
Citation: Stanković, S.; Kamberović,
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Abstract: The automotive industry is in the process of transformation from the traditional production
of vehicles with engines powered by the combustion of fossil fuels to vehicles powered by electric
energy. This revolutionary transformation will generate a growing demand for metallic raw materials
that are a crucial part of batteries—nickel and cobalt, among others. Providing enough raw materials
for e-mobility in a sustainable way will be a challenge in the years to come. The region of South-
Eastern Europe (SEE) and Turkey is relatively rich in lateritic Ni-Co deposits, and this region has the
potential to partially replace the import of nickel and cobalt intermediates to the European Union
from distant overseas locations. Possibilities for the sustainable sourcing of nickel and cobalt from
the SEE region are reviewed in this paper, with an overview of the global demand and production of
these metals, lateritic mineral resources of SEE, the current status of production, and the prospective
development of nickel and cobalt production in this region.
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1. Introduction

In today’s world, the greatest revolution in the automotive industry since the invention
of the engine with internal combustion is the transition to cars powered by electric engines.
Some leading car manufacturers are announcing a complete transfer to e-mobility in the
next ten years, and the EU´s target is to have 30 million electric cars on the roads by 2030
and zero emissions for new cars by 2035 [1]. The increase in the production of electric
vehicles has been followed by a dramatically increased demand for batteries. Planned
capacities for the production of Li-ion batteries in the EU should be sufficient to supply
the EU´s car manufacturers with batteries [2]. Currently, battery manufacturers in the
EU heavily rely on the import of raw materials from outside Europe [3]. The transfer to
e-mobility is connected to the promise of zero-carbon emissions, so critical metals for the
production of batteries, such as nickel and cobalt, need to be extracted in a sustainable way,
using technologies with reduced energy consumption and carbon dioxide emissions. The
sustainable production of nickel and cobalt from “local” European resources, together with
the development of recycling technologies, should reduce the EU’s automotive industry’s
dependence on importing these metals from distant locations and mitigate the risk of
supply shortages. Countries in South-Eastern Europe (SEE) and Turkey have significant
deposits of nickel- and cobalt-bearing lateritic ores in close proximity to the EU´s industry.
Available scientific data on the hydrometallurgical processing of laterites from SEE are
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often scarce. The aim of this review is to analyze the capacities of the SEE countries to
take part in the supply of nickel and cobalt for growing industrial battery production and
to attract the attention of the scientific community and potential investors towards the
research and development of hydrometallurgical processes for nickel and cobalt production
from lateritic ores located in this region.

2. Nickel and Cobalt Market and Production

The total global nickel demand in 2019 was 2.4 million tons (Mt). Most of the nickel
was used for the production of stainless steel (71%) and 5% was used for the production
of batteries (Figure 1). It is predicted that, in the following years, the nickel market will
undergo dramatic changes: the nickel consumption for batteries will increase to 21%
of the global demand—62% will be utilized for stainless steel production and 17% for
other products [4,5]. The world´s leading nickel producers are located in Southeast Asia
and Oceania (Indonesia, Philippines, New Caledonia, Australia); these countries currently
produce 60% of nickel. Significant nickel producers are also the Russian Federation, Canada,
Brazil, and the EU country Finland. Recently, Indonesia became the world´s leading nickel
producer, with an annual production capacity that will reach 2 Mt in the next few years [5].
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The growing nickel demand will be mostly driven by the increasing demand for
electric vehicles. Nickel can be produced by pyrometallurgy in ferronickel smelters, or
dissolved from nickel-bearing ores using hydrometallurgical approaches. The production
of batteries requires nickel sulfate produced from high-purity (> 98.5%) class I nickel
products or intermediates such as mixed nickel–cobalt hydroxide (MHP), among others.
Class I nickel accounts for roughly half of the global nickel production. Class II products
(with purity < 98.5%) ferronickel and nickel pig iron are less suitable for the production
of nickel sulfates due to the complex and expensive processing steps for the production
of nickel sulfates from these intermediates. Mixed hydroxide products (MHP) and mixed
sulfide products (MSP) are the final products of hydrometallurgical nickel extraction. These
intermediates are suitable for the cost-effective production of nickel and cobalt sulfates in
refineries. The nickel demand for nickel sulfate production is expected to grow globally
from 159 kilotons (Kt) of Ni in 2020 to 2 megatons (Mt) of Ni by 2040 (Figure 2) [5].

Cobalt is a rare metal that is almost exclusively produced as a byproduct of the copper
and nickel industry. Mines with cobalt as a main metal are located only in the Democratic
Republic of Congo and Morocco. The global mine production of cobalt in 2018 reached
nearly 168,000 tons, which was the highest annual production so far; approximately 65% of
the total cobalt came from the Congo [6]. Other important cobalt producers are Australia
(5%), Russia (4%), and the Philippines (4%). Currently, 57% of Co is used for the production
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of Li-ion batteries. It is estimated that, by 2029, the global industry will require an additional
100,000 t of cobalt, with total consumption of nearly 300,000 tons (Figure 3). The share of
cobalt used for the production of batteries will rise to 70% [7,8]. There is concern about
working conditions and child exploitation in cobalt mines in the Congo [9]. In addition,
it is a politically unstable country, so internal conflicts could jeopardize the cobalt supply.
There is a high risk of shortages in cobalt supply in the future; for this reason, the European
Commission has placed cobalt on the list of critical raw materials [10].
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Nickel and Cobalt Resources and Production Capacities in the SEE and Turkey

For many years, nickel and cobalt were predominantly produced pyrometallurgically
from sulfide ores. The nickel sulfide ores account for approximately 30% of the global
nickel deposits; the rest of the nickel in the Earth’s crust is hosted by laterites. It is
estimated that, by 2022, approximately 72% of nickel will be extracted from lateritic ores.
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Laterites are supergene ore bodies formed by the chemical and mechanical weathering of
magmatic (ultramafic) rocks. Lateritic Ni-Co deposits are located mostly in tropical areas,
approximately up to 20 degrees north and south of the equator, but some lateritic deposits
occur in non-tropical areas in Europe (Balkan Peninsula and Ural Mountains), Asia (Turkey,
Kazakhstan), and the USA (Oregon, California, and North Carolina). Lateritic ores usually
contain between 0.8 and 3% of nickel and 0.05–0.5% of cobalt [11]. Countries of the SEE
(Albania, Bosnia Herzegovina, Greece, Kosovo, North Macedonia, Serbia) and Turkey host
significant Ni-Co laterite deposits, which are part of the Eastern and Western Ophiolitic
Belts spanning from Bosnia Herzegovina to Iran (Figure 4) [6].
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Laterites originating from the Balkan Peninsula and tropical areas differ significantly.
Tropical laterites are a type of soil with a fine grain size, while Balkan laterites are in the
form of rock. Nickel laterites in the Balkan Peninsula and Turkey were formed as early
as the Early Cretaceous and may be partially preserved in situ or may be transported,
partially mixed with bauxites derived from non-ultramafic protoliths, re-deposited as
marine sediments and buried by later sedimentary rocks. Some have been lithified and
metamorphosed [12]. Table 1 lists the most important deposits of Ni-Co-bearing ores in the
SEE and Turkey. The main laterite deposits in Greece are Kastoria, Agios Ioannis, and Evia,
owned by the Larco Mining and Metallurgical Company. Albania has the largest nickel
deposits in the region, located in three clusters (Kukes, Librazhd-Pogradec, and Devolli),
with 1% average nickel content. The Librazhd-Pogradec cluster is dominated by limonitic
laterites, while the Kukes and Devolli clusters are rich in saprolite–garnierite ore [13–16].
In comparison to most important global reserves, laterite deposits in the Western Balkans
region and Turkey are small to medium in size [17].

Serbia has some smaller laterite deposits in the central and western parts of the country
(regions of Šumadija and Western Serbia). The large deposit of low-grade nickel ore Vardište
in Bosnia Herzegovina is in close proximity to the largest Serbian Mokra Gora deposit; both
deposits are actually part of the larger deposit of the Fe-Ni lateritic ore [13]. Proven reserves
of the Vardište deposit are 67 Mt, but it is estimated that there is approximately 200 Mt of
low-grade nickel ore [18]. Further geological investigations are required in order to evaluate
potential laterite reserves in Bosnia Herzegovina. The major parts of deposits Čikatova and
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Glavica in Kosovo and Ržanovo in North Macedonia are already exhausted due to decades
of mining, but Kosovo and North Macedonia might have some valuable unexploited
deposits [19]. The most important Turkish laterite deposits, Gördes and Çaldaǧ, are located
in the western part of the country. Hydrometallurgical processing of Ni-Co laterites allows
the extraction of both nickel and cobalt. Because of cobalt’s high market price, the extraction
of cobalt has a beneficial effect on the profitability of hydrometallurgical operations. The
concentration of cobalt in the laterite deposits of the SEE region is usually around 0.05%.
The Brezik-Tadići deposit in Bosnia Herzegovina is unique because it contains proven
reserves of 3 Mt of ore with exceptionally high concentrations of cobalt (0.1–0.38%), hosted
mostly by asbolane mineral phases, occurring in Fe-oxy-hydroxide-rich units [6].

Table 1. The most important nickel reserves in SEE and Turkey [6,13–16].

Country Deposit Ni, % Ore Reserves, Mt Ni Content, Mt

Albania Devolli 1.2 104 1.25
Albania Has-Kukes-Lure 1.1–1.2 80 0.89
Albania Librazhd-Pogradec 0.8–1 222 1.8

Bosnia Herzegovina Vardište 0.8 67 0.54
Greece Kastoria 1 8.7 0.087
Greece Agios Ioannis 0.8 43.6 0.35
Greece Evia 1 228.3 2.28
Kosovo Čikatova 1.29 4 0.05
Kosovo Glavica 1.55 6 0.09

North Macedonia Ržanovo 1.0 10 0.1
North Macedonia Takovo 1.0 20 0.2
North Macedonia Rakle 0.4 200 0.8

Serbia Mokra Gora 0.7–0.8 100 0.75
Serbia Western Serbia 1.2 30 0.36
Serbia Šumadija region 0.8 20 0.16
Turkey Çaldaǧ 1.1 29.7 0.3
Turkey Gördes 1 70 0.7

3. Selection of the Most Suitable Hydrometallurgical Technologies for Processing of
Ni-Co Lateritic Ores

Table 2 lists the hydrometallurgical technologies for the extraction of Ni and Co from
lateritic ores that have been applied on an industrial scale [11,20].

Table 2. Comparison of energy consumption, average carbon dioxide emissions, and capital and
operational expenses of the metallurgical operations for nickel production from lateritic ores. Values
in brackets for GHG emissions are values for hydrometallurgical operations that do not have acid pro-
duction plant on site [21–23]. Abbreviations: HPAL—high-pressure acid leaching, AL—atmospheric
pressure tank leaching, HL—heap leaching.

Process Energy Consumption,
GJ/t Ni

GHG Emissions,
tCO2/t Ni

CapEx,
USD/lb Ni

OpEx,
USD/lb Ni

HPAL 272 22.7 (27.3) 49.00 4
AL 167 14.6 (25.1) 25.00 3
HL 211 17.6 (28) 15.00 2

Ferronickel 236 22.4 24.00 2.2

3.1. High-Pressure Acid Leaching (HPAL)

High-pressure acid leaching is a technology based on the sulfuric acid leaching of
Ni and Co in autoclaves under elevated temperature and pressure. The process is very
efficient: it takes 60–90 min to complete, with Ni and Co recoveries > 95%, and low acid
consumption in comparison to other hydrometallurgical operations on laterites (300–400 kg
of sulfuric acid per ton of ore). It is a sophisticated technology that often requires several
billions of dollars of capital investment and highly skilled engineers to control the process.
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Many HPAL operations are facing technical failures and long ramp-up delays, with capital
and operational expenses that are significantly higher than planned [24].

3.2. Atmospheric Pressure Tank Leaching (AL)

The limonite and saprolite ores are leached with sulfuric acid in stirred tanks at
atmospheric pressure. The process is undertaken at 90–95 ◦C and the leaching time is up to
12 h. The process can be applied to low-grade ores (<1.5% Ni), and recoveries of Ni and Co
are relatively high (>90% for Ni and >80% Co). The main disadvantage of this process is
the high acid consumption, usually in the range of 600–800 kg per ton of ore [11].

3.3. Heap Leaching (HL)

This technology is based on the construction of large heaps that are irrigated by
sulfuric acid. Recoveries of nickel are in the range of 65–85% over 120–500 days, with acid
consumption of 200–500 kg per ton of ore. Relatively low capital and operational expenses
are the main advantages of this process, but a slow leaching rate and lower recoveries of Ni
and Co in comparison to other technologies are the main disadvantages.

In Table 2, the energy consumption, carbon dioxide emissions, and capital and op-
erational expenses of the metallurgical operations for the production of nickel from the
lateritic ores are compared [21,22].

The energy consumption and emissions of greenhouse gases (GHG) of the HPAL
process are comparable to those of ferronickel smelters. An important factor that determines
the GHG emissions of Ni-Co operations is the source of electric energy (coal combustion,
wind, hydropower, etc.). Consumption of sulfuric acid is the most important factor that
determines the profitability of the hydrometallurgical processing of the laterites, and the
majority of GHG emissions are related to acid neutralization by limestone [22]. The selection
of the most appropriate hydrometallurgical technology requires a balance between process
efficiency and capital/operational expenses. CapEx and OpEx are lowest for HL operations,
and, as they are less complex in comparison to AL and particularly HPAL, there is a lower
risk of technical failure for HL. However, not all laterites are suitable for HL—laterites
with high iron content usually exhibit low leaching degrees of Ni and Co [25]. Advantages
of AL are the high leaching degrees of Ni and Co, moderate CapEx and OpEx, and low
energy consumption and GHG emissions. Lateritic ores rich in Mg are not suitable for
AL, because the acid consumption is too high, making this process unprofitable. The most
robust hydrometallurgical process for the treatment of nickel laterites is HPAL, with low
acid consumption and excellent process efficiency for almost every ore sample, including
refractory iron-rich limonitic ores. The average CapEx and OpEx of the HPAL operations
are highest in comparison to other technologies. As a complex metallurgical process, HPAL
is facing many challenges, and technical failures have been reported [24]. A comparison
of hydrometallurgical technologies for the extraction of Ni and Co from lateritic ores that
have been applied on an industrial scale is given in Table 3.

Table 3. Comparison of hydrometallurgical technologies for extraction of Ni and Co from lateritic
ores that have been applied on an industrial scale [11,20].

Process CapEx OpEx Acid Con-
sumption

GHG
Emission

Energy Con-
sumption

Ni and Co
Extraction [%]

HPAL High Mode-rate Low High High 90–95
HL Low Low Moderate Moderate Moderate 70–80
AL Mode-rate Mode-rate High Low Low 85–95

4. Current Ni Production from Laterite Deposits in SEE and Turkey

Albania has been mining nickel ores for decades, but there are no processing facilities;
thus, Albania exports only the lateritic ore. Bosnia Herzegovina and Serbia have significant
Ni-Co deposits, but there are no nickel mining or laterite processing facilities in these coun-
tries either. Kosovo, North Macedonia, and Greece have mines and ferronickel smelters.



Metals 2022, 12, 807 7 of 12

The first hydrometallurgical plant in this region for the production of Ni and Co from
lateritic ores was commissioned in the Gördes mine in Turkey, and recently, the Hellenic
Minerals Company started production of nickel and cobalt sulfates from laterites imported
from Africa. An overview of the industrial facilities for the processing of laterites in the
SEE and Turkey is given in Table 4.

Table 4. Industrial facilities for processing of laterites in the SEE and Turkey region. Data presented
in Figure 4 are collected from the official corporate websites.

Company Country Technology Main Product
Annual Ni
Production
Capacity [t]

NewCo Feronikeli Kosovo Smelting Ferronickel 7500
Euronickel North Macedonia Smelting Ferronickel 20,000
Larco Greece Smelting Ferronickel 20,000
Meta Nickel Turkey HPAL MHP 20,000 (planned)
Çaldaǧ Turkey AL Ni, Co 16,000 (planned)
Hellenic Minerals Cyprus AL NiSO4 50,000 (planned)

The SEE’s ferronickel industry has difficulty competing with huge and more efficient
ferronickel and particularly nickel pig iron producers worldwide. Ferronickel producers in
this region often face financial problems and the profitability of these companies is very
sensitive to drops in nickel prices.

Over the years, a significant amount of data about the application of hydrometallurgy for
the processing of Greek laterites have been accumulated [25–27]. Agatzini-Leonardou et al. [28]
examined AL and HL in the columns of serpentinic laterite samples from the Kastoria mine
in Greece. HL tests in columns showed 60% Ni extraction and 45% Co extraction in 10 days,
with acid consumption of 400 kg/t. Maximal Ni and Co extractions after AL were 74% and
51%, respectively, with acid consumption of 550 kg/t. Agatzini-Leonardou et al. [28] examined
the pilot-scale heap leaching of 800 tons of lateritic ore from the “Triada” deposit in Greece,
owned by Larco. The ore contained 35.6% Fe, 0.73% Ni, and 0.06% of Co. The leaching agent
was 2N sulfuric acid and the leaching duration was 114 days; the leaching degrees of Ni and
Co were 60% and 36%, respectively, with acid consumption of 660 kg sulfuric acid per ton
of ore. More recently, Komnitsas et al. [26,27] examined HL in columns of low-grade lateritic
ore from the Agios Ioannis mine in Greece. The leaching degree of Ni was 60% with 1.5 M
sulfuric acid, but it increased to 80% after the addition of the reducing agent Na2SO3, with acid
consumption of 688.8 kg/t.

The development of hydrometallurgical technologies for nickel and cobalt production
from the Çaldaǧ and Gördes lateritic deposits in Turkey is a result of extensive research
conducted by Turkish universities [29–32]. Kaya and Topkaya [29] examined HPAL of the
limonitic ore from the Gördes mine in Turkey and determined Ni extraction of 87.3% and
Co extraction of 88.8%, with acid consumption of 300 kg/t. Oxley et al. [30] described
the Çaldaǧ nickel heap leach trial plant, demonstrating the leachability of Çaldaǧ nickel
laterites using an atmospheric heap leaching process (HL) with sulfuric acid. The leach
cycle of the first heap (average of Çaldaǧ deposit) was completed after 548 days, with
extractions of 79.4%, 82.7%, and 30.0%, for nickel, cobalt, and iron, respectively. The acid
consumption for neutralization and the primary and secondary stages of leaching per ton
of dry ore was calculated as 35 kg, 116 kg, and 377 kg. This resulted in approximately 80%
of nickel extraction.

After AL of the Çaldaǧ ore, over 90% of Ni and Co was extracted [31,32]. Table 5 shows
a summary of the cited literature data on the hydrometallurgical processing of laterites
from the SEE and Turkey.
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Table 5. Overview of the selected literature data on laboratory-scale experiments for leaching of
lateritic ores from SEE and Turkey.

Deposit Country Technology
Ni
Extraction
[%]

Acid
Concentration

Temperature,
◦C

Leaching
Duration

Acid
Consumption
[kg/t]

References

Agios
Ioannis Greece HL +

Na2SO3
80 1.5 M + 20 g/L

Na2SO3
Ambient 33 days 688 [26,27]

Ba Serbia HPAL 85 210 g/L 220–240 120 min / [33]
Çaldaǧ Turkey HL 80 1 M Ambient 548 days 510 [30]
Çaldaǧ Turkey AL 90 2 M 90 6 h / [31]
Devolli Albania HL 80 75 g/L Ambient 200 days 500 [34]
Gördes Turkey HPAL 87 300 g/L 245–270 90 min 300 [29,35]
Kastoria Greece HL 60 3 N Ambient 18 days 400 [25]
Kastoria Greece AL 74 3 N 80 120 min 550 [25]
Lipovac Serbia HPAL 37 210 g/L 220–240 120 min / [33]
Rud̄inci Serbia AL 78 0.4 M 90 120 min / [36]
Rud̄inci Serbia HPAL 95 210 g/L 220–240 120 min / [33,37,38]
Ržanovo N. Macedonia AL 85 3 M 90 120 min / [39]

Ržanovo N. Macedonia AL +
ultrasound 91 3 M 75 150 min / [40]

Triada Greece HL 60 100 g/L Ambient 114 days 660 [28]

Available data on the hydrometallurgical processing of laterites from the Western
Balkans region (Albania, Bosnia Herzegovina, Kosovo, and Serbia) are very limited, and
important data, such as acid consumption, are often missing in scientific reports. There
were several scientific papers on the hydrometallurgical processing of Serbian laterites
published from the 1980s until beginning of the 2000s, which focused on the application of
the HPAL and AL technologies [41,42]. Stopić et al. [36] investigated the leaching of the
laterite ore from the Rudjinci deposit (Serbia, Western Morava region) with sulfuric acid at
atmospheric pressure. The highest leaching degree of 78% of Ni was achieved at 90 ◦C with
0.4 mol/L sulfuric acid. Matković et al. [37] examined the leaching of nickel ore from the
Rud̄inci deposit with sulfuric acid, at elevated temperatures and pressure, in an autoclave.
The nickel leaching degree was 95% at a temperature of 240 ◦C, pressure of 3.3 Mpa, and
a sulfuric acid concentration of 210 g/L. Stopić et al. [38] studied the extraction of nickel
from Serbian and Western Australian lateritic ores by sulfuric acid leaching under high
pressure. The target values of 95% Ni extraction and 60% Co extraction were achieved in
5 min at 250 ◦C for the Serbian silicate ore, at an agitation rate of 1500 rpm, 10% solids,
and an acid/ore ratio of 0.40. Under similar conditions, only 60% Ni and 69% Co could be
extracted from an Australian ore due to differences in mineralogy. Kamberović et al. [33]
tested the high-pressure acid leaching of ores from the deposits Rud̄inci, Ba (Western
Serbia region, laterite ore), and Lipovac (Šumadija region, sulfide ore). Nickel extraction
from the Lipovac sulfide ore was very low, even after the addition of oxidizing agents
(H2O2 and HNO3)—the leaching efficiencies were 16% and 37%, respectively. The maximal
leaching degree for a lateritic sample from the Ba deposit was 85%. The best results were
obtained after the leaching of an ore from the Rud̄inci deposit, where the Ni extraction
was 95%. Information on the hydrometallurgical processing of Albanian laterites is very
scarce. Russell [34] tested the column leaching of saprolitic and limonitic laterites from the
deposit in the Devolli region in Albania. The author reported approximately 80% of nickel
recovery after 154 days from an agglomerated mixed ore (50% saprolitic ore, 50% limonitic
ore), with acid consumption of 500 kg/t of ore. Petrovski et al. [39] tested the leaching of
Ni from low-grade lateritic ores originating from the North Macedonian Ržanovo mine
(0.8% Ni). The highest Ni extraction of 85% was achieved with 3M sulfuric acid at 90 ◦C
after 120 min of leaching. Paunović et al. [40] tested the ultrasound-enhanced leaching of
an ore from the same Ržanovo deposit. A maximal leaching degree of 91% was achieved
with 3 M sulfuric acid, a temperature of 75 ◦C, and the application of ultrasound. To the
best of our knowledge, there is no information on the hydrometallurgical processing of
laterites from Bosnia Herzegovina.
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The process of technology selection for the hydrometallurgical processing of laterites
can be illustrated by an investigation of the most suitable process for the treatment of
lateritic ore from the Gördes deposit. Two types of ores were tested: an iron-rich limonitic
ore and a clay-rich nontronite ore. Table 6 presents the results of HL, AL, and HPAL of the
Gördes ore [35].

Table 6. Process selection for Gördes laterite deposit [35].

Process Ore Type Acid kg/t Leaching
Time

Ni
Extracted [%]

Co
Extracted [%]

AL Nontronite 856 5 h 93 77
Limonite 907 24 h 85 87

HL Nontronite 462 144 days 84 55
Limonite 560 534 days 65 57

HPAL Nontronite 536 90 min 98 94
Limonite 300 90 min 89 90
Blend 315 60 min 90 97

The clay-rich (nontronite) ore was more easily leachable than the iron-rich limonitic ore.
Results of AL showed the high extraction of Ni and Co, but with huge acid consumption
(856 kg/t and 907 kg/t for nontronite and limonite ore, respectively). HL was successful for
the nontronite ore, but leaching of the limonitic ore produced unsatisfactory results, with
65% of Ni leached during a very long period of 534 days. HPAL experiments produced
excellent recovery of Ni and Co, with the lowest acid consumption and a short leaching
time. Leaching of blended limonite and nontronite ore at pilot scale was successful, with Ni
and Co recoveries of 90% and 97%, respectively. Due to the high process efficiency and low
acid consumption, HPAL was selected as the most suitable technology for the processing
of the laterite ore from the Gördes deposit. AL is not a suitable process due to its high acid
consumption, and HL is not suitable because of its inefficient Ni recovery from limonitic
ore and relatively low Co recovery.

Emerging technologies, such as bioleaching of the laterites, may become important in
the years to come. Finland is currently Europe’s most important nickel and cobalt producer.
The Finish company Terrafame extracts Ni, Co, Cu, and Zn from sulfide minerals contained
in the black schist ore using heap bioleaching technology. Nickel and cobalt sulfides, which
are the final products of the bioleaching and downstream processes, are transported to a
recently opened refinery for the production of battery-grade nickel and cobalt sulfate. The
company claims that the average CO2 emissions are only 1.75 kg per kg of nickel sulfate
produced. This is a result of the use of heap bioleaching technology, which consumes up
to 90% less electricity and heat in comparison to other technologies [43,44]. An option for
the processing of laterites from the SEE might be bioleaching using acidophilic bacteria,
which oxidize added elemental sulfur to sulfuric acid, thereby reducing and/or dissolving
Fe(III) and Mn(IV) minerals in the lateritic ore; however, this approach has so far only been
successfully tested at a laboratory scale [45,46]. The direct nickel process is a patented
technology for the treatment of laterites that has been successfully tested on a pilot scale,
but it is still not applied on an industrial scale. The technology is based on the leaching of
limonitic and saprolitic laterites by nitric acid at a temperature of 110 ◦C and atmospheric
pressure. The process is very efficient, with over 90% of nickel extraction in 2–4 h and low
acid consumption of 30–80 kg per ton of ore, due to the innovative technology that allows
the recycling of the nitric acid in the process. The Neomet process is another innovative
solution for laterite processing that has not been applied on an industrial scale yet. This
process is based on leaching with hydrochloric acid at temperatures of 100–110 ◦C and
atmospheric pressure. Leaching efficiency is high, with over 95% of nickel extracted, while
acid consumption is low due to the regeneration of the hydrochloric acid in the process [11].
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5. Conclusions

Countries of the SEE and Turkey have substantial potential to supply nickel and cobalt
for the European battery industry, but more research activities are required, particularly in
the countries of the Western Balkans region. Turkey is a good example of how investment
in research and development can lead to the actual processing of laterites in modern
hydrometallurgical plants. Albania has carried out the mining of laterites for decades and
possesses substantial ore reserves, but processing facilities are lacking. Research on the
processing of Albanian laterites can lead to the development of new hydrometallurgical
plants. In spite of extensive research conducted by universities in Greece, there is still no
plant for the hydrometallurgical processing of laterites in this country. Approximately ten
years ago, there was an attempt of the Serbian government to initiate nickel mining in
Serbia. This attempt was unsuccessful due to the strong resistance of environmental NGOs,
local communities, and academia. The largest Serbian deposit, Mokra Gora, is located in
a protected area of nature, in close proximity to the Tara National Park and River Drina.
Regions of Western Serbia and Šumadija host smaller nickel deposits, which are located
in populated agricultural areas with vineyards and orchards. Therefore, nickel mining in
Serbia is probably not a feasible option. Bosnia Herzegovina hosts some promising deposits
of Ni and Co ores, but there is no available scientific information about processing options
for these ores.

Identification of the most appropriate hydrometallurgical processing technology for
particular laterite deposits, and optimization of the leaching and recovery of metals from
the pregnant leach solution, including environmental impact assessment, requires intensive
research work and substantial financial investments. Meta Nickel, Gördes has shown high
potential for the production of mixed nickel–cobalt hydroxide. The demonstration plant at
Çaldağ has proven that nickel and cobalt can be extracted by means of atmospheric heap
leaching and that a saleable product can be produced. Intensive research activities are
crucial for the countries of the region to convert their mining and metallurgical industry
from producers of raw materials and products, that are not competitive on the global market
(ferronickel), to an industry that implements sophisticated hydrometallurgical technologies
with reduced capital and operational expenses in order to produce high-quality final
products and to ensure a sustainable supply for battery manufacturers.
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process (AHP). Hydrometallurgy 2017, 171, 179–184. [CrossRef]
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