
(EOL) batteries are estimated to become a significant 
source of secondary cobalt in the future, recycled cobalt 
alone will not be nearly enough to satisfy the increasing 
demand during the next decade (Alves Dias et al. 2018). 
Increasing and sustainable mine production of battery 
metals is necessary for widespread electrification.

Cobalt has historically also been produced as the main 
product from some complex arsenical deposits featuring 
minerals such as cobaltite (CoAsS), skutterudite  (CoAs3), 
and smaltite  (CoAs2). Although arsenical ores are rare, 
they can be found around the world, including in Norway 
(Groru 1997), Morocco, and Canada (Johnson et al. 2020), 
which could make them a potentially attractive raw material 
with the current development. The Blackbird mine in Idaho, 
USA, is perhaps the best-known example of the utilization 
of cobaltite ores, but the mine was closed in 1967 despite 
still containing considerable amounts of copper and cobalt 
(Gray et al. 2012). The increase in demand for cobalt has 
inspired several new projects in places such as Idaho and 
Finland (Anderson 2006; Witt et al. 2020). In addition to 
cobalt, many of these ores contain copper, gold, and silver, 
which may further drive the project economics (Slack 2010). 
Most gold is refined independently of other metals from pri-
mary gold ores, but gold is a significant by-product of the 
base metal industry due to its close association in deposits 
with chalcopyrite  (CuFeS2) in particular. Most of the gold 
by-production thus originates from the copper industry, but 
it is also recovered in nickel, lead, and platinum group metal 
operations (Ferron 2005; Kyriakis 2005). Past examples 
of gold-bearing cobalt ores are also known from Canada, 
although these are rare (Ferron 2005).

Although process development in the field of base metal 
recovery from ores has been rapid, research literature on 
the environmental impacts of cobalt production is scarce 
despite the stringent environmental regulation. Published 
estimates exist for typical cobalt sources, such as the pro-
cessing of DRC’s ores, but not for prospective raw materials 
or deposits currently being investigated. Dai et al. (2018) 
presented the life cycle inventory (LCI) data for cobalt and 
cobalt chemicals production at Chinese refineries from 
DRC’s Cu-Co ores. Cobalt was also one of the metals that 
was investigated on the study by Nuss and Eckelman (2014) 
based on the data from ecoinvent 2.2 database. Eckelman 
(2010) studied the energy footprint of different nickel prod-
ucts and considered the co-production of cobalt from Class 
I nickel production by using a mass-based allocation proce-
dure. This methodology credited cobalt with 4% of the total 
output and therefore slightly decreased the intensity of Class 
I nickel refining. Khoo et al. (2017) addressed the burdens of 

laterite processing by both state-of-the-art and hypothetical 
routes, mainly to stainless steel. The state-of-the-art process 
in the treatment of limonite ores utilizing high pressure acid 
leaching (HPAL) is capable of recovering cobalt, and it was 
calculated that 13.5% of the burdens could be assigned to 
cobalt by combining mass allocation with economic alloca-
tion, which would correspond to 12.5 kg  CO2-eq for 1 kg 
cobalt by calculation (Khoo et al. 2017).

Life cycle assessment (LCA) is a methodology for cal-
culating the environmental footprint of a product or a pro-
cess. While the methodology itself is standardized (ISO 
14040:2006; ISO 14044:2006), discrepancies between 
system boundaries, assumptions, and calculation methods 
prevent the comparison of results between different stud-
ies, particularly in the metallurgical and mining sector. 
The reduction of metallurgical production systems into 
average black-box models in LCA studies has also been 
criticized, as it may be useful in presenting the results for 
a non-metallurgist audience but provides no insights into 
project development (Segura-Salazar 2019; Pell et al. 2019; 
Reuter et al. 2015). Recognizing the hotspots of a process 
and being aware of the risks associated with the disposal of 
waste streams is crucial in minimizing the impacts of min-
ing and metal refining. Process simulation enables techni-
cal advancements and process updates to be investigated in 
the model throughout the project (Pell et al. 2019), which 
makes it an invaluable tool in evaluating the environmental 
footprint of a production process alongside LCA.

In this study, predictive simulation and life cycle mod-
els were built for the hydrometallurgical recovery of gold 
and cobalt sulfate from prospective complex cobalt- and 
gold-bearing concentrates. The process was modeled with 
the simulation module of the Metso Outotec’s (2021) HSC 
Chemistry software and the environmental indicators were 
calculated with GaBi (Sphera 2020). The goal of the study 
was to select the most suitable process routes for further 
investigation based on the environmental performance while 
also demonstrating the usefulness of the methodology in the 
scoping of possible process routes already during the pre-
feasibility stage and for prospective processes. The use of 
process simulation and LCA could be used this way to pre-
dict different processing scenarios and their potential envi-
ronmental impacts even prior to cost- and labor-intensive 
metallurgical testing and support development towards the 
most environmentally competitive processing options.

2  Materials and methods

The simulation-based LCA was conducted in three steps. 
First, a literature review was conducted to determine the 
model parameters, chemistry, and exractions at each pro-
cess step. Second, process models were built based on the 
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literature values and metallurgical know-how to compile LCI 
from mass and energy balances using HSC Sim 9. Lastly, an 
impact assessment was conducted using the GaBi software.

2.1  Raw material characterization

The concentrate was provided by Mawson Resources and 
originates from the Rajapalot gold-cobalt prospect in Fin-
land. The sample was characterized by the SEM–EDS and 
XRD methods. Chemical analyses were conducted using 
both ICP-OES and ICP-MS and the gold content in the 
concentrate was analyzed after pre-treatment with the fire 
assay method. The chemical composition of the samples is 
presented in Table 1, as an average of the analyses.

Based on the mineral characterizations, iron was mainly 
present as pyrrhotite  (Fe1-xS) and to a lesser extent as pyrite 
 (FeS2). Earlier analyses of the concentrate support the 
notion that cobalt is found in cobaltite (CoAsS), or possibly 
cobalt pentlandite ((Co,Fe)9S8) and linnaeite  (Co3S4) (AMC 
Consultants 2020). The concentrate also contained a small 
amount of chalcopyrite  (CuFeS2). The gangue minerals were 
analyzed and consisted mainly of quartz, chlorite, and feld-
spar minerals with minor amounts of other minerals, such 
as rutile and uraninite. For a reasonably predictive mass and 
heat balance for the process, the minerology of the material 
was estimated based on the analyses (Table 2). It must be 
emphasized that the concentrate of this prospective mine is 
not in commercial use yet; therefore, the minerology must be 
considered rather an estimation based on a limited number 
of samples, analyses, and characterizations.

It should be acknowledged that the high content of chlo-
rite minerals, mainly clinochlore but also chamosite, that 
are present in the concentrate may cause problems during 
flotation and in hydrometallurgical circuits especially in full 
scale operation (Tan et al. 2012). These minerals are acid 
dissolvable, which may result in excessive acid consump-
tion and cause increased pulp viscosity in hydrometallurgi-
cal processing. This may disturb solid/liquid separation and 
the behavior of these gangue minerals can therefore have a 
drastic effect on the process (Tan et al. 2012; Chen 1998).

2.2  Life cycle assessment

The life cycle assessment was conducted using simulation-
based methodology, which has previously been used to 
study the impacts of gold production (Elomaa et al. 2020a, 

b), copper (Abadìas Llamas et al. 2019), rare earths (Pell 
et al. 2019), and some secondary raw materials (Ghodrat 
et al 2017; Reuter 2015; Rinne et al. 2021). In the current 
study, material and energy flows in the process were calcu-
lated using the HSC Sim software and compiled into an LCI. 
The LCI was then exported to the GaBi LCA software and 
the impacts were calculated.

2.2.1  Goal, scope, and functional unit

The goal of the analysis was to perform a prospective cradle-
to-gate environmental impact analysis for the hydrometal-
lurgical processing of selected Co-Au concentrates to bat-
tery-grade cobalt sulfate, and to provide LCA practitioners 
process-level data on cobalt extraction from new raw materi-
als. This can provide invaluable information for future min-
ing projects and decision makers regarding the treatment of 
similar ores. The analysis was conducted in the GaBi LCA 
software with ecoinvent 3.5 (Ecoinvent 2018) and GaBi Pro-
fessional databases 2020 version (Sphera 2020). The time 
scope was assumed to be potentially 2040–2050 based on 
the presumed approximate length of mining and refining 
projects, although this is uncertain.

The functional unit was defined as 1 kg cobalt sulfate 
heptahydrate (0.21 kg cobalt). Co-products were considered 
in the sensitivity analyses by different allocation methods.

2.2.2  System boundary and description

The analysis was performed cradle-to-gate, as shown in 
Fig. 1. All of the operations were assumed to occur in Fin-
land, meaning that the Finnish electricity supply mix was 

Table 1  Chemical composition 
of Rajapalot cobalt concentrate

Element Au (g/t) Co (%) Fe (%) S (%) As (%) Cu (%) Ni (%)

Grade 23.10 1.35 25.05 12.11 1.66 0.46 0.03
Element Si (%) Ca (%) Mg (%) Al (%) Na (%) K (%) Ti (%)
Grade 13.60 2.86 5.66 4.41 0.51 0.91 0.22

Table 2  Assumed minerology of the cobalt-gold-rich concentrate, Co 
grade 1.35%

Mineral Au (g/t) CoAsS (%) Co3S4 (%)

Grade (%) 23.10 3.65 0.16
Mineral Fe1-xS (%) FeS2 (%) CuFeS2 (%)
Grade (%) 36.37 3.23 1.27
Mineral Mg5Al2Si3O10(OH)6 (%) KMg3(AlSi

3O10)(OH)6 
(%)

SiO2 (%)

Grade (%) 18.49 10.00 20.53
Mineral NaAlSi3O3 (%) TiO2 (%) Others (%)
Grade (%) 5.79 0.36 0.18
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used to represent electricity production. Transport of the 
concentrates and precipitates was thus excluded from the 
boundary. In addition to the units shown in the schematic 
diagram (Fig. 1), the process has additional solid/liquid 
separation and neutralization steps along with other ancil-
lary units. The detailed flowsheets are available in the Sup-
plementary Materials (Section S1).

The current Finnish electricity mix is not representative 
of the energy used in the assumed 2040–2050 time frame, 
which presumably affects the results. The use of heavy fuel 
oil in the heating of the process and diesel in mining may 
also change over the coming decades with the decarboniza-
tion of energy production. In 2018, the share of renewa-
bles in final energy consumption was 41%, while the use of 
nuclear power accounted to 18% (Statistics Finland 2019). 
For 2030, the goal is for 54% of total energy consumption 
to be from renewable sources (Ministry of Economic Affairs 
and Employment 2019). The effect of this could be assumed 
to be comparably small considering the already relatively 
clean electricity mix, and the decarbonization might be 
expected to affect the upstream processes more.

Mining and beneficiation were not modeled in detail, and 
instead proxy data from Norgate and Haque (2012) was used 
by adapting the data for the ore grades. Data for the open-pit 
mining of refractory gold concentrates was considered more 
representative of the ore than the available data for cobalt 
mining, which is why gold mining was used. The beneficia-
tion referred to in Fig. 1 consists of ore comminution by 
grinding, and the upgrading of the ore by unit operations 
such as flotation, magnetic separation, and gravity separation 

based on the current state-of-the-art for gold and base metal 
ores. The actual flowsheet will be determined with more 
accurate details along project development based on metal-
lurgical test work series and modeling.

A prospective process flowsheet was drafted based both 
on the available literature and the state-of-the-art practices 
in both complex sulfide ore and cobalt processing. The 
cobalt-gold-copper-containing concentrate was leached in 
sulfuric acid solutions at elevated temperature and pressure 
(base metal refining in Fig. 1), leaving gold in the leach-
ing residue to be recovered by standard cyanidation and 
carbon adsorption (Au refining). Iron and arsenic (impuri-
ties) were first removed from the pressure leaching solu-
tion, after which copper was precipitated as copper sulfide 
that could potentially be used as raw material at existing 
copper smelters. Cobalt was separated from the dissolved 
magnesium by precipitation as cobalt sulfide—an interme-
diate which was refined further into battery-grade cobalt 
sulfate by re-leaching, solvent extraction, and crystalliza-
tion (Co refining). The term “mining” refers to both mining 
and beneficiation hereinafter. A detailed description of the 
process units and the process phenomena is available in the 
Supplementary Material.

2.2.3  Impact categories

The investigated impact categories were global warm-
ing, acidification, freshwater eutrophication, photochemi-
cal ozone formation, stratospheric ozone depletion, gross 
energy requirement, freshwater aquatic ecotoxicity, human 

Fig. 1  Schematic diagram of the selected process steps (mining, base metal refining, Co refining, and Au refining) to produce copper sulfide, 
battery grade cobalt sulfate, and gold from a Co-Au bearing ore. The hydrometallurgical steps are highlighted with a colored background

2130 The International Journal of Life Cycle Assessment (2021) 26:2127–2142



1 3

toxicity, and freshwater use. Awuah-Offei and Adekpedjou 
(2011) suggested that global warming, acidification, ozone 
depletion, acidification, eutrophication, human toxicity, and 
freshwater aquatic toxicity are well-suited for assessing the 
impacts of mining together with land, water, and energy use, 
and the categories were selected based on that.

2.3  Process simulation

Process simulation was used to study the effect of some pro-
cess parameters on the performance and the environmental 
impacts of the modeled ore leaching process.

2.3.1  Simulated cases and model throughput

Two cases (High As and Low As) were simulated in the 
flowsheet to study the effect of raw material characteristics 
on the environmental performance of the process under high 
uncertainty. Variation in cobalt grade was also studied for 
both of the cases. The cobalt content in the concentrate was 
varied in the model from 0.5 to 10.0% by adjusting the con-
tent of cobalt minerals and quartz respectively while keep-
ing the other minerals constant. The 1.35% Co grade was 
obtained from the analyses and was thus used as the fixed 
point, or “base” in the study. The limits for the concentrate 
(0.5% and 10%) were selected to study the behavior of the 
model over a wide range of concentrate compositions. In 
the past, cobaltite concentrates with grades averaging 17.5% 
Co have been utilized in Idaho (Fassell 1962), but the ore 
grades have fallen rapidly over the recent decades, which is 
also seen in the concentrate grades. The actual grades will 
be determined by thorough metallurgical test work on both 
cobalt and gold recovery, and thus, a wide scale was applied.

High As The main cobalt mineral is cobaltite (CoAsS) and 
the As content of the concentrate consequently increases 
when the cobalt content does. Changing the cobalt content 
therefore also affected the percentage of arsenic (0.6–12.7%) 
and sulfur (13.9–16.3%) in the concentrate. The quartz con-
tent also varied between 0.1 and 18.8%.

Low As Cobalt is present in linnaeite  (Co3S4), leading to 
lower arsenic contents than in the High As case. Small 
amounts of arsenic (0.03%) were assumed to be found in the 
other minerals. Increasing the cobalt content also increased 
the sulfur content in the concentrate (13.7–17.7%) and the 
quartz content varied between 3.0 and 19.4%.

The throughput to the simulation model was also deter-
mined in this stage. Total global refinery production of 
cobalt was approximately 98 kt in 2016 (Alves Dias et al. 
2018). While Finland is a significant producer of cobalt 
within the EU and a globally important supplier of refined 

cobalt, the country’s mine production (approximately 3000 
t/a) accounts for less than 2% of global production (Alves 
Dias et al. 2018). The current estimation for the cobalt 
resources in the deposits concerned is approximately 5100 
metric tons (AMC Consultants 2020). The throughput in 
the model was calculated assuming that the mine is oper-
ated for 10 years with 1.35% Co grade in the concentrate, 
giving approximately 5.4 metric tons of concentrate feed 
per hour. In the case of the industrial refining of the studied 
ore body, the annual Finnish cobalt mine production would 
also increase by approximately 15%, and approximately 2% 
in European (Finland, Norway, Belgium, France) refinery 
production (Alves Dias et al. 2018).

2.3.2  Assumptions in the simulation

The assumptions made in the process simulation affect the 
inputs and outputs of the model and are thus also transferred 
to the LCA step. The chemistry and the design parameters of 
the model are described in detail in the online Supplemen-
tary Material, and the effect of some of these assumptions 
was tested by sensitivity analysis in the current study.

The recovery rates of cobalt during pressure oxidation 
(base metal refining) were based on the earlier research work 
of Dannenberg et al. (1987), who studied the behavior of 
high-grade cobaltite-copper (5.3% Co, 3.6% Cu) concen-
trates in high pressure acid leaching. Based on the results, 
over 99% of both cobalt and copper were leached after 4 h 
at T = 195 °C and 100 psi (700 kPa) oxygen overpressure. 
Similar results were obtained in larger scale experiments, 
but the behavior of iron and arsenic was distinctly differ-
ent depending on the reactor sizes. Approximately 26% of 
arsenic and 41% of iron were left in solution after four-hour 
leaching in the described conditions, which was a steep 
increase from the small batch experiments. The extraction 
percentages were used to control the precipitation of arse-
nic and iron in the model. Based on the same experiments, 
it was also assumed that 1% of dissolved cobalt and 7% of 
dissolved copper would co-precipitate during the rejection 
of iron and arsenic in base metal refining.

Iron behavior in pressure leaching depends on several fac-
tors, such as acidity, temperature, and the presence of alkali 
ions, with possible precipitates being hematite  (Fe2O3), fer-
ric arsenate  (FeAsO4), basic ferric sulfate Fe(OH)SO4, and 
jarosites  (MeFe3(SO4)2(OH)6, where Me is usually K or Na). 
Although this has little effect on the results of the model, it 
could be critical for the filterability of the residues and there-
fore essential for industrial scale operations. Furthermore, 
hematite is stable in the alkaline conditions of Au refining, 
whereas jarosite and basic ferric sulfate are not (Fleming 
2010). In the absence of alkali, hematite and basic ferric 
sulfate were predicted to be the dominant iron compounds 
and form at equal rates in the pressure leaching steps, which 
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was considered a reasonable compromise. All of the basic 
ferric sulfate was assumed to react with lime during the sub-
sequent Au refining step.

In Au refining, gold was presumed to be almost com-
pletely leached (99%) after 24 h of cyanidation and effec-
tively recovered by carbon adsorption (99%), using the con-
ventional process parameters also assumed by Elomaa et al. 
(2020a). The gold in the ore is known to be amenable to 
cyanidation with high extraction rates and no preg-robbing 
is expected to occur. The pressure leaching treatment (dur-
ing base metal refining) causes some uncertainty; however, 
it is possible that some of the gold becomes locked inside 
the forming iron precipitates, a phenomenon known to occur 
especially in the roasting of refractory gold ores (Wang et al. 
2018). This is also likely to occur during pressure oxidation. 
The extraction and final recovery of gold was expected to 
have no meaningful effect on the results due to the functional 
unit in the LCA study.

It is important to acknowledge that the microstructure of 
the raw material and the gangue minerals have a profound 
effect on leaching extraction and behavior during the solid/
liquid separation steps. More accurate information on the 
reaction rates, optimal conditions, and chemistry can only 
be obtained by thorough extensive and labor intensive metal-
lurgical test work. Industrially proven and reliable process 
options were selected to counter this problem to the best 
extent, and the sensitivity of the environmental indicators 
to several process parameters was assessed to study the data 
gaps and the validity of the model.

3  Results and discussion

Results were obtained for both the process model and 
the environmental impacts for the High As and Low As 
cases. Further uncertainty in the life-cycle model was also 
addressed by conducting a sensitivity analysis for some of 
the parameters in the process simulation.

3.1  Life cycle inventory

The inputs and outputs from the process simulation were 
normalized for 1 kg cobalt sulfate (0.21 kg cobalt). The LCI 
data for the sub-systems described in Fig. 1—mining, base 
metal refining, Co refining, and Au refining—are presented 
in Table 3. The Finnish electricity grid mix was used to 
represent electricity and heavy oil burning was used for heat 
generation.

The analysis was conducted cradle-to-gate. The impact of 
mining and beneficiation was estimated based on the inven-
tory data of Norgate and Haque (2012) for the open-pit min-
ing of gold and the data was adapted to account for the ore 
grades. The mine operation step was the largest single source 

of uncertainty in the study due to the lack of any very repre-
sentative literature data.

The electricity consumption of the process was calculated 
based on the mass balance obtained from the simulation. 
Reactors, filters, thickeners, crystallizers, and electrowin-
ning were included, while the rest of the equipment, such 
as pumps and lights, were estimated to consume 1000 kWh 
based on the model throughput (5.4 t/h). The methodology 
used for calculating the energy consumption has previously 
been presented by Elomaa et al. (2020a) and Rinne et al. 
(2021). The heat balance of the process was used to esti-
mate the need for cooling water or heating, and the heat was 
assumed to come from steam generated with heavy oil in the 
case of the hydrometallurgical units and natural gas for the 
furnaces in gold refining.

The aqueous emissions were estimated based on metal 
and sulfate contents in the effluents and the moisture remain-
ing in solid residue cakes. The most significant ions either 
in terms of their impact (Huijbregts 1999) or their levels in 
the wastewaters were included in the inventory, while some 
(Fe(II,III), Na, Ca, Mg) were excluded. Sulfate-contaminated 
wastewaters are a typical problem for minerals processing 
and refining, which is why sulfate was included in the LCI. 
All of the ions were collectively inventoried under base 
metal processing due to their low levels in the individual 
flowsheets. Cyanide was presumed to break down completely 
to non-toxic cyanate, which was not included.

3.2  Impact analysis

The results are shown in Fig. 2 for each of the process steps 
(mining, base metal refining, Co refining, and Au refining). 
The overall GWP value was 20.9 kg  CO2-eq for the High As 
case and 20.3 kg  CO2-eq for the Low As case due to the small 
differences in the consumption of utilities and chemicals. Of 
this, the hydrometallurgical process accounted for 12.7 and 
10.9 kg  CO2-eq, respectively. Based on the analysis, the Co 
refining step is by far the least impactful, while mining and 
base metal refining appear the most significant steps in most 
of the categories. Mining was particularly overrepresented in 
terms of POCP, AP, EP, and HTP. The emissions from min-
ing were mainly to air: the ozone-depleting substances were 
observed to be volatile organic compounds (VOCs), while 
 NOx and ammonia contributed to both eutrophication and 
acidification. The cause for human toxicity was explained 
my indirect heavy metal emissions from the background 
processes. Minor gaseous  H2S emissions may be expected 
from sulfide precipitation, and some gaseous emissions were 
assumed to occur during cyanide destruction, but it was seen 
that the emissions from the hydrometallurgical process were 
largely either soluble compounds to freshwater or indirectly 
from upstream processes.
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The difference between the impacts of mining between 
the investigated cases was due to the difference in cobalt 
recovery, causing higher impacts in the Low As case. Chemi-
cal and heat consumption, on the other hand, were higher 
in the High As case, particularly in base metal refining, 

which increased the impacts of the hydrometallurgical pro-
cess. The formation of ferric arsenates in the High As case 
also increased the amount of gold-bearing leach residues 
subjected to Au refining, which was seen in the consump-
tion of water and some of the chemicals and thus in the 

Table 3  Gate-to-gate LCI for 
each of the process steps per 
1 kg cobalt sulfate in both 
High As and Low As cases for 
the most probable concentrate 
cobalt content (1.35%). Most 
of the flows are represented 
as kg/FU (1 kg cobalt sulfate 
heptahydrate), and the ones 
represented by kg/t cobalt 
sulfate are marked with an 
asterisk (*)

Inputs High As Low As Outputs High As Low As

Mining
Ore (kg/kg) 207.71 208.72 Concentrate (kg/kg) 18.52 18.61
Diesel (kWh/kg) 12.56 12.62 Tailings (kg/kg) 186.94 187.85
Explosives (kg/kg) 0.35 0.35
Electricity (kWh/kg) 4.30 4.32
Cr steel (kg/kg) 0.15 0.15
Reagents (kg/kg) 0.03 0.03
Base metal refining
Concentrate (kg/kg) 18.52 18.61 Cobalt sulfide (kg/kg) 0.33 0.33
Electricity (kWh/kg) 4.44 4.16 Copper sulfide (kg/kg) 0.10 0.10
Heat, heavy oil (kWh/kg) 4.02 2.44 Gold concentrate (kg/kg) 14.90 14.85
Process water (kg/kg) 118.68 116.39 Solid wastes (kg/kg) 19.69 16.93
Sulfuric acid (kg/kg) 2.32 2.29 Wastewater (kg/kg) 83.35 83.75
Technical oxygen (kg/kg) 7.68 7.56 Oxygen to air (kg/kg) 1.54 1.51
Lime (kg/kg) 4.52 3.86 Nitrogen to air (kg/kg) 0.40 0.40
Sodium sulfate (kg/kg) 0.37 0.37 Water vapor (kg/kg) 26.87 26.72
Hydrogen sulfide (kg/kg) 0.16 0.16 Cu(II) aq. (kg/t)* 0.36 0.38

Co(II) aq. (kg/t)* 2.06 2.16
As(V) aq. (kg/t)* 4.85 0.12
Ni(II) aq. (kg/t)* 0.04 0.05
Al(III) to water (kg/t)* 6.55 6.98
Sulfate aq. (kg/kg) 1.20 1.24

Co refining
Cobalt sulfide (kg/kg) 0.33 0.33 Cobalt sulfate (kg/kg) 1.00 1.00
Electricity (kWh/kg) 0.22 0.19 Solid waste (kg/kg) 0.68 0.93
Process water (kg/kg) 9.59 8.65 Oxygen to air (kg/kg) 0.06 0.06
Sulfuric acid (kg/kg) 0.41 0.54 Nitrogen to air (kg/kg) 0.02 0.02
Technical oxygen (kg/kg) 0.30 0.31 Wastewater (kg/kg) 8.45 6.14
Caustic soda (kg/kg) 0.07 0.04 Waste organic (kg/kg) 0.18 0.18
Lime (kg/kg) 0.21 0.30 Water vapor (kg/kg) 0.99 1.00
Organic (kg/t) 0.62 0.62
Au refining
Gold concentrate (kg/kg) 14.90 14.85 Gold (kg/t)* 0.43 0.43
Electricity (kWh/kg) 2.53 1.85 Solid waste (kg/kg) 14.95 10.87
Heat, heavy oil (kWh/kg) 0.21 0.17 Wastewater (kg/kg) 36.00 26.21
Process water (kg/kg) 15.20 11.07 Water vapor (kg/kg) 0.03 0.03
Lime milk (kg/kg) 0.43 0.31 Ammonia (kg/t)* 10.29 7.70
Air (kg/kg) 1.44 1.05 Carbon dioxide (kg/kg) 0.03 0.02
Sodium cyanide (kg/t)* 30.47 26.63 Spent carbon (kg/kg) 0.01 0.01
Activated carbon (kg/t)* 31.56 24.07 Oxygen to air (kg/kg) 0.43 0.42
Hydrochloric acid (kg/t)* 0.01 0.01 Nitrogen to air (kg/kg) 1.71 1.69
Caustic soda (kg/t)* 8.44 6.18
Sodium sulfite (kg/kg) 1.71 1.24
Copper sulfate (kg/t)* 0.87 0.63
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environmental impacts. In terms of FAETP, the two cases 
were nearly equal, while High As case produced more emis-
sions that were toxic to humans.

The differences between the investigated Low and High 
As cases were extremely small (e.g., AP: High As 0.30 kg 
 SO2-eq, Low As 0.28 kg  SO2-eq; ODP: High As 3.8E-6 kg 
R11-eq, Low As 3.4E-6 kg R11-eq). The slightly lower 
cobalt recovery in the Low As case was particularly reflected 
in mining, leading to higher environmental impacts particu-
larly in the mining-dominated EP, POCP, and ODP indica-
tors. In the other evaluated categories, the High As case was 
shown to have higher impacts. The effect of the main cobalt 
minerals was so small that the other, so far unknown, process 
phenomena and the uncertainty in the recovery rates had a 
more profound effect on the footprint of the process than the 
main cobalt minerals. This includes factors such as acid and 
cyanide consumption in side reactions and the effect of vari-
ous minerals and precipitates on the solid/liquid separation. 

Some variables, such as carbon consumption in the gold 
CIL circuit, also depend on circuit design, which affects the 
breakdown of carbon.

Toxic emissions to aquatic life (FAETP) were mainly 
from base metal refining, where all of the soluble metals 
(Cu, As, Co) had been mapped. Considering the large dif-
ference between the cases in terms of As(V) emissions in 
Table 3 and the small difference seen between the cases, it 
was determined that soluble cobalt and particularly copper 
contributed to the category. The toxic compounds resulting 
from mining were observed to be heavy metals and organic 
compounds to air, with the main cause being the wearing 
of the grinding media (assumed chrome steel balls). The 
large difference between the cases in HTP, on the other hand, 
appears to be due to the release of arsenic.

It is noteworthy that relatively low cobalt recoveries 
were obtained without the treatment of filter wash waters 
for cobalt recovery. In the case of the presumed cobalt grade 

Fig. 2  The evaluated environmental impacts in mining, base metal 
refining, Co refining, and Au refining. a Global warming. b Acidifica-
tion. c Freshwater eutrophication. d Photochemical ozone creation. e 

Stratospheric ozone depletion. f Freshwater use. g Freshwater aquatic 
ecotoxicity. h Human toxicity
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(Co = 1.35%), 81.6% of Co was recovered in the High As 
case and 81.3% in the Low As case. It was also observed 
that the cobalt losses decreased significantly when the cobalt 
grade in the concentrate fed to the hydrometallurgical pro-
cess increased. This may be attributed to the decreasing vol-
umes of filter wash water.

Based on the process simulation, cobalt recovery could 
thus be significantly increased by further flowsheet optimiza-
tion, which would be reflected positively in the environmen-
tal impacts. Detailed results on the simulation results (valu-
able metal recoveries, waste streams, chemical consumption, 
heat balances) are available in the Supplementary Material. 
Assuming that the effect of increasing the recoveries would 
be minimal on the other process variables and flows, the 
improved recovery rate would decrease the GWP from 20.9 
to 17.7 kg  CO2-eq for the High As case and from 20.3 to 
17.2 kg  CO2-eq for the Low As case.

3.2.1  Contribution breakdown

The process had no clear direct emissions in most of the 
impact categories aside from mining, so the estimated 
impacts were primarily from upstream processes: energy 
and chemicals production. A detailed contribution analysis 
of chemicals and utilities is provided in Fig. 3. The effects 
of mining were more uncertain due to the lack of models 
specific to the ore.

In mining, energy use and blasting accounted for most of 
the impacts, which was to be expected based on earlier stud-
ies on minerals and metals processing (Norgate et al. 2007; 
Norgate and Haque 2012). Diesel use explained most of 
the GWP, while blasting contributed the most significantly 
to most of the other categories. The direct consumption of 
water was also large in mining, as shown in Fig. 3f, while 
upstream processes explained most of the freshwater use in 
the hydrometallurgical process. Several earlier studies have 
concluded that clean energy is among the most impactful 
methods for reducing the emissions from mining and min-
erals processing (Farjana et al. 2019; Norgate et al. 2007). 
Since relatively low-carbon Finnish electricity was used, the 
share of electricity consumption was rather low in nearly all 
of the categories, regardless of the process stage. Switch-
ing from diesel to fully electric haul trucks could therefore 
be an attractive option to reduce emissions, but considering 
the time scope of the project (assuming 2040–2050), the 
electrification of mining may occur during that time frame, 
which would obviously reduce particularly greenhouse 
gases, ozone-generating substances  (NOx).

In the hydrometallurgical process, oxygen production 
for the pressure leaching vessels (autoclaves) in both base 
metal processing and Co refining explained most of the 
impacts. Oxygen utilization can be optimized for large scale 
through impeller design and optimal oxygen partial pressure 

in leaching. Some of the oxygen will inevitably be lost to 
the pressure leaching off-gas. Although the recycling of the 
off-gas can reduce the oxygen consumption to nearly the 
stoichiometric amount, there are significant costs associated 
with this (Marsden and House 2006). Sulfuric acid produc-
tion was also a noticeable source of acidifying emissions, 
and its consumption could be further decreased by circulat-
ing some of the acidic solutions back to leaching.

In Au refining, the environmental impacts arose primarily 
from the production of sodium sulfite, which was used as a 
cyanide destruction chemical. Given the importance of cya-
nide management from an environmental perspective, a tech-
nically robust and simultaneously cost-effective method for 
cyanide destruction is critical. Several methods have been 
suggested to recover free cyanide in particular from gold-
barren pulps and solutions for reuse, thus also reducing the 
need for detoxification. The simplest way to achieve this is 
by thickening the tailings slurry and circulating the overflow 
back to leaching (Fleming 2005). More complex cyanide 
recovery schemes, such as AVR or the Cyanisorb process, 
can also recover cyanide from weak acid dissociable cyanide 
complexes, such as most Ag and Cu cyanide complexes. 
These methods rely on lowering the pH and converting cya-
nide to HCN gas, which is scrubbed with caustic solution 
to form a strong cyanide solution for reuse (Fleming 2005). 
The effects of cyanide recovery on the results would likely 
be limited, but it could have practical benefit in reducing 
the cyanide content in the tailings and reducing costs. The 
chemical recovery of cyanide through HCN also poses a 
massive risk for human health and the environment if not 
handled correctly, due to the high toxicity of the gas.

The hydrometallurgical process was assumed to leave 
trace amounts of heavy metals to wastewaters, which were 
presumed to be released to freshwater. Despite the assump-
tion that the aqueous emissions would be small, particularly 
the minute cobalt and copper amounts were significant in 
terms of freshwater aquatic ecotoxicity, as seen in Fig. 3g, 
while arsenic from High As case had a more noticeable effect 
in human toxicity. Optimal treatment of the wastewaters is 
necessary, but the complete prevention of heavy metal mobi-
lization to the environment is likely not possible.

3.2.2  Effect of the concentrate grade

The effect of the cobalt concentrate grade on greenhouse 
gas emissions was studied and the results are presented in 
Fig. 4, with mining excluded due to the uncertainty associ-
ated with the beneficiation step when the concentrate grade 
is manipulated. It should be observed that the ore grade was 
presumed to be constant, and the differences between the 
concentrate grades are due to the amount of processed raw 
materials, varying cobalt recoveries, and possible chemical 
consumption.
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An inverse dependence was observed between the con-
centrate cobalt grade and GWP, and a sharp decrease in 
GWP occurred between 0 and 3% Co grades: from 28.0 to 
6.4 kg  CO2-eq in High As and 22.4 to 5.7 kg  CO2-eq in Low 
As. The differences between the cases also decreased when 
the concentrate grade increased, as shown in Fig. 4a. At 
0.5% Co, the GWPs of High and Low As cases were 28.0 and 
22.4 kg CO2-eq, respectively, while at 10% Co, they were 
2.9 and 2.5 kg  CO2-eq.

It can also be seen (Fig. 4b) that the decreased impacts 
when the Co grade increases are due to the improved 

environmental performance in base metal refining and Au 
refining: the GWP of base metal refining fell from 18.7 to 
1.7 kg  CO2-eq in the studied interval (0.5–10% Co), and Au 
refining from 8.4 to 0.4 kg  CO2-eq. The footprint of refining 
was nearly constant in the process, decreasing only from 
1.0 to 0.9 kg  CO2-eq with the increasingly valuable grade 
in the concentrate. It was thus observed that the impacts 
of Co refining were largely independent of the other pro-
cesses and that the variation was mainly caused by overall 
cobalt recovery. Nevertheless, reducing the impacts from 
the hydrometallurgical process by producing higher grade 

Fig. 3  Detailed contribution of chemicals and utilities to the envi-
ronmental indicators in the process steps, with BM refining standing 
for base metal refining, including both High and Low As cases. The 
“Others” group consists mainly of minor reagents, including organ-
ics in solvent extraction, hydrogen sulfide, hydrochloric acid, and 

activated carbon. a Global warming. b Acidification. c Freshwater 
eutrophication. d Photochemical ozone creation. e Stratospheric 
ozone depletion. f Freshwater consumption. g Freshwater aquatic eco-
toxicity. h Human toxicity
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concentrates has implications on the impacts of minerals 
processing, such as energy consumption in comminution 
and the final yields. The optimization of the whole process 
should therefore be done with experimental data when test 
work has been conducted. The current study did not consider 
the parameters of the mineral processing steps, which are 
their own dedicated entity.

3.3  Sensitivity analysis

The significance of uncertainty related to the process param-
eters was investigated by conducting a sensitivity analysis 
with respect to the hydrometallurgical process. The effects 
of changing the solid/liquid ratio, initial slurry  H2SO4 con-
centration, oxygen utilization efficiency, iron behavior, and 
thickener and filter parameters were studied by changing the 
base values by ± 20% in the simulation and calculating the 
impacts for the new set of inputs and outputs. Iron behav-
ior was studied by changing the concentration of dissolved 
iron in the pressure leach discharge and the ratio of hema-
tite and basic ferric sulfate in the pressure leaching precipi-
tates  (Fe2O3/Fe(OH)SO4). The underflow solid content was 
selected for the thickeners and moisture content in the cake 
for the filters. The results of the analysis are presented in 
Fig. 5 with respect to the hydrometallurgical process (base 
metal refining, Co refining, Au refining), excluding mining.

The selected process parameters mostly affected the 
energy and chemical consumptions of the process, which 
was reflected in the estimated environmental impacts. In the 

case of filter cake moisture, the recovery of cobalt was also 
affected, which can be seen in the impacts. This is because 
the washing efficiency can never be 100%, meaning that a 
small amount of solution is left in the filter cake.

The analyses showed that a 20% disturbance in the values 
changed the environmental indicators (GWP, AP, EP, POCP, 
ODP, Water) by approx. 0–2% for the most part. The major 
exceptions were the oxygen utilization efficiency in pressure 
leaching, solid content in the feed slurry, and cake moisture, 
which had more profound effects on the impacts. A lower 
solid content in the leach slurry increased the consumption 
of electricity, and pH- or concentration-controlled chemi-
cals (neutralization chemicals, sulfuric acid, cyanide). Aside 
from POCP, increasing the slurry solid content and thus 
decreasing the volume of treated solution led to a decrease in 
the categories: a + 20% increase in solids loading decreased 
GWP by 0.7%, while a 20% decrease increased it by 4.8%. 
The cause of the response seen in POCP, where + 20% 
and − 20% both increased the indicator (approx. ± 1.6%),  
is unknown.

Of the studied indicators, AP was observed to be affected 
mainly by changes in acid consumption caused by vary-
ing the process variables: namely the slurry solid content, 
thickener UF solids, and cake moisture. Decreasing the ini-
tial slurry acidity from 30 g/L  H2SO4 to 24 g/L decreased 
the AP by 2.8%, whereas a 20% increase in slurry acidity 
(36 g/L  H2SO4) caused a much lower increase of 0.5%. The 
asymmetrical response was due to the circulation of some 
of the acidic effluents from the process back to leaching, 

Fig. 4  a GWP of the hydrometallurgical process consisting of base metal refining, Co refining to cobalt sulfate, and Au refining as a function of 
Co grade for Low and High As concentrates. b GWPs of the three sub-processes in the High As case as a function of Co grade in the concentrate
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which decreased acid consumption, particularly at higher 
acidities. The effect of the thickener UF slurry solid con-
tent (+ 20% causing an increase of 2.5%, − 20% causing a 
decrease of 3.8%) and filter cake moisture (+ 20%: + 2.8%, 
while − 20%: − 2.2%) was similar: the more solution cir-
culated back, the less acid consumed and thus the AP 
decreased.

Fe3+ concentration in pressure leaching discharge and the 
formed iron precipitates  (Fe2O3 and Fe(OH)SO4) had little 
practical effect on the model. The largest disturbance was 
seen in POCP, when the ratio of hematite and basic ferric 

sulfate in the leaching residues was manipulated: − 20% less 
hematite decreased the impacts by 1.9%, whereas + 20% 
hematite increased the POCP value by 0.8%. This was 
despite the fact that basic ferric sulfate was presumed to 
react in Au refining, thus increasing the consumption of 
lime, while hematite was thought to be inert, and thus, the 
response was possibly due to the increased acid formation in 
the hematite formation reaction or other side reaction. The 
observed effect of hematite formation increasing chemical 
consumption is unrealistic on a larger scale due to the dif-
ferences in precipitate characteristics affecting solid/liquid 

Fig. 5  The sensitivity of the environmental impact categories to pro-
cess parameters and variables in the High As case (Co 1.35%). The 
initial values were 25% cake moisture, 40% UF solids,  Fe2O3/Fe(OH)
SO4 = 1, 10 g/L Fe(III) in the discharge, 30 g/L  H2SO4 in the slurry, 
80% oxygen utilization efficiency, and 20% slurry solid content. a 

Global warming. b Acidification. c Freshwater eutrophication. d Pho-
tochemical ozone creation. e Stratospheric ozone depletion. f Fresh-
water consumption. g Freshwater aquatic ecotoxicity. h Human toxic-
ity
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separation, and the effect was largely minimal in the other 
categories (GWP, AP, EP, ODP, water).

Oxygen utilization efficiency in the pressure leaching 
vessels was observed to be the main source of uncertainty 
contributing to all of the investigated categories: improving 
oxygen utilization and thus decreasing oxygen consumption 
by 20% (from 80 to 96%) decreased the impacts by over 5% 
in all of the categories other than AP (− 3.9%), with the 
largest effect seen in EP, − 10.3%. Decreasing oxygen uti-
lization to 64% likewise increased the categories in excess 
of 5%, far more than any of the other studied parameters. 
In commercial operations, impeller design has an impor-
tant role in ensuring efficient oxygen mass transfer and the 
even distribution of gas in the vessel, but oxygen utilization 
is difficult to measure and optimize on a laboratory scale 
(Brewer 2004). High oxygen utilization is also desirable 
from an economic standpoint due to the cost intensity of 
oxygen production on site (Green et al. 2018).

The effect of the process parameters on toxicity (FAETP, 
HTP) was more unclear. These categories were more sensi-
tive to the aqueous heavy metal ions than process inputs, 
and small random variation in the outputs would thus see 
a relatively large response. Changes in the water balance 
would be expected to have the most significant effect on the 
heavy metal flows. Increasing UF solid content, for instance, 
lead to lower FAETP (− 3.0%), but higher HTP (+ 1.0%), 
which implies that increasing UF solid content may have 
decreased copper in the outflows but slightly increased the 
amount of soluble arsenic leaving the process. Decreasing 
UF solid content had an opposite response, but less signifi-
cant in terms of FAETP (FAETP + 1.3%, HTP − 1.5%) Cake 
moisture appeared the most important parameter affect-
ing toxicity categories, which is intuitive considering that 
a large amount of the metals were presumed to mobilize 
from the moisture contained in solid residues: leach residue, 
jarosite-ferric arsenate precipitates, cyanidation tailings, 

neutralization tailings. Oxygen efficiency affected these cat-
egories less than the others (FAETP ± 3.1%, HTP ± 3.6%).

A sensitivity analysis was also conducted to see what 
effect the allocation of co-products has on the results by 
several means, see Fig. 6. Although economic allocation is 
usually not recommended, the method is noted by Santero 
et al. (2016) to capture the driving force of operations bet-
ter where base and precious metals are extracted together: 
it can be economic to recover high-value precious metals, 
such as gold, in minute amounts. Due to price fluctuations, 
economic allocation was conducted using the average prices 
for gold, cobalt, and copper during two reference years, 2018 
and 2019 (statista 2020, 2021a, b).

By mass basis, 93–94% of the burden was allocated to 
cobalt sulfate (19.5 and 19.1 kg  CO2-eq High and Low As) 
and less than 1% to gold. Massive fluctuations in cobalt 
prices were seen between 2018 and 2019, due to which the 
GHGs allocated to cobalt sulfate were nearly twice as high 
in 2018 than in 2019: for the 2018 reference, the GWP of 
the High As case was 10.3, whereas the value was 6.0 kg 
 CO2-eq for 2019. The shares seen for economic allocation 
(Fig. 6b) would suggest that gold, while certainly a sig-
nificant product, is not necessarily the main product of the 
operations based on the value of cobalt. The situation would 
consequently be better described as gold and cobalt being 
co-products and copper a potential by-product, rather than 
one being the by-product of another.

4  Discussion

Although the use of process simulation enables the genera-
tion of highly precise LCI data and the evaluation of indi-
vidual process parameters and their effect on the results, 
there is still uncertainty related to the results. A combina-
tion of pilot-scale and laboratory-scale experimental results 
was used to predict the environmental impacts of processing 

Fig. 6  Analysis of the sensitiv-
ity of the model to various 
allocation methods: no alloca-
tion, mass, byproduct credits, 
and economic allocation for two 
reference years: 2018 and 2019. 
a GWP for cobalt sulfate (kg 
 CO2-eq for 1 kg cobalt sulfate). 
b The allocated share of each of 
the product metals (%)

2139The International Journal of Life Cycle Assessment (2021) 26:2127–2142



1 3

cobalt-gold concentrates with certain variations. There is 
a limited amount of information on the processing of such 
raw materials available in the literature, and proven process 
options were selected to decrease this inherent uncertainty. 
Improving the simulation model with experimental data on 
leaching or solution purification steps would also improve 
the life cycle assessment (LCA) of prospective Co refining 
from these ores.

Errors in the simulation are also carried over to the LCA 
stage, which means that the uncertainties in the simulation 
also affect the impact assessment. The heat balance of the 
process is particularly uncertain due to the steady-state 
simulation and the fact that heat losses were not considered, 
and it should be presumed that the model underpredicts the 
heating and cooling requirements in the process. The con-
sumption of  H2S gas in the precipitation of Cu and Co was 
also presumed to be stoichiometric, which is why the con-
sumption of  H2S is underestimated in the model. Excess  H2S 
would be scrubbed from the off-gas using caustic soda solu-
tion, which was not implemented in the model, but which 
could be a significant factor due to the intensity of NaOH 
production.

It was assumed that the ore would be both mined and 
refined in Finland due to the strong metallurgical infrastruc-
ture in the country, and the transport impacts of concen-
trates and precipitates were thus presumed insignificant and 
left outside of the boundary. If we assume that some part 
of the processing and refining, such as the cyanidation of 
gold, occurs elsewhere, the importance of electricity could 
increase in addition to the transport impacts. This is particu-
larly true for the cyanidation of gold due to the long reten-
tion times in the leaching reactors and the large amount of 
slurry, which leads to comparably high energy consumption. 
The process is prospective, however, and the commission-
ing of the possible plant is not expected to occur in the near 
future (assumed in this study 2040–2050 for reference). The 
share of renewable and nuclear energy is expected to grow in 
the switch to low-CO2 energy, which would further decrease 
the significance of energy in the process. On the other hand, 
low-fossil energy sources would also affect the impacts of 
the upstream processes. The largest effect could, based on 
the contribution analyses, be obtained with clean oxygen 
production and the electrification of mines, which affects the 
GWP. The impacts from blasting, acidic emissions from sul-
furic acid production, the wearing of the grinding medium, 
and the release heavy metals to freshwater are not likely 
affected by decarbonization, however.

In addition to challenges with data quality, uncertainty 
arises from the scaling of the process to industrial opera-
tions. Carbon-in-leach (CIL), for instance, was applied in 
cyanidation instead of carbon-in-pulp (CIP) technology due 
to the presence of fines in the raw material, which tends to 
make CIL the preferable method (Staunton 2005). While 

CIL is also increasingly used for non-preg-robbing ores 
due to the lower capital costs from fewer reactors, it is not 
without its problems, and CIP could potentially be a more 
viable option on industrial scale since the ore was not preg-
robbing. The implementation of CIP would further increase 
the electricity consumption of the gold refining operation, 
but the consumption of carbon could decrease. Also, the 
model did not consider the effect of the buffer tanks needed 
due to the long residence times in some of the units, particu-
larly in gold cyanidation and elution from carbon. Further-
more, solid/liquid separation is scarcely ever considered in 
experimental work despite its importance on industrial scale. 
Simple settling and residue washing experiments could be 
conducted to improve the accuracy of the models.

Some uncertainty remains with the human toxicity and 
freshwater aqueous ecotoxicity categories. The release of 
heavy metals, such as arsenic and cobalt, from the process 
residues is unknown at this point in the project. The mobi-
lization of arsenic from wastes can be minimized but not 
completely prevented. Small amounts of toxic components 
also remain in the wastewaters even after the final neutraliza-
tion stages. The current model only accounts for some of the 
metals that remain soluble in the neutralized effluents based 
on approximate estimates and could be improved with leach-
ability tests on the solid residues and experimental work on 
the neutralization of process effluents.

5  Conclusions

The hydrometallurgical simulation model was built based 
on experimental parameters reported for similar raw mate-
rials and solutions. The simulation should therefore be 
updated to obtain more precise results when experimental 
data becomes available in the future. The largest data gap 
in the study was the effect of mining and beneficiation. It 
was seen that increasing cobalt content in the concentrate 
greatly reduced the impacts from hydrometallurgical pro-
cessing, but the impacts from beneficiation would also be 
expected to increase through lower recovery rates. The simu-
lation also showed that there is potential for improvement 
in the cobalt recovery rates during the hydrometallurgical 
process: the recovery of cobalt varied from 80.1–87.6% in 
the High As and 77.9–84.5% in the Low As case, mainly due 
to metal losses to filter wash waters, which showed recover-
able cobalt concentrations. The recovery of cobalt could thus 
be improved to approximately 96%. Experimental work is, 
however, necessary to validate the findings in the hydromet-
allurgical model.

Cobalt refining was observed to have little effect on the 
impacts, whereas particularly mining and the pressure leach-
ing of base metals, and the production of intermediate cobalt 
and copper products (base metal refining) produced most 
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of the emissions. The impacts from gold refining were due 
to the large amount of pressure leaching residues subjected 
to cyanide leaching and the detoxification of the tailings. 
With the estimated composition (Co grade 1.35%), the 
global warming potential was determined to be approxi-
mately 20.6 kg  CO2-eq for 1 kg of cobalt sulfate produced. 
Whether cobalt was found in cobaltite or linnaeite had very 
little effect on the results, and the focus should be placed 
on optimizing the minerals processing step to concentrate 
cobalt while securing high recovery rates.
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