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With the development of the new energy industry and the depletion of nickel sulfide ore resources, laterite
nickel ore has become the main source of primary nickel, and nickel for power batteries has become a new
growth point in consumption. This paper systematically summarizes the processes, parameters, products,
recovery rates, environmental indicators, costs, advantages, disadvantages and the latest research progress
of mainstream nickel extraction processes from laterite nickel ore. It also provides a comparative analysis
of the environmental impact and economic efficiency of different nickel extraction processes. It is found
that the current nickel extraction processes from laterite nickel ore globally for commercial production
mainly include the RKEF process for producing ferronickel and the HPAL process for producing
intermediate products. The former accounts for about 80% of laterite nickel ore production. Compared to
each other, the investment cost per ton of nickel metal production capacity for the RKEF is about 4300083,
with an operational cost of about 160008 per ton of nickel metal and a total nickel recovery rate of
77%-90%. Its products are mainly used in stainless steels. For the HPAL process, the investment cost per
ton of nickel metal production capacity is about 560008, with an operational cost of about 15000 $ per ton
of nickel metal and a total nickel recovery rate of 83%-90%. Its products are mainly used in power
batteries. The significant differences between the two lies in energy consumption and carbon emissions,
with the RKEF being 2.18 and 2.37 times that of the HPAL, respectively. Although the use of clean
energy can greatly reduce the operational cost and environmental impact of RKEF, if RKEF is converted
to producing high Ni matte, its economic and environmental performance still cannot match that of the
HPAL and oxygen-enriched side-blown processes. Therefore, it can be inferred that with the increasing
demand for nickel in power batteries, HPAL and oxygen-enriched side blowing processes will play a
greater role in laterite nickel extraction.

©2025 China Geology Editorial Office.

1. Introduction

in ternary power battery materials and has become a crucial
energy metal. It has been listed as a strategic mineral by many

Nickel, as an important industrial metal, is widely used in
steel, alloys, electroplating, batteries, magnetic materials and
other fields due to its excellent mechanical strength, ductility,
magnetism and high chemical stability. Since the beginning of
the 21° century, its applications have gradually expanded
from traditional industries such as stainless steel, alloys,
electroplating and catalysts to emerging fields like new
energy and new materials. In recent years, with the
development of the new energy industry, nickel has been used
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countries and is receiving more and more attention worldwide
(Andersson P, 2020; Brown T, 2018).

The statistics from the International Energy Agency has
showed that the proportion of nickel used in the energy
industry increased from 6% of 2017 to 16% of 2022, which is
the primary factor driving the growth in global demand for
primary nickel. It is predicted that by 2050, under the
announced pledges scenario, global primary nickel demand
will reach 6.5x10° t, of which the clean energy sector will
reach 3.88x10° t, accounting for 60%; under the net zero
emission scenario, these figures are 6.19x10° t and 3.76 x10° t
respectively. According to statistics from S&P Global, the
global primary nickel production in 2022 was 3.03x10° t.
Based on the global production forecast from nickel mines in
production and in development, the average annual growth

Copyright © 2025 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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rate of primary nickel production over the next five years is
expected to be approximately 7.6%, with global primary
nickel supply reaching about 4.37x10° t by 2027.

Fraser J (2021) predicts that the global primary nickel
supply could be in short around 2028, with a structural deficit
of about 0.977x10° t by 2040, mainly in the clean energy
sector. As a result, battery-grade nickel has been included in
the European Union's fifth edition of the critical raw materials
list in 2023 (European Commission et al., 2023). Although
Indonesia, the largest supplier of primary nickel, has made
progress in transitioning nickel pig iron (NPI) to nickel matte,
and several high-pressure acid leaching plants are under
construction to meet the demand for primary nickel in the
clean energy sector (Heijlen W and Duhayon C, 2024), the
transition faces potential challenges such as higher energy
consumption, while high-pressure acid leaching has
environmental concerns. There is an urgent need to further
improve nickel extraction technology to meet the demand of
clean energy transition and comprehensive resource
utilization (IEA, 2023).

Most of the world’s terrestrial nickel resources are hosted
in lateritic weathering crusts (55%) and magmatic sulfides
(28%) which are commercially mined. The deep-sea
manganese nodules (17%) are still on the way (Guo YS et al.,
2013). The distribution of nickel resources in the world is
uneven, mainly concentrated in Indonesia, Australia, Canada,
Russia, New Caledonia, Brazil, the Philippines, Cuba, China
and South Africa (Table 1). Most lateritic nickel resources
occur within a band about 22 degrees of latitude either side of
the equator, such as Indonesia and the Philippines in
Southeast Asia, New Caledonia, eastern Australia and Papua
New Guinea in Oceania, and Brazil, Cuba, Colombia and
Dominican in the Caribbean region of Central America (Yang

Resources: >1000000 t

Resources: 500000-1000000 t
Resources: 100000500000 t

XS et al., 2013).

According to incomplete statistics from the S&P Mineral
Database, there were 266 nickel deposits globally with nickel
resources (including reserves) greater than or equal to 100000
t in 2023. Among these, laterite nickel ore accounts for
approximately 63% of the total resources (Fig.1).

The Asia-Pacific region ranks first with 131 deposits and
191x10° t of nickel metal resources, accounting for 53% of
the total resources. This is followed by Europe with 36
deposits, accounting for 14% of the total resources; Latin
America and the Caribbean with 29 deposits, accounting for
12%; Canada with 25 deposits, accounting for 10%; Africa
with 36 deposits, accounting for 8%; and the United States
with 9 deposits, accounting for 3%. In the Asia-Pacific region,

Table 1. World nickel resources by contained nickel.

Country Reserves/Mt Global Resources (including ~ Global
share/% reserves) /Mt) share/%
Indonesia 21 21 71 19
Australia 21 21 40 11
Brazil 16 16 19 5
Russia 7.5 7.5 36 10
New 7.1 7.1 31 8
Caledonia
The 4.8 4.8 31 8
Philippines
Canada 22 22 39 11
China* 2.1 2.1 9 2
Others 20 20 89 24
Total >100 100 365 100

Data source: Reserve data come from USGS Mineral Commodity Summaries
2023, resource data come from S&P Global Market Intellgence Mineral
Database (data as of May 2023). *According to the China Mineral
Resources Report (2022), China's nickel reserves are 4.22x10° t.

Fig. 1. Global distribution of large sulfide and nickel laterite.
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Indonesia has 19 deposits, accounting for 37% of the regional
total resources; Australia has 55 deposits, accounting for 20%
and the Philippines and New Caledonia have 29 and 6
deposits respectively, each accounting for 15% of the regional
total resources (Fig. 2; Zhang ZF et al. 2022).

With the continuous increase in global nickel demand and
the gradual depletion of sulfide nickel ore resources, the
production share of laterite nickel ore has risen from 20% in
the 1950s to about 70% today, gradually becoming the main
source of nickel (Zhang ZF et al., 2022). This shift is
attributed to the ongoing development and improvement of
laterite nickel ore processing technologies. The first
technological revolution occurred with the demand for nickel
in stainless steel soaring, leading to the adoption of the Rotary
Kiln-Electric Furnace (RKEF) process. This allowed the
abundant laterite nickel ores to enter the stainless steel supply
chain, rapidly increasing ferronickel production and
significantly reducing the production costs of the stainless
steel industry, which in turn promoted large-scale
development of stainless steel. The second technological
revolution occurred with the sharp rise in demand for nickel
in power batteries, leading to the use of the High-Pressure
Acid Leaching (HPAL) process, which once again
compensated for the structural shortage of nickel sulfate
caused by insufficient sulfide nickel ore supply. However, no
single process is perfect, and with the advancement of
technology and changes in demand, nickel extraction
technologies for laterite nickel ore are still being continuously
developed and improved. This article aims to review the main
nickel extraction technologies for laterite nickel ore, discuss
the current status and characteristics of these technologies,
and compare industrialized production processes in terms of
resources, yield, environment and costs, exploring the
comprehensive utilization direction of laterite nickel ore.

2. Overview

S&P Global Commodity Insights has identified 82 major
nickel discoveries made from 1990 to 2022, containing 147
x10° t of nickel in oxide and sulfide deposits and the former

USA, 9

Asian-Pacific
region, 191

— |

accounting for 68%. These deposits are primarily located in
Indonesia (47.57x10° t), Australia (19.87x10° t), the
Philippines (9.43x10° t), Cuba (7.65x10° t), and Brazil
(7.18x10° t). Currently mining deposits include Weda Bay in
Indonesia, Murrin Murrin in Australia, Barro Alto in Brazil,
Koniambo in New Caledonia, and Cagdianao in the
Philippines.

Nickel laterites are supergene ore bodies formed by the
enrichment of dispersed nickel through intense chemical
weathering of ultramafic rocks such as dunite, peridotite, and
serpentine. In this process, nickel is released from silicate
minerals like olivine and enstatite and replaces iron or
magnesium in the crystal lattice, forming new nickel-bearing
secondary minerals (Wang CY and Ma BZ, 2020). All nickel
laterites follow a similar weathering profile and lateritic ore
bodies can be divided into three subtypes: Oxide laterites
(Limonite), clay laterites (Nontronite) and silicate laterites
(Saprolite) (Fig. 3). Oxide laterites are mostly constituted of
the limonite layer. The primary nickel-bearing minerals in
limonite are goethite (FeO- OH) and hematite (Fe,03), with
gangue minerals such as spinel, talec, and amphibole,
accounting for 61% of the world's laterite nickel reserve. Clay
laterites are formed in colder and drier climates. The primary
nickel-bearing minerals are garnierite and saponite,
accounting for 7% of the world's laterite nickel reserves.
Silicate laterites are formed as a result of the slow tectonic
uplift with a low water table in the profile. The primary
nickel-bearing minerals in saprolite are serpentine,
montmorillonite, and chlorite, accounting for 32% of the
world's laterite nickel ore reserves (Konig U, 2021; Stankovic¢
S et al., 2020).

The contents of nickel and other associated elements (Fe,
Co, Si, Mg, etc.) vary significantly across different types of
laterite nickel ores (Table 2; Tian QH et al., 2023; Shi ZY et
al., 2019). Additionally, the laterite nickel ore properties vary
significantly across different regions. Wet-type laterite nickel
ores from regions near the equator, such as Indonesia and
New Caledonia, have relatively higher nickel grades, lower
clay mineral content, simpler composition, and are easier to
process and extract, with thin overburden layers that are easier

China, 8

Other, 11

Fig. 2. Regional distribution of the large nickel deposits (numbers represent contained nickel resources).
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Fig. 3. Zoning schematic diagram of nickel-bearing weathering crust (after Cui YL et al., 2013).

Table 2. Types and chemical analysis of laterite nickel ore (after Tian QH et al., 2023).

Ore type Mass fraction/% Characteristics Extraction process
Ni TFe MgO Si0, Co Cr,04
Limonite 0.8-1.4 36-50 0.5-5.0 0-10 0.1-0.2 2-5 Low Ni & Mg, high Fe Hydrometallurgy
Nontronite 1.2-1.8 25-40 5-15 10-30 0.02-0.1 1-2 Pyrometallurgy/
Hydrometallurgy
Saprolite 1.4-3.0 10-25 15-35 30-50 0.02-0.1 12 High Ni, Mg &Si, low Fe Pyrometallurgy

to mine. In contrast, dry-type laterite nickel ores from regions
farther from the equator, such as Western Australia, have
relatively lower nickel grades, higher clay mineral content,
more complex and variable composition, making them harder
to process and with a larger stripping ratio (Zevgolis EN and
Daskalakis KA, 2022).

In summary, compared with sulfide nickel ore, laterite
nickel ore has low nickel grade, more complex nickel
occurrence and process mineralogy, and great composition
fluctuations. It is difficult to beneficiate and recover by simple
physical sorting methods, so metallurgical methods are
usually used to obtain higher-grade nickel products.
Additionally, the metallurgical process used for nickel
extraction from one type of laterite nickel ore cannot be
directly applied to another type (de Alvarenga Oliveira V et

al., 2020). The metallurgical processes for laterite nickel ore
can be generally divided into four categories: Pyrometallurgy,
hydrometallurgy, pyro-hydro combined methods, and other
processes, with the first two processes being the most
commonly used in commercial production.

Limonite ores have high iron content, low nickel,
magnesium and silicon content, high cobalt content, poor
crystallinity, and a relatively loose structure, which is more
suitable for hydrometallurgical processes. Hydrometallurgical
processes commonly include high-pressure acid leaching
(HPAL), atmospheric leaching (AL), and heap leaching (HL)
(Wu BQ et al., 2019; Zhao D et al., 2023). These processes
have advantages such as low energy consumption and high
comprehensive recovery rates, but also face challenges like
high capital investment, low leaching rates, strict equipment
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and operational requirements, and tailings disposal issues.

Saprolite ores have high nickel, magnesium, and silicon
content, but low iron and cobalt content, and their chemical
composition and mineral makeup are highly uneven, which is
more suitable for pyrometallurgical processes.
Pyrometallurgical processes commonly include rotary kiln-
electric furnace (RKEF), sulfide smelting, and oxygen-
enriched side-blown (Wu BQ et al., 2020; Wang S et al.,
2021). Pyrometallurgical processes have advantages such as
shorter process flows, simpler operation, and higher
efficiency, but they also have drawbacks, including high
energy consumption and poor comprehensive metal recovery
rates (Fig. 4; Table 3).

Pyro-hydrometallurgical combined processes combine the
advantages of both methods, including reduction roasting-
ammonia leaching (Caron process), sulfuric acid roasting-
water leaching, and selective reduction - magnetic separation
(Shi ZY et al, 2019). Other processes include bio-
hydrometallurgy,  chlorometallurgy, and  microwave
pretreatment (Wang CY and Ma BZ, 2020).

The development and application of smelting processes
are related to changes in the supply and demand structure of
nickel, which can be roughly divided into three stages. The
first stage was before 2007, when changes in nickel demand
were mainly driven by stainless steel. From 1996 to 2007, the
compound annual growth rate (CAGR) of nickel demand for
stainless steel was 3.05%. During this phase, nickel mainly
came from electrolytic nickel produced through the
pyrometallurgical smelting of sulfide nickel ores. The second
stage was from 2007 to 2017, during which the growth in
nickel demand was primarily due to China’s significant
increase in stainless steel consumption, with a CAGR of 5.7%
in nickel demand for stainless steel during this period. At this
time, the supply of sulfide nickel ores was insufficient, and
the pyrometallurgical smelting of laterite nickel ores
developed rapidly, with a sharp increase in patent
applications. During this phase, nickel mainly came from
ferronickel and nickel pig iron produced through the
pyrometallurgical smelting of laterite nickel ores. Around
2015, the demand for nickel sulfate driven by power batteries
gradually increased, pushing patent applications for
hydrometallurgical smelting processes for laterite nickel ores
to their peak (Yu HJ et al., 2022). The third stage, from 2018
to the present, has seen incremental nickel demand mainly
come from the power battery sector. Intermediate products
from the hydrometallurgical smelting of laterite nickel ores
have become a significant source of nickel during this phase.
The depletion of nickel resources and shifting demand

. Calcination pre
Dried ore —» on p
reduction

Saprolite —»
—

patterns make research on nickel extraction from low-grade
laterites crucial.

3. Hydrometallurgical processes

The hydrometallurgical process is primarily used for
processing low-grade limonite ores and can be further divided
into high-pressure acid leaching, atmospheric acid leaching,
combined high-pressure and atmospheric acid leaching, heap
leaching, etc. (Li JH et al. 2015; Pandey N et al. 2023). In
recent years, there has been considerable research into
hydrometallurgical processes, mainly focused on increasing
the extraction rates of nickel and cobalt while reducing acid
consumption, leading to the development of combined high-
pressure and atmospheric acid leaching processes.
Additionally, based on ore characteristics, renewable leaching
media are being used to reduce acid consumption while
recovering iron, such as in the nitric acid pressure leaching
process, which enhances the comprehensive utilization of
resources (Wang CY and Ma BZ, 2020). Among these
processes, the high-pressure acid leaching (HPAL) process is
the most mature and is the preferred hydrometallurgical
method, having been implemented in projects such as MCC’s
Ramu and Vale's Goro. Heap leaching is a simple process and
has also been widely applied. However, combined high-
pressure and atmospheric acid leaching, nitric acid pressure
leaching, and the direct nickel process are still in the research
and experimental stages.

3.1. High pressure acid leaching (HPAL)

In the 1950s, HPAL process was firstly put into
commercial production of nickel laterites at Moa Bay, Cuba.
Since the 1990s, with the widespread use of autoclaves in
gold refining, the HPAL process for nickel extraction has
been further promoted (Fig. 5). Currently, projects using the
HPAL process are listed in Table 4. As shown in Table 3,
HPAL process requires a 30-50 atm pressure and a
temperature of 250°C—270°C. Sulfuric acid solution is
commonly used as a lixiviant to leach Ni, Co, Fe, Al and other
metal elements from laterite nickel ore, as described in
reactions (1)—(5) (Pandey N et al. 2023; Stankovi¢ S et al.,
2020). Afterward, impurities such as Fe, Al, and Si undergo
hydrolysis reactions (6)—(8) by controlling the pH value
within the range of 2.0-2.5, forming precipitates that enter the
residue, while Ni and Co selectively enter the leachate. The
leachate is further separated through sulfide precipitation or
neutralization precipitation, resulting in a nickel-cobalt

—» Calcine —

Final reduction

and smelting [ > Crude ferronickel —» [Refining|—» Ferronickel

Sinter ——p

Reduction and

smelting —— » Nickel pig iron (NPI)
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Fig. 4. Nickel laterite ore classification and its processing methods.
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Table 4. HPAL projects in production and plan to build.

Company Name Plants or projects/country

Process and products

Nickel-cobalt
production scale/kt

Investment amount (B$)
and start-up time

Sherritt Cuba/Moa HPAL/MSP 32;2 -; 1959
Glencore Murrin Murrin/Australia HPAL/MSP 36.6; 3 1; 1998
Sumitomo Metal Rio Tuba (Coral)/Philippines HPAL/MSP 22; 1.5 0.487; 2005
First Quantum Ravensthorpe/Australia HPAL/MHP 25; 14 2.2;2008
Prony Resources Goro/New Caledonia Nickel Oxide & Cobalt Carbonate 60; 5 5.8; 2009
MCC Ramu/Papua New Guinea HPAL/MHP 32;3 2.04; 2012
Sumitomo Metal/Sherritt Ambatovy/Madagascar Nickel & Cobalt Briquettes 60; 5 5.5;2012
Sumitomo Metal Taganito/Philippines HPAL/MSP 36; 2.6 1.7; 2013
Ligin/Harita Obi Island/Indonesia HPAL/MHP 37;4.5 0.7; 2021
Huayou / Tsingshan Morowali/Indonesia HPAL/MHP 60; 7.8 1.28; 2022
Tsingshan/Gelinmei/Bangpu Morowali/Indonesia HPAL/MHP 50; 4 0.998; 2022
Huayou/Tsingshan/Yiweilinng Weda Bay/Indonesia HPAL/MHP+MSP 120; 15 2.08; 2023
Eramet/BASF Weda Bay/Indonesia HPAL/MHP 42;5 -; 2025
Vale/Sumitomo Metal Pomalaa/Indonesia HPAL/MSP 40; - -; 2026
intermediate product with high Ni and Co content, which can Laterite
either be sold directly or further processed using traditional nickel ore
refining methods to produce electrolytic nickel or nickel : :
sulfate (Zhao D et al., 2023; Qu T et al., 2020; Fig. 5). Crushing and screening
NiO +HzSO4: NlSO4+HzO (l) Slurry heatlng <
CoO +H,S0O,= CoS0O,+H,0 2) HZSO4—>| High pressure acid leaching 250-270 °C
4-5 MPa
ZFGO OH+H;SO4 = Fez(SO4)3+4H20 (3) Flash COOlil’lg —>Vapour
Fe,0;+3H,S0, = Fe,(S0,);+3H,0 4) Multistage washing
and thickening
Al,05;+3H,S0, = Al,(S0,);+3H,0 (5)
Leaching residue Leachini solution
Fe,(50,);+H,0 = Fe,0; | +3H,S0, (6) Meutralization and
impurity removal
Al,(S0O,);+6H,0 = 2A1,0; | +3H,SO, (@) Nickel cobalt
intermediate products
Ni,S10,+2H,S0,= 2NiSO,+Si0, | +2H,0 (8) .
Nickel cobalt
intermediate products
) Fig. 5. Flowchart of HPAL for laterite nickel ore (after Tian QH et
al., 2023).
MgO-Si0,+H,S0O, = MgSO,+H,Si0; (10)

The advantage of this process is that during the hydrolysis
of iron and aluminum ions, the hydrogen ions consumed
during dissolution are released back into the liquid phase,
ensuring efficient leaching of nickel and cobalt while
reducing acid consumption. The nickel and cobalt recovery
rates can reach 90%-95%, but the process has strict
requirements for the composition and mineralogy of laterite
nickel ore. It is suitable for processing limonite with MgO <
5%, Ni > 1.3%, and low aluminum content (Table 3; Wang
CY and Ma BZ, 2020). It is generally believed that
serpentine-type ores with high magnesium and calcium
content are not suitable for this process due to increased acid

consumption, which raises costs, as shown in reactions
(9)~(10). Reducing acid consumption has thus become a
direction for improving the HPAL process. However, the
research by Miao Z et al. (2020) shows that an increase in
magnesium content in the raw ore can reduce costs. This is
because ores with higher magnesium content also tend to have
higher nickel content, which reduces overall costs. The
combined high-pressure and atmospheric acid leaching
process follows this idea to improve acid utilization . Whether
it is the early high-pressure-atmospheric combination or the
later atmospheric-high-pressure combination, or the enhanced
pressure acid leach (EPAL) process improved by BHP, all use
sulfuric acid to leach low-magnesium limonite ores first, then
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use the free acid in the leachate to leach high-magnesium
serpentine ores, thus improving acid utilization (Tian QH et
al., 2021).

In addition, Ma Baozhong's team developed a nitric acid
pressure leaching process for the Yuanjiang limonite ores of
Yunnan Province, and has completed pilot-scale testing (Ma
BZ et al., 2011). The leaching conditions for this process are
relatively mild, with nickel and cobalt extration > 95%,
recovery > 92%, iron is produced as iron concentrate with a
grade of over 60%, the nitric acid recovery rate more than
97%, and the NOx concentration in the exhaust gas after
absorption is less than 50 mg/m* (Wang CY et al., 2019).

HPAL process has undergone three technological
iterations: the Moa model with vertical non-mechanical
agitation autoclaves, the Murrin Murrin model with horizontal
multi-compartment mechanically agitated autoclaves, and the
Ramu model with three-stage preheating and three-stage flash
evaporation. It has now become the mainstream
hydrometallurgical process for nickel extraction from laterite
nickel ores. This process has significant advantages in
processing limonite with high cobalt and iron content,
offering low energy consumption and exceeding 90% nickel
and cobalt recovery rates.

The HPAL process is technically challenging, mainly in
three aspects: First, the physical properties of the ore greatly
affect the stability and efficiency of the smelting process,
requiring project designs tailored to the nature of the raw ore,
making it difficult to replicate systematically (Miao Z et al.,
2020); second, due to the high-pressure and high-temperature
leaching environment, core equipment must be made of
special materials, such as titanium alloys containing
palladium for the autoclaves; third, extracting one ton of
nickel metal generates 150-200 t of acidic tailings,
necessitating proper tailings management. Additionally, the
HPAL process has high production losses, long construction
periods, and high plant construction costs. Issues such as
corrosion and scaling frequently occur during production,
requiring regular maintenance for the equipment. Duman BO
and Can IB (2022) shows that adding acid to the autoclave in
three stages can effectively reduce scaling.

3.2. Atmospheric acid leaching (AL)

Atmospheric acid leaching is the process of extracting
target metal elements or compounds into an acidic solution
under normal temperature and pressure conditions.
Commonly used acidic solutions include sulfuric acid,
hydrochloric acid, and nitric acid. The main process of
atmospheric sulfuric acid leaching for laterite nickel ore is
shown in Fig. 6. It can be specifically divided into the
following steps: (1) Crushing, grinding, screening, and
pulping; (2) Mixing the slurry, washing solution, and sulfuric
acid in a certain proportion, controlling the leaching
temperature to leach out elements such as nickel and cobalt
from the ore; (3) Neutralizing with lime powder or other
neutralizing agents and performing solid-liquid separation;

Ore

Sulfuric acid —y

Steam—bl Atomospheric leaching |

Neutralization

| SX-EW or precipitate |

Fig. 6. Flowchart of AL for laterite nickel ore (after Pandey N et al.
2023).

Limestone

(4) Treating the solution with sodium sulfide or hydrogen
sulfide to separate and obtain nickel-cobalt sulfides (Pandey
N et al. 2023).

Compared with HPAL, AL has gained attention due to its
milder leaching conditions. However, the extraction of nickel
is lower than that of HPAL, and thus surfactants are used to
improve nickel leaching efficiency. Zhang PY et al. (2019)
significantly improved the extraction of nickel and cobalt by
using stearyltrimethylammonium chloride (STAC) at 100°C,
with an ore-to-surfactant ratio of 15 : 1 and a leaching time of
8 hours. Additionally, sodium sulfite can also accelerate the
extraction of iron from goethite and the release of nickel in
atmospheric sulfuric acid leaching (Luo J et al. 2015).

Guo H et al. (2020) achieved nickel, cobalt, and iron
extraction of 96.27%, 92.2%, and 81.57%, respectively, under
the conditions of a sulfuric acid concentration of 2 mol/L, a
leaching time of 120 minutes, a leaching temperatureof 80°C,
and a liquid-to-solid volume ratio of 11 mL/g. The leaching
process was controlled by a combination of chemical
reactions and diffusion, with an activation energy of 25.867
kJ/mol.

Guo Q et al. (2015) proposed an innovative technique
involving atmospheric hydrochloric acid leaching and spray
hydrolysis for processing saprolite ore from the Philippines.
Under optimal leaching conditions, the extraction of Ni, Fe,
and Mg were 98.9%, 97.8%, and 80.9%, respectively. When
processing laterite nickel ore using atmospheric hydrochloric
acid leaching, the mineral lattice structure is destroyed, and
the main product of the leaching residue is silicon dioxide.
The nickel grade in the hydrolysis solution is 4.55%, which
can be used for the production of ferronickel.

Li JH et al. (2019) used an ammonium chloride-
hydrochloric acid system to selectively leach low grade
saprolite ores. Under the conditions of a leaching temperature
of 90°C, a hydrochloric acid concentration of 2 mol/L, a
solid-to-liquid ratio of 1 : 6, and a leaching time of 90
minutes, the extraction of Ni, Co, and Mg were 89.45%,
88.56%, and 90.23%, respectively, while the extraction of
iron was 19.30%. The addition of chlorides promoted the
dissolution of goethite, but had little effect on other iron
phases.

The Australian Direct Nickel Group developed an
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atmospheric pressure nitric acid processing for laterite nickel
ore, known as the DNi process. This process can be used for
all kinds of laterite nickel ore. The key to the process is
replacing sulfuric acid with pure nitric acid, utilizing patented
technology that recycles over 95% of the nitric acid, thus
lower operation costs and more friendly environment. The
main products produced by this process are mixed hydroxide
precipitate (MHP) or mixed nickel-cobalt oxide (MOP), as
well as by-products such as Fe and MgO (Xu CL et al., 2021;
Zhao D et al., 2023). Currently, a feasibility study is being
conducted for building a plant at Tanjung Buli of Halmahera
Island, Indonesia. A final feasibility study is also underway at
the Townsville Energy Chemicals Hub refinery in northern
Queensland, Australia.

The advantages and disadvantages of different lixiviants
in AL process are shown in Table 5. Compared with HPAL,
AL has a lower energy consumption and is easy to operate
and control, but its disadvantages such as low extraction, long
leaching time and difficult separation of leachate, etc. still
need to improve (Table 3).

3.3. Heap leaching (HL)

The heap leaching process originated in the 1960s,
primarily used to process low-grade copper ores that
conventional beneficiation could not economically work. It
has been widely adopted and promoted for processing laterite
nickel ores for its lower capital and operation costs.

The feasibility of heap leaching mainly depends on the
permeability of the ore and the leachability of valuable metals
and impurities. HL process is suitable for processing saprolite
ores with MgO content greater than 15% and relatively simple
occurrence states of nickel and cobalt. The process involves
crushing the saprolite into particles of 0.15 mm to 2 mm and
directly placing them into the heap. spraying or dripping
lixiviant to the heap, collecting the leachate, removing
impurity and extracting nickel and cobalt to produce nickel
and cobalt intermediates (Fig. 7; Oxley A et al. 2016).

Greece was the first country to investigate HL to treat
nickel laterites, later confirmed to be applicable for saprolites
from different regions (Stankovi¢ S et al, 2020). Two
commercial application cases reported in the literature include
Glencore's Murrin Murrin project in Australia, which has
processed 1.5x10° t ore combined with HPAL, and the
Yuanjiang project in Yunnan, China, which officially began
production in 2005. The Yuanjiang nickel laterites has an
MgO content of up to 28%, and the nickel occurrence is

extremely complex. To reduce investment costs, HL process
with an annual production capacity of 1000 t electrolytic
nickel was developed and constructed, reaching a total
production of 10000 t nickel metal by 2014 (Pandey N et al.
2023). European Nickel leached over 5000 t nickel laterites at
the Acoje project in the Philippines. BHP leached over 20000
t nickel laterites at Cerro Matoso, in the meanwhile Vale,
Anglo American, and Strata conducted various heap leaching
tests (Table 6; Oxley A et al., 2016).

Generally, the iron content in the leachate from HL is
much higher than that from HPAL. Although HL has
advantages such as simplicity and low investment, it has
several drawbacks: (1) Low extractions for nickel and cobalt;
(2) poor metal leaching selectivity, making purification
processes complex; (3) high sulfuric acid consumption per ton
of nickel (50-70 t); (4) difficult-to-treat leachate, causing
significant environmental impact; and (5) slow leaching rate
and lower recoveries of Ni and Co, making large-scale
production challenging. These factors limit the application
and scale of HL processes.

4. Pyrometallurgical processes

The saprolite ores with higher Si, Mg and lower Fe
content are suitable for pyrometallurgical processes (Table 1).
Traditional pyrometallurgical processes mainly include the
ferronickel process and the nickel matte process, with their
basic flow outlined in Fig. 8 (Li JH et al., 2015). The
ferronickel process includes rotary kiln-electric furnace
(RKEF) and blast furnace smelting, etc.; the nickel matte
process includes blast furnace sulfide smelting, rotary kiln
sulfide smelting, ferronickel converter sulfide smelting, and
oxygen-enriched side-blown furnace sulfide smelting (Tian
QH et al., 2023). This paper will focus on the mainstream
pyrometallurgical processes in recent years.

The smelting temperature of nickel laterite is related to the
Si0:/MgO and the contents of FeO, Al-Os:. When 1.8 <
Si0:/MgO < 2.2, the smelting temperature is lower (<
1600°C), making it suitable for producing nickel matte. A
SiO2/MgO ratio either <2 or >2.5 results in a higher smelting
temperature, suitable for producing ferronickel. Ores in the
Si0,/MgO ratio in the intermediate range (2.3-2.5) are very
corrosive to the furnace lining and require alteration to feed
chemistry (by blending or fluxing) before they can be smelted
(Dalvi AD et al., 2004). However, Palovaara P and Pisild S et
al. (2021) pointed out that due to factors like yield and cost,
fluxing agents have been abandoned, providing parameter

Table 5. Advantages and disadvantages of different lixiviants in AL process (after Zhao D, 2023).

Acid solution Advantages

Disadvantages

Sulfuric acid Direct heap leaching, operate easily
Nitric acid
Hydrochloric acid
recycled
Organic acid & microbial

derived acid friendliness

High Ni leaching rate, nitric acid can be recycled

The separation of Ni, Co is easy, hydrochloric acid can be

Low leaching temperature, operate easily and environmental

Large acid consumption acid can not be recycled, low
leaching efficiency
Prone to produce toxic gas NO,

High corrosiveness, high requirements of equipment

Long operating time, low efficiency
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Crushing |—>|Agglomeration|—>| Stacking |

Solution <—| Leaching |<—| Irrigation |<_| Acide plant |
management
| Spent ore | | Water | | Sulphur |
v
Iron Nickel t
precipitation precipitation »  Mn/Mg
¢ management
| IFC | |MHP handlingl

Fig. 7. Flow chart of nickel extraction from laterite nickel ore (after
Oxley A et al. 2016).

Table 6. Heap leaching projects in operation and planned (after
Oxley A et al., 2016).

Project Country Owner Estimated Planned Ni Capital
cost production intensity
USM$ capacity(ktpy) USS$/Ib
Ni
Piaui Brazil Brazilian 450 22 9.28
Nickel
NiWest  Australia GME 400 14 12.75
Cerro Colombia BHPB 750 20 17.01
Matoso
Caldag Turkey ENK 450 20 10.30
- Guatemala BHPB 2550 79.5 15.44
Pearl Indonesia ~ BHPB 800 32 11.11
Gag Indonesia ~ BHPB 800 27.3 13.47
Island
Cleopatra USA RFN 475 21.5 10.02
Acoje Philippines ENK 498 24.5 9.22
Ore
| Crushing and screening |
v
Reduction and Sulfidation
sulfidation agent
) Reducing Reduction
Low nickel agent | smelting
matte
Blowin,
Ferronickel
High nickel
matte

Fig. 8. Outline of Traditional Pyrometallurgical Process.

settings for pyrometallurgical smelting with SiO./MgO ratio
2.2 —2.7. For limonites with nickel grades > 2.2%, Fe/Ni ratio
of 5 to 6, high Mg content, it is suitable for producing high-
carbon ferronickel, as seen in Doniambo, the Japan Nickel
Smelting Plant, and Pomalaa in Indonesia. For saprolites with
nickel grades > 1.5%, Fe/Ni ratios of 6 to 12, high Mg
(Falcondo, Dominican Republic) or high Si (Cerro Matoso,
Colombia), it is suitable for producing low-carbon ferronickel.
For laterites with Fe/Ni > 6 and 1.8 < SiO:/MgO < 2.2, it is
suitable for producing nickel matte, such as at P.T. Vale
(Dalvi AD et al., 2004).

4.1. Rotary kiln-Electric Furnace (RKEF)

The RKEF process was originally developed at the
Doniambo plant in New Caledonia in the 1950s and is
currently the most widely used pyrometallurgical process for
nickel laterites (Table 7). The RKEF process is mainly used to
process saprolites with nickel content greater than 1.8%,
Fe/Ni, Ni/Co and SiO,MgO ratios of <12, >30 and 1.6-1.9,
respectively (Wang CY and Ma BZ, 2020; Oxley A et al.,
2016), and produces nickel pig iron containing 8—12% nickel,
with a nickel recovery rate of more than 90%. The RKEF
process is as Fig. 9. The laterite nickel ore is crushed and
screened to a particle size of 50-150 mm, and feed into a
drying kiln to remove free water; then it is roasted and pre-
reduced at a temperature of 850°C—1000°C in a rotary kiln to
remove crystal water; the high-temperature charge is directly
feed into an electric furnace for reduction smelting at a
temperature of 1500°C—1600°C to produce crude nickel iron
with >8% nickel, and then further refined in a converter or
electric furnace to yield ferronickel with >25% nickel, used in
stainless steel production (Wu BQ et al., 2020; Tian QH et al.,
2023).

The reaction of the rotary kiln pre-reduction process is as
follows (Dong B et al., 2023):

2C+0,=2CO (11)
NiO+C=Ni+CO (12)
Ni+CO = Ni+ CO, (13)
3Fe,0;+CO = 2Fe;0,+CO, (14)
Fe;0,+CO = FeO + CO, (15)

The reaction of the electric furnace reduction smelting
process is as follows:

2C+0,=2CO (16)
FeO+CO =Fe+CO, (17)
Si0,+C = Si+CO, (18)

The main issue with the RKEF process is the high
operation costs resulting from carbon emissions and high
energy consumption. The high contents of Al,O05;, MgO, and
Si0, in saprolites can lead to the formation of high-melting-
point phases, which affect the properties of the melt, requiring
a smelting temperature of 1550°C or higher (Dong B et al.,
2023). This results in electricity costs accounting for about
50% of the operation costs (Qu T et al., 2020). To this end, Li
GH et al. (2017) strengthened the reducing atmosphere during
the pre-reduction and smelting process can lower the initial
liquid phase formation temperature of the lateritic nickel ore
in the electric furnace, thereby reducing the smelting
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Table 7. Operation laterite nickel ore projects using pyrometallurgy or combined processing.

Property Country Owner Name Start  Capacity/kt  Production Processing
Up Ni Forms
Codemin Brazil Anglo American plc 1982 10 Fe-Ni Smelting
Barro Alto Brazil Anglo American plc 2011 41 Fe-Ni RKEF
Onca Puma Brazil Vale SA 2011 27 Fe-Ni RKEF
Cerro Matoso Colombia South32 Limited 1982 50 Fe-Ni Smelting
Falcondo Dominican Global Special Opportunities Ltd. 1971 29 Fe-Ni Smelting
Pomalaa Indonesia PT Aneka Tambang Tbk 1975 27 Fe-Ni Smelting
Weda Bay/Youshan Indonesia Chengtun Mining Group Co., Ltd. 2020 34 Fe-Ni RKEF, Blast Furnace
SLN/Doniambo New ERAMET SA 1879 55 Matte; Fe-Ni Smelting
Caledonia
Koniambo New Societe Miniere du Sud Pacifique SA 2013 55 Alloy Smelting
Caledonia
Larco/Larymna plant Greece Larco SA 1994 25 Fe-Ni RKEF
Tagaung Taung Smelter Myanmar China Nonferrous Metal Mining (Group) 2011 22 Fe-Ni RKEF
Co., Ltd.
Hachinohe Smelter Japan Pacific Metals Co., Ltd. 1966  40.8 Fe-Ni RKEF
Hyuga Smelter Japan Sumitomo Metal Mining Co., Ltd. 1956 22 Fe-Ni Smelting
Loma de Niquel Smelter Venezuela Federal Corporacion De Minas 2000 17 Fe-Ni Smelting
Pobuzhskiy Plant Ukraine Solway Investment Group Limited 2003 22 Fe-Ni Smelting
Sorowako Indonesia PT Vale Indonesia Tbk 1977 80 Matte Smelting
Morowali/ZhongTsing Indonesia CNGR Advanced Material Co.,Ltd. 2023 30 Matte Oxygen-enriched side
Smelter blowing
Oheyama Smelter Japan Nippon Yakin Kogyo Co., Ltd. 1939 10 Fe-Ni Krupp-Renn
Piaui Brazil Brazilian Nickel Plc 2016 1 Hydroxide Acid Leach
Punta Gorda Cuba Cubanique 1986 30 Ni Oxide Caron
Nicaro Smelter Cuba General Nickel Co SA 1981 15 NiO Caron
Yabulu Refinery Australia Queensland Nickel Pty Ltd. 1974 32 Hydroxide Caron
Laterite employed vacuum distillation to separate nickel from the
nickel ore metallic eutectic based on differences in the saturation vapor
pressures of different metals, producing nickel powder, which
— effectively address the issues of high carbon emissions and
[ Crushing & screening | energy consumption in the current RKEF process.
v Additionally, there are practices of converting rotary kilns to
Coarse particles Fine particles bottom-blown furnaces (Qu T et al., 2020). While this can
(discarding) reduce energy consumption by 16.64% and costs by 10.88%,
it also has drawbacks, such as small production capacity and
Calcine high failure rates that need to be addressed (Wang S et al.,
| Reduction smelting | 2023). . . . .
The RKEF process is mainly suitable for processing
Slag Crude serpentine and saprolites to obtain high-nickel-content
(discarding) nickel iron ferronickel, while research on improving the quality of
limonite using this process is relatively limited. This is due to
limonite with a high Fe/Ni ratio, which leads to non-selective
Slag Ferronickel reduction and ultimately produces low-grade ferronickel
(discarding) products.

Fig. 9. Process of RKEF (after Qu T et al., 2020 with modifica-
tions).

temperature by 50°C-90°C, which effectively decreases the
electricity consumption required for smelting ferronickel and
operation costs by 5%—10%. Wang QM et al. (2020) and Yu
DW et al. (2020) directly reduced and smelted ferronickel
using hydrogen gas, subsequently using mono- or bi-metallic
eutectic of zinc and magnesium to selectively extract nickel
from the ferronickel at high temperatures. Finally, they

Wang X et al. (2023) found that the metallization rate of
iron during pre-reduction is a crucial factor affecting the
nickel grade of ferronickel. A limonite ore with 0.98% Ni
from the Philippines was used to selective reduction smelt to
produce ferronickel. They recommended an iron metallization
rate of 10.93%, a nickel metallization rate of 94.3%, an
alkalinity of 0.60, and an MgO/SiO: ratio of 0.30, smelting at
1525°C for 45 minutes. The resulting ferronickel had Ni and
Fe grades of 12.55% and 84.61%, with Ni and Fe recovery
rates of 85.65% and 10.87%, respectively. The contents of S


https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124
https://doi.org/10.31035/cg2024124

Zhang et al. / China Geology 8 (2025) 187-213 199

and P in the ferronickel were only 0.11% and 0.0035%,
respectively. The selective reduction smelting process can
significantly enhance the nickel grade of ferronickel products
derived from limonite ore.

4.2. Oxygen-Enriched Side Blowing Nickel Mat (OESB)

Oxygen-enriched side-blown smelting technology is an
improvement based on the Vanyukov smelting process from
Russia and is one of the modern smelting techniques for
molten pools . The Vanyukov smelting process has been
successfully applied in the smelting of non-ferrous metals
such as copper and lead-zinc ores, and research on its
application in lateritic nickel ore smelting has been conducted
in the past decade (Keskinkilic E, 2019). The OESB is an
enhanced smelting techniques for molten pools which uses
multi-channel side-blown lances to inject oxygen-rich air and
fuel (natural gas, producer gas, pulverized coal) into the
molten pool at subsonic speeds. The vigorous stirring caused
by the air blast quickly immerses the materials in the melt to
finish the physical and chemical reactions (Chen XG et al.,
2018). The main differences between OESB and RKEF are
the changes of sulfide method, the substitution of Vanyukov
smelting furnace for the electric furnace, the more feed
selectivity which allows to process medium- and low-grade
nickel laterites (Zhang ZF et al., 2022) .

The OESB process flow as show in Fig. 10. The ore is
first dehydrated in a drying kiln using pulverized coal as fuel,
then crushed and screened before undergoing deep drying and

Laterite
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precipitator
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Fig. 10. Process of Oxygen-enhanced Side Blowing (OESB) (after
Chen XG et al. 2018).

roasting in a rotary kiln. The dried lateritic nickel ore,
reducing coal, flux, and recycled smelting dust are then fed
into the Vanyukov smelting furnace. Subsequently, about
70% of the oxygen-enriched air and pulverized coal are
introduced into the molten pool through submerged lances on
its both sides. The submerged combustion flame directly
contacts the melt, while the injected oxygen-rich air and coal
powder stir the molten pool, enhancing heat transfer and
accelerating the reaction, allowing the feeds to melt rapidly.
Reducing coal is added from the top of the furnace to reduce
high-nickel slag, resulting in the reduction of 90%—-95% of
nickel and 40%—-50% of iron to form crude nickel iron alloy.
The remaining impurities and gangue are converted into slag,
with the nickel content in the slag controlled to be less than
0.1%. The crude nickel iron alloy is then further smelted to
produce ferronickel (Chen XG et al., 2018) .

Since August 2004, the South Ural Nickel Plant in Russia
had been using the Vanyukov smelting process to treat low-
grade nickel oxide ore and the expected targets were achieved
in 2006. The nickel recovery rate reached 88%, with nickel
content of 12.4% in low nickel matte and 0.17% in slag (Tong
XW and Li YG, 2011). Tsymbulov LB et al. (2011)
conducted pilot experiments using the Vanyukov smelting
process on limonite ore from the Kemprisay, in Kazakhstan,
producing ferronickel with a nickel content of 20% and a
nickel recovery rate exceeding 90%. This process is suitable
for high Fe/Ni ores. Keskinkilic E (2019) performed pilot
experiments on the saprolite ore from Buruktal, Russia.

The improved OESB smelting technology has been
successfully applied in the smelting of non-ferrous metals
such as copper and lead in China, and engineering practices
have also been initiated for lateritic nickel ore, nickel sulfide
ore, and nickel-containing waste (Tong XW and Li YG,
2011). Zhongwei Co., Ltd. has successfully launched its first
OESB high nickel matte production line in the Morowali
Industrial Park in Indonesia, with an annual capacity of 10000
t of nickel metal, which went into operation at the end of
2022. As the side-blown furnace continues to be optimized in
terms of structural design, processing capacity, furnace life,
operational mechanization, and control of process parameters,
its advantages will become further apparent (Yuan JH, 2022) .

Chen XG et al. (2023) conducted the research on the
selective reduction sulfidation of lateritic nickel ore using
OESB smelting with gypsum as a sulfurizing agent. This
method effectively utilizes the Ca and S components in
gypsum, thereby improving sulfur utilization, reducing sulfur
volatilization, and achieving comprehensive utilization of
industrial solid waste residues. The experiments showed that
the recovery rate of nickel and cobalt exceeded 92% and 88%,
and the sulfur utilization rate surpassed 75%, while the iron
recovery rate was below 58%. Under conditions controlling
the C/S ratio and satisfying the carbon requirements for
reduction, Gypsum enables selective reduction sulfidation of
lateritic nickel ore to produce low-nickel matte.

The OESB sulfide smelting nickel matte process has
advantages such as broad feed selectivity, flexible product
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control, low investment, low energy consumption, and
environmental friendliness,

making it an important development direction for future
pyrometallurgical processes of nickel laterites. However, the
limitations of the OESB process are evident in the subsequent
converter refining of high nickel matte, where significant
cobalt losses occur, resulting in a cobalt recovery rate that is
markedly lower than that of hydrometallurgical processes.

4.3. Blast furnace sulfidation smelting nickel matte

Blast furnace smelting for nickel matte is a mature process
for treating nickel sulfide ores, which began commercial
production of nickel laterites in the 1920s and 1930s, making
it one of the earliest pyrometallurgical processes for nickel
laterites. This process is suitable for low-nickel laterites with
a Si0:2/MgO ratio of 1.8 to 2.2 (Dalvi AD et al., 2004). The
main workflow of the sulfidation smelting nickel matte
process involves crushing, drying, and screening the lateritic
nickel ore to remove free water and some crystallization
water. Sulfurizing agents (such as sulfur, pyrite, or gypsum)
and reducing agents (such as powdered coke) are added for
mixing and briquetting. The briquettes are then smelted in a
blast furnace or electric furnace at temperatures of 1500°C to
1600°C, yielding low-nickel matte with a nickel content of
8%—15%. During the smelting process, the addition amount
and ratio of sulfurizing and reducing agents are adjusted to
control the grade of low-nickel matte, with a nickel recovery
rate of approximately 85%. The low-nickel matte is then
refined in a converter to produce high-nickel matte, which
generally contains 70% nickel and 19.5% sulfur. The overall
nickel recovery rate is about 70% (Fig. 11; Wang CY and Ma
BZ, 2020).

The main reduction reactions in the sulfidation smelting
process are (Dong B et al. 2023):

NiO+C=Ni+CO

NiO+CO=Ni+CO,

NiSiO;+2FeO+C=Ni+Fe,Si04,+CO

NiSiO;+2FeO+Co=Ni+Fe,Si0,4+CO,

NiSiO;+2Ca0+C=Ni+Ca,Si04+Co

Laterite
nickel ore

| Crushing & screening

Fine particles  Coarse particles
[

Sulfidation Reducing
agent agent

Blended

Reduction
sulfidation smelting

v v

Nickel matte Slag

Fig. 11. Process of reduction smelting nickel matte (after Wang S et
al. 2023).

NiSiO3;+2Ca0+CO=Ni+Ca,Si04+CO,
Fe;0,+CO=FeO+C,
2Fe;04+Fe,Si0,72CO=2Fe0+2C0,1Si0,
FeO+CO=Fe+CO,

Fe,Si0,+2C0O=2Fe+2C0O,+Si0,

The sulfidation reactions are as follows:

CaS0,-2H,0=Ca0+S0;+2H,0

3NiO+9C0O+2505=Ni;S,+9CO,

2NiSi03+9C0O+2S05=Ni3S,+9CO,+3Si0,

FeO+4CO+S0;=FeS+4CO,

Fe,S10,+8C0O+2S0;=2FeS+8C0O,+Si0,

3NiO+2FeS+Fe=Ni;S,+3FeO

6NiSiO;+4FeS+2Fe=2Ni;S,+3Fe,Si0,4+3Si0,

NiO+Fe=Ni+FeO

2NiSiO;+2Fe=Fe,Si0,4+Si0,+2Ni

The above reactions indicate that this process generates a
large amount of sulfur dioxide leading to severe
environmental pollution. Although the equipment for this
process is relatively simple, the technology is mature, and the
products can be adjusted, its drawbacks, such as high energy
consumption, low nickel recovery rates, and high operation
costs due to extensive use of coke, remain challenging to
overcome. Currently, the only plants using this process are the
Doniambo smelter in New Caledonia and the Sorowako
smelter in Sulawesi, Indonesia (Table 7).

Wang HY et al. (2023) proposed a method for producing
nickel matte from saprolite ore using CaS as a sulfurizing
agent at 1500°C. In an argon atmosphere, CaS is prepared by
reducing CaSOs with graphite. As the amount of CaS
increases, nickel recovery rates rise while nickel grades
decline. When the amount of CaS is six times the
stoichiometric requirement for NiO sulfidation, the nickel
recovery rate reaches 93.63%, with a nickel grade of 8.84%
and a CasS utilization rate of 92.10%. Compared to using S: as
a sulfurizing agent, using CaS can reduce SO: emissions and
improve nickel recovery rates.

5. Pyro-hydrometallurgical combined processes

In light of the shortcomings of mainstream
hydrometallurgical processes, such as high investment costs,
acid consumption, and difficult tailings treatment, as well as
the energy consumption, greenhouse gas emissions, and
environmental pollution associated with pyrometallurgical
processes, a combined process has been developed. The main
feature of this process is the use of various types of additives
for oxidation or reduction roasting at relatively low
temperatures, which alters the structure, phase composition,
or oxidation states of nickel and iron-bearing minerals (such
as goethite and serpentine), improving their solubility and
thereby enhancing the extractions of valuable metals (Li JH et
al., 2019). Oxidation roasting typically occurs at
200°C—600°C, which changes the mineral’s structure, like
goethite and serpentine, etc. through dehydration and
decomposition reactions, increases the porosity and specific
surface area of the mineral particles, and strengthens the
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leaching of nickel and cobalt under lower temperature and
acid consumption conditions. Reduction roasting is usually
performed at a temperature lower than those of blast furnaces
and RKEF, selectively reducing nickel laterites to
preferentially convert nickel and cobalt oxides to metallic
states, while high-valence iron oxides are reduced to
magnetite. Valuable elements are then further recovered
through hydrometallurgical (ammonia leaching, acid leaching,
water leaching) or physical methods (magnetic separation).
The combined process effectively reduces energy and acid
consumption.

Selective reduction for nickel laterite ore is one of a
pyrometallurgical process carried out to reduce iron and
nickel oxide in lateritic nickel ore into ferronickel by limiting
the metallization of iron with additives (Nurjaman F, 2020).
Additives are used to increase the grain size of the ferronickel
particle and reduce the activation energy for its growth,
facilitating separation from the slag and thus improving nickel
grade and recovery rate. Currently, the additives used for
selective reduction mainly include sulfates (Na,SO,, CaSQy,,
Na,S,0;), carbonates (Na,COs), chlorides (MgCl,, NacCl,
CaCl-H,0), sulfur and sulfur-containing compounds (Sg,
Na,S), CaF,, and red mud (Table 8). The reducing agents
employed can be solid fuels (coal, coke, graphite, biomass
char), mixed gases (such as CO/CQO,), or hydrogen etc.

Zappala L et al. (2023) reviewed the selective reduction
effects of different additives and reducing agents and their
combinations, finding that no specific reducing agent (coal,
carbon monoxide, hydrogen, coke) significantly outperformed
the others. The grade of coal also did not noticeably affect
nickel grade and recovery rates. Sulfur and sulfur-containing
compounds were identified as the most ideal additives. The
addition of calcium oxide to alter the alkalinity of lateritic
nickel ore can reduce activation energy; however, further
research is needed to determine whether nickel preferentially
binds to magnetite during the conversion of hematite to
magnetite.

Moreover, the observed reduction in temperature due to
the use of additives is only a laboratory result, with no pilot or
industrial tests conducted. Additionally, the increased raw
material costs from the additives and the savings in operation
costs from energy conservation and emissions reduction have
yet to be calculated. Sodium-based additives may react with
refractory materials, leading to increased maintenance costs,
and sulfur-based and chloride additives could generate toxic
gases that pollute the environment.

5.1. Reduction roasting-ammonia leaching (Caron)

The reduction roasting-ammonia leaching process, also
known as the Caron process, was first applied in industrial
production for treating lateritic nickel ore at the Nicaro project
in Cuba in 1943. The Caron process is typically suitable for
processing iron-rich, approximately 1% nickel-bearing
limonite ore (Wang CY and Ma BZ, 2020) and saprolite ore
with MgO content greater than 10% (Tian QH et al., 2023).
The process primarily involves selectively reducing the

valuable metal oxides of nickel, cobalt, and some iron in the
feed to form an alloy, followed by ammonia leaching. In this
stage, nickel, cobalt, and iron enter the leach solution in the
form of ammonium complexes (1) — (4). The ammonium ion
complex of iron is unstable and transforms into Fe(OH)s
precipitate under aerobic conditions, entering the slag (5). The
leach solution then undergoes sulfide precipitation, ammonia
stripping, and calcination to extract nickel and cobalt (Fig. 12).

The principle of ammonia leaching process can be
represented as follows (Tian QH et al., 2023):

2Ni + 0,+2(n — 2)NH,+2(NH,,CO; =
2[Ni(NH,, ]CO;+2H,0 (19)
2Co + 0,+2(n - 2)NH,+2(NH, ,CO, =

2[Co(NH;,,]CO;+2H,0 (20)

2Fe + O,+2(n - 2)NH;+(NH,,,CO; =
2[Fe(NH;,,]CO;+2H,0 (1)

FeO + (n — 2)NH,+(NH,,CO;= [Fe(NH,, ]CO,+H,0 (22)

4[Fe(NH,,,]CO;+10H,0 + O, = 4Fe(OH), | +
4(n—2)NH,+4(NH, ,CO, (23)

Currently, this process is utilized by Yabulu in Australia,
Punta Gorda and Nicaro in Cuba, and Yuanshishan in
Qinghai, China (Tables 3 and 7). The main drawbacks of the
Caron process are the low recovery rates of nickel and cobalt
due to the use of an ammonia-ammonium carbonate leaching
system and the reduction degree needs to be strictly controlled
by the ammonia atmosphere during selective reduction. Over-
reduction of iron can cause difficulties in solid-liquid
separation of the slurry and decrease the recovery rate of
valuable elements.

The team of Beijing General Research Institute of Mining
and Metallurgy conducted metallurgical research on
Yuanshishan lateritic nickel ore containing 0.80% nickel.
They employed a reduction roasting-ammonia leaching-
extraction-magnetic separation process and built a factory
with an annual processing capacity of 300000 t of nickel iron
ore, which began production in October 2009, producing
refined nickel sulfate and iron concentrate, with recovery rates
of nickel and iron at 70.70% and 58.85%, respectively (Ruan
SF et al., 2015).

Mano ES (2019) analyzed the silicate mineral residue
from the Caron process for nickel extraction from the Piaui
lateritic nickel ore in Brazil, finding two types of smectite
associated with silicate nickel ores. The leaching rate of
nickel from trioctahedral smectite rich in Ni and Mg is lower
than that from dioctahedral smectite rich in Al and Fe. The
lower iron content of the former limited the formation of the
Ni-Fe phase, consequently reducing the nickel extraction.
This explains why the extraction of nickel from oxidized
nickel ores exceeds 90%, while silicate nickel ores yield less
than 70%. The Piaui project uses mixed ores, achieving nickel
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Table 8. Effects of additives on the selective reduction of nickel laterites.

Ore type Nation/Area Ni% Tfe%  Reducing Additives Reduction  Reduction  Nickel Iron Source
Agents temperature time grade/recovery  grade/recovery

Limonite Sulawesi 1.59 42.01 Sub-bituminous CaCO;11%+ 700; 1400 2h;6h 18.75;99.34 52.95; 18.78 Abdul F et al.,
coal Na,S0O,4 10% 2023

Limonite Indonesia  1.25 55.37  Sub-bituminous Na,SO, 1400 6h Grade 21.68 63.7 (Direct Widyartha B et
coal +CaCO; (limestone); reduction using  al., 2020

Recovery 93.73 Na,SO,); -
(dolomite)

Limonite Sulawesi 1.59 42.01  Sub-bituminous Na,S,03;10% 700; 1400 2h;6h 14.31;93.22 64.07; 19.02 Pintowantoro S
coal + etal., 2021b
limestone

saprolite Indonesia  1.41 24.14 H, Na,S,0;20% 1100 90 min 9.97;99.24 44; 35 Liu Setal;

2021

Limonite 1.38 56 Coal 6% S 4% 600; 1000 1h;1h 4;93.2 96; - Elliott R et al.,

2015

Limonite Sulawesi 1.59 42.01 Sub-bituminous S 10% 700; 1400 2h;6h 13.62; 97.91 53.39;22.18 Pintowantoro S
coal + etal., 2021b
limestone

Limonite Philippines 1.49 34.69  Coal 2% S 10% 1200 50 min 7.21;73.07 68.01;29.43 Jiang M et al ;

2013

Limonite Indonesia 1.16 46.55  Straw charcoal Red mud 1250 80 min 1.81;97.21 81.4;98.87 Guo X etal.;
15% 25% 2021

Limonite 1.62 14.7 Anthracite 10% Red mud 1200-1300 60 min 4.9;95.25 71;93.77 Wang XP et al.;

35% 2018

Limonite Sulawesi 1.38 41.06  Bituminous Na,SO, 1250 1h 7.3;92 -3 34 Nurjaman F et
coal al.; 2021

saprolite Sulawesi 1.81 18.48  Bituminous Na,S0, 1250 1h 12.3; 35 - 19 Nurjaman F et
coal al.; 2021

Limonite Philippines 1.49 34.69  Coal 2% Na,SO0,4 10 % 1200 50 min 9.87;90.90 72.05;29.55 Jiang M et al.,

2013

Limonite Sulawesi 1.4 50.5 Palm Shell Na,S0,410% 1150 1h 4.6;73.2 81.9; 35 Shofi A et al.,
Charcoal 5% 2019

Limonite Indonesia 1.4 50.5 Anthracite 5%  Na,SO4 15% 1150 60 min 15.06; 65 60.58; 7.5 Suharno B. et

al., 2021
saprolite Indonesia  1.91 22.1 Lignite Na,S0420% 1100 60 min 9.48; 83.01 79.3; 56.36 LiGetal,
2012
Limonite Indonesia 1.4 50.5 Anthracite 5%  NaCl 15% 1050 60 min 2;85.79 61.53;74.67 Suharno B et
al., 2021
Limonite 1.13 3579  Coal 10% NaCl 15% 1250 80 min 8.15;97.76 64.28; - Qu GR.et al.,
2019
Limonite Indonesia 1.4 50.5 Anthracite 5%  Na,CO3 15% 1150 60 min 2.18;67.01 55.84;71.4 Suharno B et
al., 2021
Limonite Sulawesi 1.31 8.3 Coal 10% 10% CaO + 1250 2h 8.59; - 85.65; - Zulhan Z and
10% Shalat W, 2021
CaF,+H;BO;
10%
Limonite Sulawesi 1.4 16.18  Coal CaF, 8% 1250 50 min 7.1;84.14 68.5;70.24 Hang G, 2021
Limonite Halmahera 1.29 27.02  Coal 10% CaSO,4 10% 1100 60 min 4.34; 50.38 57.48; 37.58 Mayangsari W
etal., 2018
Limonite Philippines 1.49 34.69  Coal 2% S+Na,0 10 % 1200 50 min 9.29; 87.29 76.22;30.76 Jiang M et al.,
2013

Limonite 1.59 42.01  Coal CaS0O, 12% 1400 6h 4.13;91.81 27.33; - Pintowantoro S

etal., 2021a

Limonite Philippines 0.98 48.09 Limestone 1525 45 min 12.55; 85.65 84.61; 10.87 Wang X et al.,

+dolomite 2023

+slaked lime

recovery rates of 70-75%.

de Alvarenga Oliveira V et al. (2019) increased nickel
extraction from 3% to 90% by adding 1% NaCl to saprolite
ore, hydrogen reduction roasting at temperatures above
850°C, and then ammonia leaching, and attributed this effect
to the concentration of nickel chloride formed on the particle
surface.

5.2. Rotary kiln reduction roasting-magnetic separation
(Krupp-Renn)

The rotary kiln reduction roasting-magnetic separation
process is developed based on the German Krupp-Renn direct
reduction ironmaking process. In the 1940s, the Oeyama
smelter in Japan used this process to treat limonitic laterites to
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produce sponge iron, and then shifted to saprolites to produce
ferronickel, and achieved mature application by the 1980s
(Wang CY and Ma BZ, 2020). This process mainly processes
saprolites with a nickel content greater than 1.8%. The
process includes: crushing, screening and drying the ore, then
mixing it with anthracite and limestone to obtain pellets, and
then selectively reducing pellets in a rotary kiln at 1400°C in
a semi-molten state to generate ferronickel particles, and then
discharging the clinker from the rotary kiln for water
quenching, fine grinding, and magnetic separation to obtain
ferronickel products (Fig. 13).

The disadvantage of this process is that during the
selective reduction process, the limited growth of ferronickel
particles leads to low recovery rates of nickel and iron. Hang
GH (2020) believes that the aggregation and growth of
ferronickel particles is related to the liquid phase sintering,
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Ma BZ, 2020).
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Fig. 13. Flowsheet of reduction roasting-magnetic separation (after
Rao MJ et al., 2013).

and the low melting point substances wrapped around the
ferronickel particles drive the particle migration. To promote
the aggregation and growth of ferronickel particles, the rotary
kiln needs to reach a higher reduction roasting temperature,
which is difficult to operate; on the other hand, since the
liquid phase is difficult to control during the production
process, it is easy to form rings in the reduction and
ferronickel growth areas (Wang S et al., 2021).

To address the shortcomings of the reduction roasting-
magnetic separation process, many researchers have explored
using different additives to enhance the reduction of laterite
nickel ore during rotary kiln roasting (Table 8). Hang GH
(2021) studied the effect of CaF, on selective reduction and
found that the addition of CaF, accelerates the aggregation
and growth of ferronickel particles at the boundary between
gangue and pores. At the same time, CaF, reacts with
minerals to transform dense forsterite into loose tremolite,
increasing mineral activity. The changes in crystal structure
and a decrease in melting point increase the migration ability
of the metallic phase is conducive to the aggregation and
growth of ferronickel particles. In the presence of 8% CaF,, a
ferronickel concentrate containing 7.1% nickel and 68.5%
iron was obtained, with a Ni recovery rate of 84.14%. When
CaF, is used as an additive, it reduces the surface tension of
the newly formed alloy, making the particles easier to
aggregate and grow, which benefits the magnetic separation
process and affects the grade and recovery rate of the final
product. Furthermore, when chlorides are used as additives,
the CI” reacts with H,O in laterite nickel ore to generate HCI,
which then reacts with the nickel and iron in the mineral to
achieve the purpose of reducing and enriching nickel and iron
(Qu T et al., 2020).

Wang L et al. (2018) added SiO, to briquette to adjust its
melting degree during reduction roasting. The results showed
that when the mass fraction of SiO, exceeded 75%, the shape
of the briquette did not change, which avoided the adhesion
problem with refractory materials and decreased the ring
formation of the rotary kiln, but had no obvious effect on the
aggregation and growth of ferronickel particles.

Petrus H et al. (2022) compared the performance and
kinetics of reducing saprolites using palm kernel shell
charcoal and anthracite. The experiment was carried out
within a temperature range of 800°C to 1000°C, revealing that
the activation energy for the palm kernel shell reducing agent
was 10.99-18.19 kJ/mol, significantly lower than the 33.68
kJ/mol for the anthracite reducing agent, indicating that the
former is easier to reduce than traditional anthracite.

Ma B et al. (2020) developed a non-molten state
metallization reduction (NSMR) technique for the extraction
of nickel and iron from saprolite ore in a tube furnace. The
recovery of nickel and iron after process optimization
increased to 94.1% and 87.4%, respectively. Nickel and iron
were metallized in situ before optimization, but there was no
migration or aggregation. After optimization, most of the
ferronickel solid solutions aggregated and appeared in a
banded structure, which was beneficial for magnetic
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separation.

Although there have been considerable researches on
selective reduction in recent years, most of them are in
theoretical and experimental stages. Further studies are
needed on how to promote nickel and iron reduction, control
ring formation, and utilize magnetic separation tailings in the
process (Wang S et al., 2021).

6. Other processes

In recent years, an increasing number of new methods and
technologies have been proposed by researchers, which
primarily include bioleaching and chlorination metallurgy.
The former utilizes microorganisms to extract nickel with
environmental friendliness and low costs. The latter involves
using chlorinating agents to convert useful metals in the
minerals into chlorides, which are then extracted. Chlorination
metallurgy is adaptable, has a short process flow, and offers
high comprehensive utilization. However, these new
processes are not yet achieved industrial application.

6.1. Biohydrometallurgy

With the tightening of environmental regulations and the
decline in ore grades, biohydrometallurgy has provided an
alternative for metal extraction since the 1960s. It has been
commercially applied to the extraction of copper, gold and
silver in South Africa, Russia, Chile, Australia, the United
States, China, Myanmar, New Zealand, Peru, Uzbekistan and
Ghana (Chaerun SK, 2023). Biohydrometallurgy is to extract
valuable metals from ores using bacteria and microorganisms.
The principle is to use the oxidation or reduction
characteristics of microorganisms to separate the useful
metals from minerals into aqueous solutions in ionic or
precipitated forms (Li JH et al., 2015). In recent years, efforts
have been made to apply this technology for the extraction of
nickel and cobalt from low-grade laterite nickel ores (Chaerun
SK et al., 2017).

Research on the bioleaching of limonite has found that
acidophilic prokaryotes release target metals like nickel and
cobalt by catalyzing the oxidation of zero-valent sulfur and
reducing Fe(III) and Mn(IV) minerals in limonite (Santos AL
et al., 2020) . Although the mechanisms of iron reduction by
acidophilic bacteria are still poorly understood (Malik L and
Hedrich S, 2022), these studies in laboratory have shown
effectiveness for nearly all limonite ores (Santos AL et al.,
2020). Research on the bioleaching of the Barro Alto limonite
ore in Brazil indicates that “reductive bioleaching” is only
applicable to dissolution in MnO-rich mineral phases, such as
serpentine and cobaltite, while nickel in goethite remains
largely insoluble (Stankovic¢ S S et al., 2022).

Hosseini Nasab M et al. (2020) evaluated the bioleaching
of cobalt and nickel from limonite by acidophilic
heterotrophic bacteria (Delftia acidovorans) and autotrophic
bacteria (At. ferrooxidans). The experiments used Iranian
Kanshargh laterite nickel ore, which contained 1.74% nickel,
0.14% cobalt, and 40.83% iron. After 3 hours at 90°C, with a

stirring speed of 370 rpm and a solid-to-liquid ratio of 0.1, the
results indicated that the metabolic products of acidophilic
bacteria played a significant role in the bioleaching process.
The nickel recovery rates were as high as 83.65% and 80.18%
for At. ferrooxidans and Delftia acidovorans supernatants,
respectively, with corresponding cobalt recovery rates of
86.93% and 83.94%, and iron dissolution rates of 64.34% and
54.41%. Compared with the direct bioleaching of Delftia
acidophilus in an incubator at 30 ° C and 150 rpm for 30 days,
it was found that the extraction rates of nickel and cobalt in
indirect bioleaching were 29.84% and 23.75% higher than
those in direct bioleaching, respectively. For indirect
bioleaching, chemical control has a greater influence on the
dissolution rate of limonite than diffusion control. Hosseini
Nasab M et al. (2020) investigated the kinetics of two-stage
bioleaching of nickel and cobalt from limonite using the
metabolic supernatant of Halobiobrachia kushneri, at 90 °C
after 3 hours, the recoveries of nickel and cobalt reached
58.40% and 60.6%, respectively.

Stankovi¢ S et al. (2024) conducted a comparative study
of bioleaching and sulfuric acid leaching on Brazil’s Piaui
limonite. They simulated heap bioleaching of the laterite in a
laboratory-scale column percolator, with a liquid circulative
flow rate of 8 mL/min. After one month of bioleaching, the
maximum metal extraction rates from the laterite ore were
66% for nickel, 95% for cobalt, 10% for iron, 55% for
magnesium, and 89% for manganese. Compared to sulfuric
acid leaching, bioleaching achieved higher cobalt extraction
rates and lower iron extraction rates, and the pH of the
leachate was relatively high, resulting in lower consumption
of quicklime and CO, emissions during neutralization. Carpen
HL and Giese EC 2022 were the first to conduct microbial
leaching experiments using Burkholderia sp. on Brazil's
saprolite ore. The results indicated that Burkholderia sp.
exhibited a stronger selective dissolution of nickel than citric
acid. The nickel extraction rate was about 87%, and its
dissolution rate was higher than that of iron and other metals.
This is likely due to Burkholderia sp. participating in the
leaching process by metabolizing acids and itself.

Chaerun SK et al. (2017) found that under aerated
conditions, Aspergillus niger can effectively produce fungal
metabolic acids in a medium containing cassava starch,
nitrogen, phosphates and magnesium. The optimal conditions
for the metabolic acids were 70 g/L cassava starch, 1% w/v
(NH4),S04, 0.1% w/v KH,PO,4, and 0.25 g/ MgSO,. The
metabolic acid production rate from cassava starch surpassed
that of molasses, achieving a pH of 1.4 after 16 days. In
indirect bioleaching experiments at 95°C, with a stirring
speed of 400 rpm, a particle size of —177+£149um for the
saprolite ore, a solid-liquid ratio of 4.65 g/mL, and a duration
of 4 hours, the maximum nickel extraction rate reached
88.9%, while the magnesium extraction rate after 24 hours
was only 1.5%.

The advantages of biometallurgy for laterite nickel ores
include being environmentally friendly and having strong
selectivity. However, the drawbacks include slow reaction
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rates, long production cycles, complex processes, and poor
stability. As a result, bioleaching processes for laterite nickel
ores are currently mainly at the laboratory research stage, and
further breakthroughs in biotechnology, such as genetic
engineering, are needed for industrial application.

6.2. Chlorination Metallurgy

Chlorination metallurgy is a method that involves mixing
ores with chlorinating agents (such as Cl,, HCI, NH,CI,
CaCl,, etc.) to react under specific conditions, converting
useful metals in the minerals into chlorides, which are then
extracted. This method is primarily used for processing rare
metals (Li JH et al., 2015). As for nickel extraction from
laterite ores, some progress has been made, such as
chlorination  roasting, chlorination segregating, and
chlorination leaching. However, these processes are still in the
research and industrial testing stages (Li JH et al. 2016; 2018;
Xiao J et al., 2020).

The main process of chlorination roasting involves mixing
a chlorinating agent with the nickel laterites, under specific
conditions, to convert metal oxides into chlorides, which are
then leached with water or other solvents to extract metal
ions; alternatively, vaporizing chlorides can be condensed and
recovered to obtain metal ions. Li JH et al. (2016) selected a
mixture of NaCl and MgCl, 6H,0O (in a mass ratio of 0.4) as
chlorinating agents to process the nickel laterites mainly
composed of garnierite and limonite from Yunnan, China.
The sample particle size was —0.074 mm, at 900°C,
chlorination roasting 1.5 hours. The extractions for Ni, Co,
Mn, Fe, and Mg were 87%, 58%, 53%, 3.2%, and 5.4%,
respectively, indicating that chlorination roasting can
selectively leach Ni, Co, and Mn, with the Ni/Fe and Ni/Mg
ratios in the leachate increasing by 15 and 8 times,
respectively.

Chlorination segregation utilizes the characteristics of low
melting point and high volatility of metal chlorides, along
with the differences in the formation and properties of various
metal chlorides. The nickel laterites are calcined with a
carbonaceous reducing agent and chlorinating agent in a
neutral or weakly reducing atmosphere, allowing valuable
metal chlorides to volatilize and subsequently reduce to
elemental or metallic particles on the surface of carbon
particles, which are then concentrated through magnetic
separation. Xiao J et al. (2020) mixed 15% calcium chloride,
15% coke, and 30% iron concentrate with the saprolite ores
containing 0.72% nickel and 8.65% iron from Yunnan,
roasting at 1100°C for 90 minutes, resulting in a nickel-iron
concentrate containing 16.16% Ni and 73.67% Fe, with a
nickel recovery rate of 90.33%.

Chlorination leaching is a process using hydrochloric acid
or chlorides as the leaching solution. Fan C et al. (2010)
employed hexahydrate aluminum chloride as the chlorinating
agent to selectively chlorinate saprolites at 300°C-500°C,
followed by water leaching at 80°C. Under optimal
experimental conditions, the extractions for nickel, cobalt, and

iron were 91%, 90%, and 4%, respectively. Li JH et al. (2018)
used an ammonium chloride solution as the chlorinating
agent, with 2 mol/L HCL, 3 mol/L ammonium chloride, a
liquid-to-solid ratio of 6 : 1 (mL/g), at 90°C for 90 minutes,
resulting in extractions of 87.7% for nickel, 75.1% for cobalt,
95.6% for manganese, and only 21.1% for iron, indicating
that chloride ions facilitate garnierite dissolution. Wang Y'Y et
al. (2023) carried out a research on the selective hydrolytic
extraction of nickel and cobalt from limonite and saprolites
using hydrochloric acid. The results indicated that the optimal
conditions for chlorination leaching of limonite were a mass
ratio of acid to ore of 5 : 4, a liquid-to-solid mass ratio of
4.1, and a reaction temperature of 100°C, achieving
extractions of 99.6% for nickel, 100% for cobalt, and 96.9%
for iron. Then the leaching solution was mixed with
concentrated hydrochloric acid in a volume ratio of 1:4 which
was used to leach saprolites under conditions of a liquid-to-
solid ratio of 1 : 1, 150°C for 90 minutes, the extractions for
nickel and cobalt reached 84.9% and 100%, respectively.
Neomet Technologies Inc. has developed the Neomet
Chlorination Process, which is a closed-loop chlorination
leaching and acid recycling system. The reactions occur in an
Atmospheric Autoclave, enabling the recovery of valuable
metals from laterite nickel ore, as shown in Fig. 14 (Harris B
and White C, 2011, 2013). The results of laboratory and pilot
experiments show that after mixing and drying laterite nickel
ore from different layers, 800 kg HCI (100%) is added to each
ton of dry material, and the reaction is carried out in a 5-stage
reactor system at 90°C for 60 minutes each. Valuable metals
such as nickel, cobalt, and iron are almost 100% leached, and
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Fig. 14. Generic laterite processing flowsheet (after Harris B and
White C, 2011).
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a 3-stage reactor can achieve a very high leaching rate.
Preliminary economic calculations show that the capital cost
of this process is only 30% of HPAL.

The chlorination metallurgy process has a lower grade
requirement of laterite nickel ore, which reduces resource
waste. Additionally, the short process flow, high separation
efficiency and multiple metals recovery make the process
with a higher comprehensive utilization value. However, the
high corrosive to equipment will increase maintenance costs
and the challenges in process control and the lack of mature
technology are shortcomings that still need to be addressed.

7. Environmental impact and economics of nickel

extraction from laterites
7.1. Environmental impact of nickel extraction from laterites

The environmental impacts of nickel extraction from
laterites mainly manifest in terms of energy and water
resource consumption, greenhouse gas emissions, and
pollution of water resources and soil etc. Life cycle
assessment (LCA) is a tool used to address the potential
environmental impacts of a product throughout its life cycle
(ISO 14040, 20006). It has been widely applied in the global
metal industry to promote the sustainable development of
metal-containing products (Mistry M et al., 2016; Bai YY et
al., 2022).

The Nickel Institute (NI) has established a potential
environmental impact indicator system for the life cycle
assessment of nickel and nickel iron, from mining to refining.
The evaluation results for 2023 show that the results of
different nickel products for the six key environmental impact
indicators of global warming potential, acidification potential,
primary  energy demand, eutrophication  potential,
photochemical ozone generation potential and water resource
consumption are shown in Table 9. Table 9 illustrates that the
environmental impact of producing ferronickel from laterite
nickel ore is significantly higher than that of other products.
Throughout the entire life cycle of nickel production, the
primary extraction is the main contributors to primary energy
demand and global warming potential, accounting for 70%

and 65% of the total nickel production process, respectively,
while electricity consumption accounts for 35% of primary
energy demand and 48% of greenhouse gas emissions (Table 10;
Mistry M et al., 2016).

Wei W et al. (2020) argue that nickel LCA methods often
ignore differences in ore type, grade, product, and operating
conditions, whereas process modeling based on the laws of
mass and energy conservation can address the shortcomings
of LCA. The analysis results from mass-energy conservation
modeling indicate that if 100% hydroelectric power is used in
ferronickel production, energy consumption and carbon
emissions will decrease by 37% and 64%, respectively,
compared to using coal. Conversely, when the nickel grade
decreases from 2.5% to 0.5%, carbon emissions from
ferronickel production will increase by 43%. In a mixed
energy context, the energy consumption per ton of nickel for
three nickel products processed from laterite ore are NiO (485
GJ), FeNi (309 GJ) and NPI (598 GIJ), respectively, and the
carbon emissions are NiO (40tCO, -eq/t), FeNi (18tCO, -eq/t)
and NPI (69tCO, -eq/t), respectively, which are significantly
higher than the 174 GJ and 14tCO, -eq/t of nickel metal
produced from sulfide nickel ore (Table 11) . If factors such
as thermal recycling in the production process are excluded,
the energy consumption per ton of nickel for the three nickel
products will decrease by 36% for NiO, 44% for FeNi and
36% for NPI, and carbon emissions will decrease by 40% for
NiO, 44% for FeNi and 17% for NPI.

The analysis above indicates that using clean energy can
significantly reduce the environmental impact of nickel
extraction from laterite ores. Additionally, process
improvements such as thermal energy recovery during
production and replacing blast furnaces with electric furnaces
can also mitigate environmental effects. Khoo JZ et al. (2017)
compared the energy consumption, carbon emissions, water
resource usage, and biotoxicity of three nickel extraction
processes—HPAL, RKEF, and direct nickel method—when
producing one ton of stainless steel. Under the assumption
that all processes use coal-fired power and without
considering ore grades, the results showed that RKEF had the
highest carbon emissions and biotoxicity impact, while HPAL

Table 9. Key LCA indicators and evaluation results for nickel products (after Nickel Institute 2023).

1 kg Class 1 Ni 1 kg Ni in FeNi (27% Ni in FeNi) 1 kg NiSO4
Global Warming Potential (GWP) [kg CO , eq.] 13 45 4
Acidification Potential [kg SO , eq.] 1.4 0.17 0.26
Primary Energy Demand (PED) [MJ] 236 592 68
Eutrophication Potential [kg Phosphate eq.] 5.2E-03 0.016 1.5E-03
Photochemical Ozone Creation Potential [kg Ethene eq.] 0.055 0.010 0.010
Blue water consumption [kg] 106 924 49

Table 10. LCIA result summary of significant issues for ferronickel.

Impact category (unite) Significant process (% of impact

Significant contributor to the process (% of

Significant flow (% of impact

category) process) category)
PED (MJ) Primary extraction (70%) Electricity (35%) Crude oil (43%) natural gas (17%)
GWP (kg CO, - Primary extraction (65%) Electricity (48%) Carbon dioxide (—100%)

equivalents)
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Table 11. Modeling assessment of energy consumption and carbon emissions for various nickel products based on mass and energy
balance (after Wei WJ et al., 2020).
Ore type Nickel sulfide ore Nickel laterite Nickel laterite Nickel laterite
Product type Nickel metal NiO (76% Ni) FeNi (35% Ni)  NPI (10% Ni)
100%Ni
The most energy-consuming sub- processes Refining Smelting Calcination Smelting
Energy consumption contribution of the sub- processes to the process (%) 44 45 44 67
Carbon emissions contribution of the sub- processes to the process (%) 38 45 55 73
Carbon emission sources and energy of the sub- processes Electricity Fossil fuelsand  Fossil fuels and ~ Fossil fuels and
reducing agents  reducing agents  reducing agents

Mixed energy 60% coal 49% oil 70%hydro 49% coal

Energy consumption per ton of 174 370 110 60

nickel product (GJ)

Energy consumption per ton of 174 485 309 598

nickel metal (GJ)

Carbon emissions per ton of nickel 14 30 6 7

product (tCO, -eq)

Carbon emissions per ton of nickel 14 40 18 69

metal (tCO, -eq)
100% hydro-power electricity

Energy consumption per ton of 127 270 102 59

nickel product (GJ)

Carbon emissions per ton of nickel 7 17 4.9 7

product (tCO, -eq)
Deduction for recycling, etc.

Energy consumption per ton of 116 235 61 39

nickel product (GJ)

Energy consumption per ton of 116 309 172 385

nickel metal (GJ)

Carbon emissions per ton of nickel 6 18 4 6

product (tCO , -eq)

Carbon emissions per ton of nickel 6 24 10 57

metal (tCO , -eq)

had the lowest. Conversely, HPAL consumed the most water,
while the direct nickel method consumed the least. After
comprehensive evaluation, the direct nickel method was
found to have the highest sustainability in nickel resource
utilization, providing a new source of nickel oxide for
stainless steel production, with higher production efficiency
since 35 t of laterite ore are required to produce one ton NiO.
In addition to the significant and direct environmental
impacts of energy consumption and carbon emissions, the
potential effects of toxic leachable metals in slag and leach
residues on soil and water resources should not be overlooked
(Table 12). Estimates suggest that producing one ton of nickel
metal via pyrometallurgical processes generates 6—16 t of
slag, with global annual slag production around 150x10° t,
while producing one ton of nickel metal via HPAL produces
150-200 t of acidic tailings, which, if not properly managed,
can leach heavy metals and harmful substances like acids and
alkalis into the soil and groundwater, posing potential risks to
local ecosystems and human health (Bartzas G et al., 2021).
Moreover, Taylor MP et al. (2023) used bees as biological
markers of environmental pollution to investigate the impact
of the Doniambo nickel smelter, operating since 1910 and
located 2 km from the capital of New Caledonia. The results
showed that the concentrations of potentially toxic trace
elements such as cobalt, chromium, and nickel in the bees
decreased with increasing distance from the smelter,

Table 12.

Heavy metal content in smelting slag and leaching

residue after nickel extraction from laterite nickel ore (Bartzas G

et al., 2021).
Content of heavy metal(loid)s (mg/kg) in slag and leaching residue from Ni
laterite
element Slag from Ni laterites Leaching residue from Ni
laterite
Min Max Average  Min Max Average
As 33 26.2 11.8 25 425 300
Co 40 220 115 10 890 218
Cr 6340 8000 6848 4600 17400 9150
Cu 6.23 1157 399 36 320 127
Mn 2650 3500 3007 100 8150 2558
Ni 740 3200 1303 330 3400 1763
Zn 85 1162 357 130 480 300
Cd 0.25 4.58 2.4
Pb 39 300 195
Sb 26.2 79.2 45.8
v 65.9 84.8 75.2

indicating the potential risks posed by the nickel smelter to
the surrounding environment and human health.

7.2. Economics of nickel extraction from laterites

The economics of nickel extraction from laterite nickel
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ore involves many factors, including ore grade, extraction
process, energy cost, labor cost, reagents and transportation,
market demand, environment and policy etc. Ore grade,
market demand, and infrastructure determine the extraction
process and product type, which in turn influence investment
costs. Operation costs are determined by factors such as ore
grade, energy, labor, reagents, and transportation costs.
Market demand, environmental considerations, and policies
influence prices, while costs and prices ultimately determine
the economic viability of mining projects. The economic
evaluation of nickel extraction from laterite ores requires a
detailed cost-benefit analysis based on the specific
circumstances of a project. The global economic evaluation
results of major operating laterite nickel projects based on
S&P are presented in Table 13.

The RKEF usually has a designed capacity of 10000 t to
55000 t, with a capital cost of approximately $43000 per ton
of nickel metal and an operational cost of about $16000 per
ton, and the total nickel recovery rate is 77%-90%. Currently,
around 80% of laterite nickel ore is produced using RKEF,
primarily for the stainless steel sector (Nurjaman F, 2020). In
contrast, the HPAL generally has a designed capacity of
28000 t to 60000 t, with a capital cost of approximately
$56000 per ton of nickel metal and an operational cost of
about $15000 per ton, achieving a total nickel recovery rate of
83% — 90%, mainly for the clean energy power battery sector.
Additionally, a small number of projects use sulfidation
smelting nickel matte processes, atmospheric acid leaching
processes, or reduction roasting-ammonia leaching processes,
their detail costs in Table 13. Overall, the cost differences
between the two mainstream processes are not significant; the
main distinctions lie in the product types, end uses, and
carbon emissions. The choice of process primarily depends on
ore type, market demand, and carbon taxes. As demand for
stainless steel weakens and the demand for nickel sulfate in
power batteries increases, along with the implementation of
carbon taxes, the economic viability of the HPAL process is
expected to improve. Although the technology route for
converting ferronickel to high nickel matte for nickel sulfate
production has been established, it is only economically
viable when the price difference between nickel sulfate and
ferronickel exceeds $17000 per ton (Zhang ZF et al., 2022).

Oxley A et al. (2016) suggested that in the
pyrometallurgical process of laterite nickel ore, the ore must
meet very specific standards, namely, Fe/Ni, Ni/Co and

Si0,/MgO ratios of 12, 40 and 1.9 respectively, to achieve
good recovery and product grade. These standards can be
relaxed, but this may lead to ineffective operations due to
declining recovery rates and product quality. Newly
constructed ferronickel smelting plants typically require a
nickel grade exceeding 1.8%, with an initial grade above 2%,
to expect capital returns within five years. Additionally, the
Fe/Ni, Ni/Co and SiO,/MgO ratios must be <12, >30 and <1.9
respectively for commercial economic operation.

Indonesia's abundant laterite nickel resources and
relatively low operation costs enable it to better withstand
fluctuations in nickel prices, thereby influencing the
economics of global primary nickel production. With the
implementation of the export ban on unprocessed ore in 2020,
Indonesia's primary nickel output has increased from 383000 t
in 2019 to 1363000 t in 2023, and S&P forecasts that by 2027,
its output will account for 44% of the global total (Fig. 15), A
new supply landscape for primary nickel is emerging.

At the same time, with the advancement of the “dual
carbon” goals, the consumption pattern for primary nickel is
also changing. It is predicted that by 2030, the demand for
nickel sulfate will account for 30% of total demand (Zhang
ZF et al., 2022). The current production routes for nickel
sulfate mainly include the HPAL, RKEF and OESB (Table 14).
Compared to these three routes, the HPAL has a higher
investment intensity but offers advantages in operation costs
and environmental benefits. While the pyrometallurgical route
for converting ferronickel to high nickel matte has slightly
lower investment intensity, the high operation costs and
inherent issues of high energy consumption and emissions
reduce its competitiveness. The OESB still needs practical
validation.

As of 2022, Indonesia has already commissioned HPAL
capacities of 230000 t, with plans to add 4.575x10° t by 2026.
Additionally, there are plans to start up 42000 t of
intermediate for further refining into nickel sulfate, while the
proposed capacities for ferronickel and high nickel matte are
only 79000 t (Heijlen W and Huhayon C, 2024). This
indicates that Indonesia primarily aims to meet the increasing
global nickel demand and changes in consumption structure
by increasing its HPAL processing capacity.

8. Conclusions

With the development of the new energy industry, nickel,

Table 13. Capital and operational costs of different processes for nickel extraction from laterite nickel ore.

Processing Method ~ Production Forms  Head Grade Ni%  CapEx(k$/ t)Ni Capacity ~ OpEx ($/t)  Production Capacity(kt)Ni ~ Recovery Rate Ni%
HPAL MHP/MSP 1-1.8 56 15198 28-60 83-90

RKEF FeNi 1.31-2.2 43 16278 10-55 77-90

Smelting Matte 1.69 1 14583 80 88

AL Hydroxide 1.3 - 12565 1 85

Caron Concentrate 1.2 19 17611 30 70

HL Hydroxide Saprolite-limonite ~ 20-33 4889-6667  10-60 86

OESB Matte Saprolite-limonite ~ 22 7414-8081 30 93

Note: HL data is from Oxley A et al., (2016), OESB production cost data is from Chen XG et al., 2018, and the rest data are from S&P laterite nickel ore

economic model
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Table 14. Comparison of economic and environmental benefits of three processes for producing nickel sulfate (after Woodmac, CICC

Research Department, 2022).

Economic and environmental indicators

Ferronickel sulfidation blowing  Oxygen-enriched side blowing  High pressure acid leaching

Ni Capital intensity 12

Cash cost + maintenance expenditure of nickel sulfate (k$/t) 13-14
Construction period (year) 2

Raw material requirements Humus soil type
Tailings (t slag/t Ni) 6-16

Energy consumption 592

Carbon emissions 45

8.1 12-20

11-12 9.7-10

1-2 2-3

Various types Limonite type
- 150-200

- 272

- 19

as an important energy metal, has been designated as a
strategic mineral by many countries and is receiving
increasing global attention. Due to the depletion of sulfide
nickel resources and changes in nickel consumption patterns,
laterite nickel ore is gradually becoming the main source of
primary nickel. However, its low grade, complex
composition, and challenges in separation and enrichment
make research into nickel extraction processes from laterite
ores particularly significant for meeting new low-carbon
consumption demands. This paper reviews the research
progress on nickel extraction from laterite ores using
hydrometallurgical, pyrometallurgical, and combined
processes, focusing on the energy consumption, carbon
emissions, environmental impacts, and economic viability of
mainstream processes. The main conclusions are:

(i) The HPAL process is expected to become the primary
method for nickel extraction from laterite ores, as it meets the
growing nickel demand in the new energy industry while
exhibiting lower energy consumption and carbon emissions,
high nickel recovery rates, and the ability to comprehensively
recover valuable metals such as cobalt and iron. It can
efficiently utilize low-grade laterite nickel ores, but
challenges remain regarding high investment intensity,
substantial solid and liquid waste, and process complexity.

(i1)) The most widely used pyrometallurgical process is
RKEF, which primarily employs high grade saprolites to
produce ferronickel, serving as a major source of nickel for
stainless steel. The RKEF process offers high nickel recovery
rates and minimal harmful impurities in ferronickel, with a
short production flow and high efficiency. However, it still

faces issues such as high energy consumption, significant slag
generation, and elevated operation costs. Although it has
achieved flexible conversion to high nickel matte and
subsequently to nickel sulfate to meet the new energy sector’s
nickel demand, its investment intensity, operation costs, and
construction periods are all higher than those of the oxygen-
enriched side-blown process. Furthermore, the oxygen-
enriched side-blown process has a wider material adaptability
and flexible control over nickel grades of the products,
although production efficiency remains to be evaluated, its
development prospects are promising.

(iii) The combined pyrometallurgical and
hydrometallurgical processes leverage the advantages of both
methods. The use of additives lowers the temperature for
selective reduction, which not only saves energy and reduces
emissions but also decreases operation costs. However, since
selective reduction is still in the experimental phase, the
increase in raw material costs due to additives and the
reduction in operation costs need to be evaluated for
economic viability in future industrial applications.
Bioleaching processes are environmentally friendly and
selective, but their slow reaction speed and poor stability
mean that breakthroughs in biotechnologies, such as genetic
engineering, are still needed for industrial production.
Chlorination metallurgy offers broad material selectivity,
allowing for the recovery of multiple metals, including nickel,
cobalt, iron, and magnesium, with a high degree of resource
utilization. It has a short process flow and high separation
efficiency, but the technology is not yet mature.

(iv) Throughout the entire life cycle of nickel production,
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the primary energy demand and global warming potential
from the nickel extraction stage account for 70% and 65% of
the entire nickel production process, respectively. Therefore,
optimizing the nickel extraction process is crucial. The use of
hydrometallurgy and clean energy can significantly reduce the
environmental impact of extracting nickel from laterite ores.
In a scenario where stainless steel remains the primary
consumer, the direct nickel method offers the highest
sustainability for nickel resources and can provide new nickel
oxide raw materials for stainless steel production. As the
demand for nickel in the renewable energy sector increases,
the economic competitiveness of high-pressure acid leaching
and oxygen-enriched side-blowing processes for producing
nickel sulfate becomes more pronounced.

Each nickel extraction process from laterite ores has its
advantages and room for improvement. Therefore, it is
essential to strengthen research on nickel extraction processes
to save energy, reduce emissions, and meet different nickel
demands. Additionally, it is appropriate to conduct
comparative studies on the environmental impacts of nickel
used in batteries for transportation and energy storage, as well
as the environmental impacts of nickel metal production, to
clarify the economic viability and competitiveness of nickel
extraction.
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