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Medium term Ni supply purity, Class 2 products, such as ferronickel and nickel pig iron (NPI) as feed for stainless steel production.
Ni laterite

Processing of Ni laterites using high pressure acid leaching (HPAL) has generally proven to be technically
complex and often the source of financial problems. This, however, has changed starting with a daring
but successful gamble on the side of Ni-laterite-rich Indonesia that, in an endeavour to attract investment
in downstream processing, in 2014 introduced a ban on the exportation of Ni ore, giving local miners 5
years to establish their processing facilities. Initially the Indonesian Ni industry languished, much to the
benefit of Ni producers elsewhere, until China entered the scene financing downstream processing of Ni
laterites at an unprecedented scale and more recently introducing innovative improvements to the HPAL
process to a level that makes production of refined Ni products from laterites, not only possible, but
competitive with traditional Ni sulfide sources. This has had a devastating effect on Ni sulfide mines,
with many suspending and others reducing production. There is no doubt that economies of scale, met-
allurgical innovation, and massive, low-cost Chinese funding are behind this success, even though the Ni
sulfide sector claims that central to it is a somewhat accommodating attitude on the side of the Indone-
sian environmental authorities. The attempt on the side of Ni sulfide miners to differentiate themselves
as ‘clean’ Ni producers deserving a price premium did not get traction, but concerns regarding the en-
vironment, the impact on the affected communities, and the long-term sustainability of the lateritic Ni
resources appear to be emerging as serious political issues in Indonesia. The paper analyses the size, com-
position, and geographical distribution of the current world Ni resources, their growth, and their capacity
to satisfy the medium-term increase in demand due to the transition to clean energy despite diminishing
exploration discoveries. It also speculates on how long the current laterite dominance of the Ni market
may persist before the pendulum may swing back to Ni sulfides. Despite rising environmental pressure,
there appears to be a reasonable chance that current and foreseeable Ni resources may prove adequate
to satisfy rising demand in the short to medium term. By contrast, modelling indicates that there will
be inevitable severe pressure on Ni supply in the next century and beyond. Opinions, however, differ as
to the degree to which these will represent a treat to human civilisation. These range from catastrophic
consequences to greater faith in human ingenuity enabling a slow, progressive process of adaptation to
use primary Ni more sparingly as it becomes increasingly scarce and unbearably expensive, because of
the exponential increase in the cost of metallurgy and disposal of mine waste inherent in extracting Ni
from progressively lower grade and deeper deposits. The push will be to lower Ni-intensity, developing
material technology substitutes for it in consumptive applications, and by promoting innovative manu-
facturing with a clear focus on re-cycling, to achieve the highest possible level of circularity. Hopefully, a
balance may eventually be reached, not without some significant sacrifices in terms of living standards,
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whereby Ni demand will be reduced to a sustainable level that can be satisfied indefinitely primarily by

recycled Ni complemented by limited quantities of primary Ni.

© 2025 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

“It was the best of times (for Indonesian Ni laterites), it was the
worst times (for Ni sulfides elsewhere)...”
Apologies to Charles Dickens (Dickens, 1859).

Nickel (Ni) is mined in around 25 countries by over 194 pro-
ducers from essentially two types of ores: (1) magmatic, where Ni
occurs primarily as massive and/or disseminated sulfides in mafic
and ultramafic rocks, and (2) lateritic, where it occurs either in as-
sociation with iron oxides or as silicates in saprolites.

Traditionally, Ni sulfide ore has been converted into Ni matte
from which high-purity, LME-deliverable (Class 1) Ni products,
such as Ni briquettes and powder, are derived and used, besides
in stainless steel making, in specialised applications such as non-
ferrous alloying or converted to Ni salts like sulfate and chloride
for battery and electroplating use. By contrast, the bulk of Ni prod-
ucts from laterites were, until recently, Class 2 ferronickel, and
nickel pig iron (NPI) for exclusive use in stainless-steel making. Re-
cent Chinese innovation in High-Pressure Acid Leach (HPAL) pro-
cessing of laterites, however, has made it possible to process lat-
erites into mixed sulfides precipitates (MSP) convertible to matte
and into a mixed hydroxide precipitate (MHP) as a feed for Ni sul-
fate, a battery grade precursor, at a cost that is competitive with
processing purer sulfide ores, severely disrupting their Ni markets.

In 2023, the Ni used in stainless steel production accounted
for about 65% of all primary nickel (International Nickel Study
Group (INSG), 2024a), estimated to have totalled 3.36 million
tonnes (Mt). The remainder was used primarily for battery manu-
facturing (16%) and for plating, non-ferrous alloys, and casting ap-
plications.

Nickel use in the context of the clean energy transition, which
is almost entirely devoted to battery manufacturing, has grown
rapidly in recent years and is expected to continue to grow at an
accelerated rate in the future because the high energy-density of
nickel-containing cathodes significantly reduces the volume of bat-
teries.

The current perception of increasing future demand is reflected
in rising Ni futures, oddly at a time when there is a surplus of
supply and when many Ni sulfide miners in Canada, Australia, and
Russia are closing or reducing production under unbearable com-
petitive pressure from encroachment on their traditional markets
by increasing tonnages of Ni products originating from Indone-
sian laterites. Nickel sulfide miners have attempted unsuccessfully
to improve their competitiveness by differentiating their products
as ‘clean’ thus deserving a premium. This is in contrast to al-
legedly environmentally harmful laterite products that they claim
can only compete because of the accommodating attitude of the
Indonesian environmental regulators and unreasonably low Chi-
nese cost of capital funds, that some claims are cross-subsidised
down vertically integrated, largely government-owned steel- and
battery-making value chains. This, in combination with exceptional
economies of scale, probably explain why the Indonesian laterites
have been successful compared with the lacklustre performance of
most Ni laterite producers elsewhere in the world.

While Ni resources appear to be adequate to satisfy demand in
the medium-term, predictions of longer-term scarcity create will
be an incentive to progressively exploit increasingly larger ton-
nages of progressively lower-grade resources, using vast amounts

of energy and water, and creating very large volumes of mining
waste and tailings. The feasibility of extracting Ni from the latter
has now become the subject of in-depth and generally promising
research (Mends et al., 2024), that indicates that tailings may in
the longer term become a significant source of Ni not placing any
significant additional pressure on the environment.

The objectives of this paper are: (1) to briefly review the cur-
rent Ni resources endowment by extracting and analysing data
from the comprehensive and up-to-date MinEx Consulting’s global
mineral deposits database and building on previous important
work by Mudd and Jowitt (2014, 2022a); (2) identifying and dis-
cussing key trends in exploration, production (with particular em-
phasis on recent metallurgical innovation) and marketing likely to
influence Ni supply sourcing and capacity to withstand future pres-
sure to achieve net zero emission (NZE) ideally by 2050, but more
likely later given the currently slow pace of implementation.

2. Nickel demand
2.1. General considerations

According to the International Nickel Study Group (INSG)
(2024b), world primary nickel production in 2023 was 3.356 Mt
while primary nickel usage was 3.193 Mt, resulting in a surplus of
0.163 Mt. This was a significant increase on 2022 with a further
surplus expected in 2024.

For the purpose of this paper, the sources of Ni demand are
classified into two main groups:

(a) Traditional uses Ni uses (i.e. not related to clean-energy-
transition), dominated by the production of stainless steel and
other specialty applications such as non-ferrous alloys, casting,
and plating, including its significant use in many components
of smart phones.

Clean-energy-transition uses, which are dominated by manufac-
turing of various types of both vehicular and stationary batter-
ies, that in 2023 accounted for about 15% of total primary Ni
usage but growing at an accelerated rate, with the rest used
in wind, hydrogen technology, and other clean energy applica-
tions.

(b

=

Recent discussions relating to prospective demand for minerals
critical to the clear energy transition has been cast on the basis of
the three decarbonisation scenarios formulated by the IEA recently
updated in their ‘World Energy Outlook - 2023’ (International En-
ergy Agency (IEA), 2023) namely: (1) The ‘Stated Policies Scenario
(STEPS)' reflecting the current state of play regarding the energy
economics of different sectors, countries and regions, that would
be consistent with global temperature rises of around 2.4°C above
pre-industrial levels. (2) The ‘Announced Pledges Scenario (APS)
portraying the energy future if all countries were to honour their
aspirational targets, including net zero emissions pledges, on time
and in full, which would limit the global temperature rise to 1.7°C.
(3) The ‘Net Zero Emissions by 2050 (NZE) Scenario’ indicating
what additional measures would be required to limit global warm-
ing to 1.5°C.

The above scenarios are complemented by forecasts of the likely
demand for various critical minerals they would engender that is
provided in tabular form for the 2023 till 2050 time-horizon at
5-year intervals by the International Energy Agency (IEA) (2024).
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Clean Energy Technologies as % of Total Nickel Demand
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Fig. 1. Nickel demand generated by the transition to clean energy under the IEA’s
net zero emission (NZE) scenario by 2050 as a proportion of total demand.
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Fig. 2. Components of future nickel demand under the IEA’s net zero emission
(NZE) scenario.

Fig. 1 shows the demand generated by clear energy technology as a
percentage of total projected Ni demand over the above time hori-
zon under the NZE scenario, while Fig. 2 provides a break-up of
various use components of demand expressed as tens of thousands
of metric tonnes of Ni metal.

Nickel demand is expected to grow to 5.6 Mt by 2030
and then peak at 6.4 Mt in 2040. Major nickel producer Vale
(Donovan, 2023), however, is even more optimistic forecasting 6.2
Mt of Ni will be required by 2030.

Demand is expected to moderate slightly in the longer-term af-
ter 2040 for a variety of reasons including the transitory nature
of the replacement of internal combustion engine (ICE) cars with
electric vehicles (EVs) which is well on its way and in the longer-
term decrease in the world population rate of growth because of
falling fertility rates and the ageing profile.

Although demand projections are generally expressed in terms
of Ni metal equivalents, the Ni trade involves quite a few dif-
ferent Ni products with different Ni content besides pure, LME-
deliverable, Class 1 Ni briquettes and powder as required for dif-
ferent industrial uses.

2.1.1. Traditional nickel uses

As mentioned above, stainless steel production was by far the
largest user of primary Ni in 2023 at about 65% of total or 2.18
Mt of Ni metal. In addition, the sector also used 0.97 Mt of Ni in
scrap (International Nickel Study Group (INSG), 2024a). The very
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high End-of-Life (EoL) scrap collection rate of 95% and recycling
rate of 70% for stainless steel (WorldStainless, 2024), currently sat-
isfying about 27% of overall nickel demand, reflect the fact that
most of the scrap is remelted to manufacture stainless steel of
similar grade. While this is an excellent example of ‘re-use’ con-
sistent with the concept of ‘circular economy’ (Geissdorfer et al.,
2017), many Ni applications are still essentially consumptive in so
far that due to the need to maintain tight control over the required
metal grade, recycling rates are generally low, and much Ni con-
taining material lends up in rubbish tips. It is a sobering thought
that DebRoy and Elmer (2024) estimate that currently only about
5 to 15% of critical metals are recovered from electronic wastes
such as cell phones and lithium-ion batteries although strategies
are being developed to address battery re-cycling in the automo-
tive industry.

Although under the three IEA’s scenarios the tonnages of pri-
mary Ni demanded for traditional uses, dominated by stainless
steel manufacturing, increases at a very moderate rate over the
2023 till 2050 horizon, the volume and value of the stainless-steel
market is expected to grow at a compound annual rate of about
5.5% in the future. This disparity is because stainless steel fabrica-
tion is fed by 70% scrap and consequently only uses 30% of pri-
mary Ni.

Contrary to the stainless-steel industry, plating uses a number
of nickel salts such as nickel sulfate, chloride, sulfamate, fluorobo-
rate, and carbonate, none of which is recycled. Non-ferrous super
alloys and casting require mostly high purity, Class 1, Ni powder
primarily derived from magmatic sulfide ores. There are several
groups of non-ferrous, corrosion and/or heat-resistant alloys con-
taining various proportions of Ni metal in combination with other
metals such as chromium, cobalt, and copper (NeoNickel, 2024).
Nickel used in the clean energy transition

Fig. 1 shows how Ni demand from clean-energy-transition uses
has grown rapidly from 15.4% of total in 2023 to around 25% at
the time of writing and is expected to reach 56.1% by 2040. As
shown in Fig. 2, the main component of the bulk in clean-energy-
related growth in demand is attributable to Ni use in vehicular bat-
tery manufacturing, that in 2023 accounted for 63 % of it, and that
is expected to grow to 85% by 2050, with the rest due to other
clear energy technologies including wind and hydrogen generation
that will persist beyond the 2050 horizon.

2.1.2. Different uses require different nickel products

As discussed in greater detail below, different Ni sources are
best suited for specific Ni products required by different final uses.
As shown in Table 1, they range from high-purity (Class 1) metallic
Ni products, as for instance Ni briquettes and powder, complying
with stringent LME specifications (i.e. minimum 99.8 % purity) and
traded on terminal markets to a vast range of Ni chemical com-
pounds, characterised by different Ni content and level of purity,
most of which are sold directly to users.

The stainless-steel industry for instance makes use of very sig-
nificant tonnages of nickel pig iron (NPI) (2% to 17% Ni) and fer-
ronickel (15% to 45% Ni) from processing of Ni laterites and purer
Ni briquettes and powder as well as vast amounts of recycled
stainless steel.

Specialised Ni applications, such as non-ferrous alloying, and
casting, require high-purity, briquettes and powder and plating
electrolytic Ni mostly derived from processing of Ni-sulfide mag-
matic ore to Ni matte, but more recently also from matte derived
from processing of Ni laterites.

Battery manufacturing requires Ni sulfate as a precursor. This
has historically been primarily derived from Ni briquettes and
powder but, recently, it has also been increasingly derived from
other sources such as mixed hydroxide precipitate (MHP) of lat-
eritic derivation. As discussed at greater length below, the increas-
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Table 1
Range of nickel intermediates and products and their uses.
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NICKEL INTERMEDIATES AND PRODUCTS

USES

Remelted stainless steel

Nickel pig iron (NPI)
Ferronickel

Briquettes and Powder

Ni oxides synter (NOS)

Mixed Sulphide Precipitate (MSP)
Nickel pig iron (NPI)

Briquettes and Powder
Briquettes and Powder

Briquettes and Powder

Mixed hydroxide
precipitate (MHP)

Stainless steel making

Ni Sulfate Batteries
Ni carbonil

Ni oxides synter (NOS)
Electrolytic Ni

Non-ferrous alloys and
Casting
Plating

Bold characters denote the most important Ni intermediates and products.

ing encroachment of lateritic products displacing Class 1, matte-
derived briquettes and powder, has become the source of serious
pressure for miners of Ni sulfide ore.

3. Nickel supply
3.1. General considerations

In discussing the sources of future Ni supply, one needs to dis-
tinguish between primary, that is, newly mined Ni, and secondary
Ni given the importance of recycled Ni. In addition, the primary
sources should be subdivided in accordance with their genetic ori-
gin, whether lateritic or not, in consideration of significant differ-
ences in their mineralogy and consequently in the type of Ni prod-
ucts that can be generated from them. In effect, demand is not
for Ni metal but for a range of physically and chemically different
Ni-containing products of different provenance, characterised and
priced in terms of their respective Ni metal content. Consequently,
mining and processing capacity for either sulfide or laterite may
emerge as a short- to medium-term supply constraint because of
rising demand for any specific product.

3.2. Nickel mineralisation

3.2.1. Deposit types

As exhaustively discussed in Mudd and Jowitt (2022a,b) and ex-
cluding Ni in seafloor manganese crusts and nodules, there are es-
sentially two main types of primary Ni mineralisation:

Magmatic nickel sulfide deposits that can be classified as either:
(1) Intrusive, where a dense and immiscible metal-rich liquid sul-
fide phase has settled generally to the base (Norilsk, Russia) or as
discrete sulfide layers and disseminations in small to large mafic
to ultramafic intrusive complexes. These are exemplified by the
Norilsk-Talnakh deposits of Russia and the Duluth Complex of Min-
nesota and the Sudbury deposit in the Ontario Province of Canada,
or as (2) Extrusive, where sulfides occur commonly as massive or
densely disseminated lenses at the base of komatiitic lava flows
which have become saturated in sulfur through differentiation or
assimilation of sulfur-rich surrounding rocks. These are exempli-
fied by the Kambalda deposits of Western Australia. The most eco-
nomically important magmatic deposits are Precambrian (>2500
Ma), and have, in some cases, undergone significant deformation,
alteration and metamorphism with remobilisation of the ore min-
erals. On this account their geometry is commonly complex and
their vertical aspect ratio high making them difficult to discover
and to delineate with a reasonable degree of confidence from sur-
face drilling.

There are also significant amounts of Ni sulfide in hydrother-
mal deposits, where Ni is generally associated with a range of
other base metals in a variety of sedimentary-hosted polymetallic

deposits such the giant Talvivaara black shale deposit in Finland,
and volcanogenic massive sulfide deposits, and as a byproduct as-
sociated with mining of other minerals typically Ni-rich Platinum
Group Elements (PGEs), such as the stratabound deposits of the
Merensky Reef in South Africa.

Lateritic Ni deposits, by contrast, formed by intensive weath-
ering of ultramafic rocks, particularly of Ni-Co rich serpentinized
peridotites, exposed to long periods of warm and humid tropical
climate, as for instance during the Mid-Tertiary period. Lateritiza-
tion, which commonly reaches depths of more than 100 metres,
dissolves nickel, cobalt and other metals from sulfides and silicates,
and concentrates and redeposits them at various levels in the la-
teritic profile primarily in association with near-surface limonitic
iron oxides or in the underlying clayey saprolite. Laterite deposits
are economically important as they are estimated to contain about
60% of all pre-mining world nickel resources and many deposits
contain appreciable amounts of cobalt which, in light of its rapidly
increasing price, has recently become an important consideration
in determining the commercial feasibility of developing laterite
deposits. Because of their subhorizontal and near-surface geome-
try and large footprint, lateritic deposits have been relatively easy
to discover and delineate with a reasonable degree of confidence
from surface drilling.

The fundamental mineralogical differences between sulfide and
laterite ores are important because, as discussed at greater length
below, they have traditionally been the sources of very different Ni
products, but in recent times this difference has become less rigid.

3.2.2. Nickel minerals

Nickel mineralisation in sulfide deposits generally consists of
pentlandite ((FeNi)gSg), nickeliferous pyrrhotite (Fe;S), chalcopy-
rite (CuFeS,), and magnetite (Fe;04), where nickel and cobalt may
partially substitute for iron and copper.

Nickel laterites contain different nickel-bearing minerals de-
pending on where they occur in the lateritic profile. Near-surface
Ni occurs in ferrous hydroxides such as nickeliferous goethite-
limonite (Fe,Ni)O(OH)), that may be enriched up to 1-2% Ni due
to very strong leaching of magnesium and silica. Alternatively,
deeper in the saprolite zone, Ni can occur in nontronitic nickel
bearing clays (Fe (Ca,Na,Mg,Al)) which can contain up to 4% Ni
or in hydrated magnesium-nickel silicates (including garnierite and
lizardite) (Ni, Mg)3Si,O5 (OH)) and in olivine ((Mg, Fe, Ni),SiOy).

3.2.3. Importance of different primary Ni deposit types

Fig. 3 shows the relative importance of different types of pri-
mary Ni deposits both as a proportion of the total number of de-
posits in the world (i.e. 551, based on a minimum size thresh-
old of 10,000 tonnes (10 kt) of Ni metal and as a percentage of
their pre-mining resources, estimated at 425.2 million tonnes (Mt)
of contained Ni metal. Nickel laterites with 50.8% of deposits and



R. Schodde and P. Guj

Geosystems and Geoenvironment 4 (2025) 100356

Table 2
MinEx Consulting’s nickel resources and reserves statistics for deposits containing a pre-mined resource >10 kt Ni and comparison with USGS’s reserves.
NICKEL Number of Pre-Mined Current MI&I Current P&P USGS 2023
Deposits (Mt Ni) Resource (Mt Ni) Resource (Mt Ni) Reserves (Mt Ni) Reserves (Mt Ni)
WORLD Primary Sulphide 271.0 165.9 121.7 22.7 na
Laterite 280.0 253.6 230.7 40.8 na
Primary Subtotal 551.0 419.5 3524 63.5 na
By-Product 79.0 343 315 23 na
Total 630.0 453.8 383.9 65.8 131.0

MI&I = Measured, Indicated and Inferred Resources; P&P = JORC-compliant Proven and Probable Reserves.

Contained Metal
[425 Mt Ni)

Number
[551 Deposits]

N

Fig. 3. Relative importance of the different main types of primary nickel deposits
in terms of their proportions in terms of number and pre-mining resources.

Low MgO NiS

60.4% of their contained Ni clearly dominate. The remaining Ni
is associated primarily with both low and high magnesium lavas,
such as komatiites, and subordinately with mafic/ultramafic intru-
sions. Fig. 3 does not include 79 deposits where Ni occurs as a
co- or byproduct, nor estimates of Ni contained in recently an-
nounced discoveries for which no initial resources have yet been
announced.

3.3. Nickel resources and reserves

3.3.1. World nickel resources endowment

In November 2024, the MinEx Consulting’s database showed
a total of 630 ‘significant’ (i.e. containing more than 10 kt of Ni
metal) deposits in the world, including 551 primary Ni deposits
and 79 deposits in which Ni occurs as a co- or byproduct. As
shown in Table 2, these deposits contained a pre-mining total re-
source of 453.8 Mt of Ni. The 551 primary deposits, in turn in-
cluded 271 magmatic sulfide and 280 lateritic deposits, containing
165.9 Mt and 253.6 Mt of Ni metal, respectively, on a pre-mining
basis. Nickel as a byproduct amounted to 34.3 Mt of Ni. Current
measured and indicated resources are 383.9 Mt of Ni, including
65.8 Mt of JORC-compliant proven and probable Ni reserves.

This distribution is roughly consistent with that presented by
Mudd and Jowitt (2022a) based on the year 2018 estimates that in-
cluded some 627 Ni deposits with then current resources of 350.2
Mt of Ni metal of which 190.2 Mt or 54.3% of total in lateritic de-
posits, 124.1 Mt or 34.6% in magmatic deposits, and 35.4 Mt or
9.6 % in hydrothermal deposits (the small difference in Ni content
of 0.5 Mt or 0.14% is represented by Ni in tailing dams included in
Mudd and Jowitt’s total Ni resources).

It will be noted that the USGS ‘Reserves’ displayed in Table 2 at
131.0 Mt (USGS, 2024) are about double those extracted from the
MinEx database. This difference is due to the different defini-
tion of reserves used by the USGS, that is similar to Australia’s
‘Accessible Economically Demonstrated Resources’ (EDR) (See Ap-
pendix C of the USGS Commodity Summaries 2024), encompass-

ing a greater proportion of 'Indicated Resources’ as categorised by
the Australasian Joint Ore Reserves Committee (JORC), while the
MinEx’s database only contains JORC-compliant ‘Proven’ and ‘Prob-
able’ Reserves.

3.3.2. Location of world Ni deposits and regional distribution of
pre-mining resources

Fig. 4 shows how the bulk of Ni sulfide deposits (red, lilac,
and blue circles) are concentrated in Canada, Russia, and Australia.
It also clearly identifies Indonesia and adjacent country islands
as well as tropical regions of Central and South America (Cuba,
Venezuela and Brazil) and Africa as hosting the main clusters of
lateritic deposits (yellow circles). The location of the deposits of
other metals where Ni occurs as an important co- or byproduct is
also shown as pale grey circles.

The regional distribution of pre-mining primary Ni resources is
provided in Table 3. It should be noted that the Pacific/SE Asia re-
gion hosts around one-third-of the historical world primary Ni re-
sources, and importantly that just about all of them (99.6 %) are
represented by Ni laterites, with the bulk located in Indonesia and
the Philippines.

3.3.3. Current nickel resources and reserves

Table 4 provides the tonnages and grades of the current
(November 2024), JORC-compliant, Ni Measured, Indicated, and In-
ferred (MI&I) resources and Proven and Probable (P&P) reserves as
extracted from the MinEx database. It should be noted how the av-
erage Ni grade of laterite resources at 1.15% Ni is over three times
higher than that of sulfide ore at 0.37 % Ni. This reflects the much
higher cost and risk involved in processing Ni laterites using the
HPAL method compared to that of smelting sulfides.

Table 5 shows how the geographical distribution of reserves, as
estimated by the USGS, has changed between 2013, just prior to
Indonesia introducing an export ban for unprocessed Ni ore, and
2023 and emphasises the extraordinary rate of growth experienced
in Indonesia and in the Philippines mostly attributable to better
delineation of Ni laterite deposits. The Table also highlights how
reserves in New Caledonia and Canada are depleting.

Fig. 5 provides the current (2023) international ranking in terms
of reserves as defined by the USGS expressed in both millions of
tonnes of Ni metal and percentage of the total. The pie chart em-
phasises the current Indonesian dominance.

3.3.4. Tonnages and grades

Fig. 6 shows a remarkable difference between the relatively
close tonnage-grade clustering of Ni laterites and greater disper-
sion of Ni sulfides. The former features a narrow band of grades
between 0.8% and 2.0% Ni equivalent with the majority just over
1%, and tonnages between 1 Mt and 300 Mt. By contrast, Ni equiv-
alent sulfide grades and tonnages of Ni sulfide deposits, displayed
in Fig. 7, vary more widely with some relatively small deposits
(less than 5 Mt) featuring grades of 2% Ni equivalent or more and
very large deposits of between 1 and 4 billion tonnes (Bt) featuring
grades of between 0.2% and 0.3 %.
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Fig. 4. Worldwide location of nickel sulfide and laterite deposits. The diameter of symbols reflects the size of individual deposits.

Table 3
Regional location and size of primary pre-mining sulfide and laterite Ni resources.

Region ALL TYPES NICKEL SULPHDE NICKEL LATERIT

Number (#) % Ni Metal (Mt Ni) % Number (#) % Ni Metal (Mt Ni) % Number (#) % Ni Metal (Mt Ni) %
Australia 107 19 480 11 50 18 204 12 57 20 27.7 11
Canada 81 15 625 15 81 30 625 37 0 0 0.0 0
United States 18 3 6.3 1 12 4 5.6 3 6 2 0.8 0
Latin America 45 8 35.2 8 9 3 3.1 2 36 13 321 12
Pacific/SE Asia 99 18 1397 33 1 0 0.5 0 98 35  139.2 54
Africa 49 9 26.3 6 33 12 124 7 16 6 13.9 5
W Europe 38 7 141 3 31 11 8.4 5 7 3 5.8 2
E Europe 23 4 6.5 2 1 0 0.1 0 22 8 6.4 3
Former Soviet Union 42 8 49.7 12 23 8 443 26 19 7 54 2
China 29 5 11.1 3 28 10 11.0 7 1 0 0.0 0
Middle East 4 1 1.7 0 2 1 0.1 0 2 1 1.6 1
Rest of World 16 3 24.1 6 0 0 0.0 0 16 6 241 9
WORLD Total 551 425.2 271 168.3 280 256.9
Estimated Unreported 10 335 10 32.7 0 0.8
Total (adjusted) 561 458.7 281 201.0 280 267.7

Table 4
Current (2024) JORC-compliant Ni reserves and resources.
CURRENT (2024) RESOURCES Primary & By-Product Ni By-product Ni Primary Ni Only
AND RESERVES . . - - - - -
All Deposits All Deposits All Deposits Ni Sulphide Ni Laterite

CURRENT P&P RESERVES
[Mt Ore] 11,139 3055 8083 4697 3387
[% Ni] 0.59% 0.08% 0.79% 0.48% 1.20%
[Mt Ni] 65.83 2.32 63.51 22.74 40.76
CURRENT MI&I RESOURCE (includes P&P Reserves)
[Mt Ore] 70,992 18,508 52,484 32,477 20,007
[% Ni] 0.54% 0.17% 0.67% 037% 1.15%
[Mt Ni] 383.92 31.54 352.38 121.65 230.73

Fig. 7 also shows that many of the originally high-grade sul-
fide operations have by now been exhausted (grey circles) and that
only seven of the operating mines feature grades higher than 2.0%
Ni equivalent. The focus of feasibility studies leading to possible
new developments (red circles) encompasses, among others, some
extremely large (0.5 to 5 Bt of ore) but very low-grade (0.25% to
0.3%) deposits. The minimum Ni equivalent grade currently mined
in a few very large deposits is around 0.35% to 0.50 %. The question

is what would it take in terms of possible increases in demand for
and Ni prices to render some of these giant deposits commercially
feasible, keeping in mind their extraordinary energy need and the
challenge of having to dispose of enormous amounts of mining
waste raising serious environmental issues?

Examples of tonnage-grade combinations for the most impor-
tant Ni sulfide and laterite deposits are provided in Tables 6 and
7. Table 6 provides details about the top 16 Ni sulfide deposits and
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Table 5
Comparison of changes in nickel reserves estimates for various countries between
2013 and 2023 (Source: USGS Commodities Summaries 2014 and 2024).

NICKEL Reserves 2013 Reserves 2023 % Change
(Mt Ni) (Mt Ni)
Indonesia 3.9 55.0 1310%
Australia 18.0 24.0 33%
Brazil 8.4 16.0 90%
Colombia 1.1 Enclosed in 2023’Others
Cuba 5.5 Enclosed in 2023'Others
Dominican Republic 1.0 Enclosed in 2023'Others
Madagascar 1.6 Enclosed in 2023’others
Russia (Est.) 6.1 8.3 36%
New Caledonia 12.0 71 -41%
Philippines 11 4.8 336%
China (Est.) 3.0 4.2 40%
Canada 33 2.2 -33%
South Africa 37 Enclosed in 2023'Others
Ukraine 0.1 Enclosed in 2023’Others
Zimbabwe 0.1 Enclosed in 2023'Others
United States 0.2 0.3 113%
Other countries 5.1 9.1 Note
World total 74.1 131.0 77%

Note: Figures are not comparable because 2023 includes all the countries denoted
by "Enclosed in 2023 Others".

one black shale deposit ranked based on their pre-mining nickel
equivalent content. As mentioned above, the most important Ni
sulfide deposits are located in Russia, Canada, and Western Aus-
tralia. The table also shows that most Ni sulfide deposits carry a
vast range of byproducts (particularly PGEs) that, in some cases,
can be as valuable as the Ni content (e.g. Talnakh Ni Camp) or in
rare cases even twice as much (e.g. Norilsk 1 Ni Camp). Many of
the deposits currently at the feasibility study stage appear to be
characterised by extremely high tonnages at very low grades, as
for example the Crawford and Dumont deposits in Canada (4.26
Bt @ 0.24% Ni equivalent and 2.17 Bt @ 0.26% Ni equivalent) the
commercial feasibility of which may be helped by the existence of
adequate infrastructure in place, but that will inevitably encounter
seemingly insurmountable environmental issues.

Table 7 provides details about the top 15 Ni laterite deposits
ranked based on their pre-mining Ni equivalent content. Eight out
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Fig. 5. Pie chart displaying the current ranking of different countries in terms of
their nickel reserves as estimated by the USGS (2024).

of 15 of these deposits are in Indonesia and more specifically in the
islands of Sulawesi, in the Maluku islands, and in the province of
West Papua. Contrary to the Ni sulfide deposits, they feature much
higher grades ranging between 1.21% and 2.19%, but mostly (10 of
15) less than 1.5% Ni equivalent. Furthermore, although all but one
deposit carry cobalt (Co) as a byproduct, Co grades must be rela-
tively low as indicated by the generally small difference between
their grades expressed as Ni % as compared to corresponding Ni
equivalent %.

3.3.5. World nickel production

Table 8 shows the remarkable increase in Ni production that
occurred between 2013 and 2023 in Indonesia, despite the export
ban on unprocessed Ni ore introduced in 2014. The whole of this
growth in production has been sourced from Ni laterites follow-
ing, as is discussed in greater detail in the metallurgy chapter, un-
precedented Chinese investment in mining and downstream pro-
cessing. As the Indonesian growth in production (i.e. 1360 kt) is

Tonnes-Grade: Projects by Commodity Type (% Ni-equiv)
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Fig. 6. Ni equivalent grade-tonnage characterisation of significant primary nickel deposits worldwide differentiated between sulfide and laterite deposits.
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Tonnes-Grade: Projects by Current Status (% Ni-equiv)
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Fig. 7. Tonnage-grade (% Ni equivalent) characterisation of significant primary nickel sulfide deposits broken up in terms of their current development status. The ‘undevel-

oped’ category includes advanced exploration projects with announced resources.

Table 6
Tonnage and grade of the top 16 Ni sulfide deposits ranked on the basis of their pre-mining Ni equivalent content.

WORLD LARGEST NICKEL SULPHIDE DEPOSITS-Ranked by contained Ni Equivalent

Name Geology Ni and Byproducts Mtore % Ni % Ni-eq Mt Ni Mt Ni-eq Country Status
TAINAKH NI CAMP Low-MgO Association  Ni, Cu, PGE, Au, Co 2672.73 1.01 2.22 27.06 59.41 Russian Federation Operating Mine
SUDBURY NI CAMP TOTAL low-MgO Association Ni, Cu, PGE, Co, Au, Ag 1069.01 135 2.27 14.46 24.24 Canada Operating Mine
CRAWFORD Mafic intrusion Hosted Ni, Co, PGE, Au, Cr, Fe 4255.10 0.23 0.24 9.76 10.20 Canada Feasibility Study
JINCHUAN low-MgO Association  Ni, Cu, Co, Pt, PGE, Au, Ag 520.00 1.06 1.44 551 7.46 China Operating Mine
PECHENGA NI CAMP High-MgO Association  Ni, Cu, PGE, Au, Co 796.79 0.70 0.83 5,56 6.64 Russian Federation Operating Mine
TALVIVAARA Black Shale Ni, Zn, Cu, Co, U308 1647.60 0.26 0.38 427 629 Finland Operating Mine
TURNAGAIN low-MgO Association  Ni, Co, Cu, PGE 2737.77 021 0.22 570 6.01 Canada Pre-Feas/Scoping
DUMONT High-MgO Association Ni, Co, PGE, Fe 216540 0.26 0.27 572 5091 Canada Feasibility Study
NORILSK 1 NI CAMP low-MgO Association Ni, Cu, PGE, Au, Co 409.00 042 1.20 1.70 4.92 Russian Federation Operating Mine
MT KEITH High-MgO Association  Ni 53340 0.67 0.67 3,55 355 Western Australia ~ Operating Mine
THOMPSON BELT NI CAMP High-MgO Association  Ni, Cu, Ag, Au, PGE 161.64 206 2.17 333 351 Canada Operating Mine
LEINSTER NI CAMP High-MgO Association  Ni, Cu, PGE 255,54 1.15 1.15 294 294 Western Australia  Operating Mine
RAGLAN NI CAMP High-MgO Association  Ni, Cu, Co, PGE, Au, Ag 65.53 3.04 3.62 1.99 237 Canada Feasibility Study
VOISEYS BAY NI CAMP low-MgO Association  Ni, Cu, Co, PGE 76.95 225 2.78 1.73 214 Canada Feasibility Study
KAMBALDA NI CAMP High-MgO Association  Ni, Cu, Co, PGE 66.12 292 292 193 1.93 Western Australia  Care and Maint.
JULIMAR Mafic intrusion Hosted Ni, PGE, Cu, Co, Au 65430 0.15 0.26 097 1.69 Western Australia  Pre-Feas/Scoping
Table 7
Tonnage and grade of the top 15 Ni laterite deposits ranked on the basis of their pre-mining Ni equivalent content.
WORLD LARGEST NICKEL LATERITE DEPOSITS-Ranked on Contained Ni Equivalent
Name Mt ore % Ni % Ni-eq Mt Ni Mt Ni-eq Country Region Status
WEDA BAY 1514.94 1.23 1.24 18.65 18.84 Indonesia Maluku Utara Operating Mine
SULAWESI CAHAYA MINERAL 1139.00 1.22 1.27 13.84 14.46 Indonesia Sulawesi Tenggara Development/Construction
SOROAKO 830.99 1.30 1.31 10.77 10.89 Indonesia Sulawesi Selatan Operating Mine
SANGAJI 327.44 1.71 1.75 5.61 5.74 Indonesia Maluku Utara Pre-Feas/Scoping
PUNTA GORDA 389.27 1.30 1.37 5.06 5.34 Cuba Operating Mine
WEST PRONY 363.00 137 137 4.97 4.97 New Caledonia Advanced Exploration
HANKING GROUP 350.61 1.37 1.41 4.80 4.94 Indonesia Sulawesi Selatan Operating Mine
KONIAMBO 184.72 2.13 2.19 3.93 4.04 New Caledonia Operating Mine
SIPILOU NI CAMP 258.10 1.48 1.55 3.81 3.99 Cote d’'lvoire Advanced Exploration
CERRO MATOSO 376.16 1.05 1.05 3.96 3.96 Colombia Operating Mine
GAG ISLAND 221.40 1.71 1.77 3.79 3.91 Indonesia Papua Feasibility Study
HENGJAYA 300.00 1.23 1.29 3.70 3.87 Indonesia Sulawesi Tengah Operating Mine
MOA BAY 301.66 1.15 1.23 3.47 3.71 Cuba Operating Mine
MURRIN NICKEL LATERITE 303.00 1.16 1.21 3.52 3.66 Austraia Western Austraia Operating Mine
BAHUBULU 225.74 1.51 1.55 341 3.49 Indonesia Sulawesi Selatan Advanced Exploration
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Fig. 8. Pie chart displaying the current ranking of various countries in terms of
their nickel production both as tonnages and percentage of world total.

Table 8

Current 2023 primary Ni production in different countries and their comparison
with production in 2013 (Modified from USGS, 2014; 2024 Mineral Commodities
Summaries).

NICKEL Production Production % Change
2013 (kt Ni) 2023 (kt Ni)
Indonesia 440.0 1800.0 309%
Australia 240.0 160.0 -33%
Brazil 149.0 89.0 -40%
Colombia 75.0 Enclosed in 2023'Others
Cuba 66.0 Encosed in 2023’Others
Dominican Republic 125 Enclosed in 2023’Others
Russia (Est.) 250.0 200.0 -20%
New Caledonia 145.0 230.0 59%
Philippines 440.0 400.0 -9%
China (Est.) 95.0 110.0 16%
Canada 225.0 180.0 -20%
Madagascar 26.0 Encosed in 2023’Others
South Africa 48.0 Encosed in 2023’Others
United States na 17.0 na
Other countries 274.0 380.0 Note
World total 2485.5 3566.0 43%

Note: Figures are not comparable because 2023 includes all the countries denoted
by "Enclosed in 2023 Others".
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higher than the world total growth in production (i.e. 1080.5 kt)
over the period, it was achieved at the expense of many other Ni
producing countries exhibiting declining production as highlighted
in Table 8.

There is a 22.2% difference between the 2023 Indonesian Ni
production as reported by the USGS at 1.80 Mt and that reported
by the International Nickel Study Group (INSG) (2024a) ‘Nickel
Factbook’ at 1.41 Mt. Although not specified, this difference may
be due to the USGS’s figure being based on gross ‘mine produc-
tion’, that is, not accounting for processing losses.

Interestingly, world production increased by 43%, while re-
serves increased by 77 %, meaning that reserves as a multiple of
annual production increased from 29.8 times in 2013 to 36.7 times
in 2023. This would indicate that reserves should be capable of
satisfying increasing demand at least in the medium-term. There
is general agreement, however, that in the longer-term progressive
depletion will bring about severe shortages.

The pie chart of Fig. 8 portrays the current ranking of different
countries in terms of the tonnages of Ni contained in their prod-
ucts and as a percentage of total world production, once again em-
phasising Indonesia’s dominance.

3.4. Mining

Figs. 9 and 10 show the mining method used, or considered for,
the various primary sulfide and laterite Ni deposits, respectively.
A comparison between the two figures emphasises the vastly dif-
ferent way in which Ni sulfides and laterites are mined that is
largely influenced by their different geometries and depth from
the surface. Nickel sulfides display a roughly equal three-way split
between underground, open pit, and mixed operations. The large
number of underground and mixed mining projects reflects their
complex geometry and high vertical aspect ratio, with mostly fea-
turing moderate (i.e. less than 40 Mt of ore) tonnages and compar-
atively high (i.e. greater than 0.8 % Ni equivalent) grades.

By contrast, virtually all Ni laterites are exploited by open cut
mining, with only a very small minority being mined underground.
This reflects the fact that Ni laterites, because of their genesis,
tends to be at or near surface. In addition, to the extent that the
lateritic profile seldom exceeds 100 metres in depth, these open
pits tend to occupy very extensive areas. The vast deforestation and
encroachment on local farming communities, combined with the

Tonnes-Grade: Projects by Mining Method (% Ni-equiv)
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Fig. 9. Mining methods used or envisaged for primary Ni sulfide deposits.



R. Schodde and P. Guj

Geosystems and Geoenvironment 4 (2025) 100356

Tonnes-Grade: Projects by Mining Method (% Ni-equiv)

OPEN PIT

® UNDERGROUND
MIXED

© OTHER/UNKNOWN

100 1000 10000

Pre-Mined Resource (Mt ore)

Fig. 10. Mining methods used or envisaged for primary Ni laterite deposits.
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Fig. 11. Schematic flowchart of Ni sulfide processing.

high visibility of this type of operations and related waste dumps
and tailing dams, can be the source of significant environmental
concern and resistance on the side of the community. One may le-
gitimately wonder whether the current mining and waste-disposal
as practiced in Indonesia would have been allowed in developed
countries such as Australia and North America, let alone Europe.

3.5. Metallurgy

3.5.1. Different metallurgical processes for sulfide and laterite ores
Because of their different chemical composition, the three main
types of Ni ores (i.e. nickel sulfides, limonitic Ni laterites, and
saprolites) are the source of different Ni intermediate and final
products through diverse metallurgical processing routes.
As shown in Fig. 11, sulfide ore has traditionally been converted
to matte using pyrometallurgy and this in turn is refined by hy-

10

drometallurgy into high-purity (i.e. 99.8 %), LME-deliverable, (Class
1) Ni briquettes and powder that are utilised in both specialty
(non-ferrous alloying and casting) and stainless-steel applications,
as well as converted to chemicals (e.g. sulfate, chloride etc.) for
battery manufacturing and plating.

Until a decade ago, Ni laterites have been mainly the source
of ferronickel (15 to 45% Ni) and mor recently, due to processing
improvements by Tsingshan (ING Think, 2021), of nickel pig iron
(NPI) (2 to 17 % Ni) for almost exclusive use in stainless steel man-
ufacturing. Because of the high capital and operating costs and the
complexity of High-Pressure Acid Leaching (HPAL) processing, and
to compete with Ni sulfide as a source of inputs for stainless steel
manufacturing, laterites use comparatively higher Ni grades, de-
spite their significant iron credits. This cost differential, however,
has been progressively eroded primarily because of Chinese mas-
sive scale investment and innovative refinement of the HPAL pro-
cess in their Indonesian operations. Advances in the metallurgical
processing of Ni laterites, as illustrated in Fig. 12, made it possi-
ble to convert (1) saprolites into mixed sulfide precipitate (MSP)
and then to high-grade matte and above all (2) limonitic Ni lat-
erites into mixed nickel-cobalt hydroxide precipitate (MHP) as an
intermediate stage in the production of battery-grade nickel sulfate
hexahydrate (NiSO4-6H,0, NSH). While the cost of dissolving and
converting MHP to sulfate is much higher (i.e. $1000 to 2500/t)
than for Ni briquettes ($700/t) due to higher impurities and waste,
its production cost is much lower, thus making MHP competitive
(Yang and Perry, 2022).

From an environmental point of view, however, producing
matte from saprolites is very carbon intensive emitting roughly six
times the amount emitted by sulfide processing, while converting
NPI into MHP produces large amounts of tailings.

Limonitic Ni laterite can also be converted using the hydro- and
pyro-metallurgical Caron process into Ni-rich (75 to 78 % Ni) oxides
sinter suitable for alloying as well as for stainless steel use.

3.5.2. Daring Indonesian export ban and unprecedented Chinese
investment in Ni laterite processing

Until 2014, Indonesia was a major exporter (40+ Mt p.a.) of
unprocessed Ni laterite ore primarily to China. However, to se-
cure investment in downstream processing in 2014, Indonesia
introduced an export ban on unprocessed laterite nickel ores, pro-
viding local miners with only five years to establish the necessary
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Fig. 12. Schematic flowchart of processing of limonitic and saprolitic Ni laterites.

processing facilities (Bujtor and Villegas, 2021). While most opera-
tors were sceptical, some Chinese consortia of NPI producers and
users did not see the ban as a threat but as a golden opportunity
and invested heavily in mining and NPI processing in Indonesia.
The speed of construction and ramping up was extraordinary in
part due to Tsingshan retaining equity in, and providing superior
knowhow and expertise to, early projects.

For a few years, the ban had a deleterious impact on the In-
donesian economy and boosted the fortunes of nickel miners in
the rest of the world. Between 2017 and 2019, the Indonesian Gov-
ernment relented a little to help Ni ore miners to raise the capi-
tal needed to build their processing plants. The gamble eventually
paid off with Indonesia becoming the world’s dominant Ni pro-
ducer over the last 10 years.

Following Tsingshan’s success and attracted by lower local oper-
ating cost, many other Chinese NPI producers relocated their oper-
ations to Indonesia and local miners, including Vale that inherited
the original Inco’s operations, started integrating downstream into
NPI and mixed hydroxides precipitate (NHP). The industry grew at
a fast pace and there are now 333 contracts of work covering, as
shown in Fig. 13 (modified after Open Street Map, 2024), six pro-
duction hubs or industrial parks. Three of these are in the island
of Sulawesi (Indonesia Morowali industrial Park (IMIP), Sorowako,
and Pomalaa) and one each in the Maluku Island of Halmahera (In-
donesia Weda Bay Industrial Park (IWIP)) and Obi Island, with a
new project being constructed in West Papua (Durrant, 2022).

The Indonesian NPI industry is now integrating further down-
stream with the establishment of products from MHP processing
plants to be refined in China to Ni sulfate as a precursor to battery
cathode manufacturing. The main NPI and NHP projects are listed
in Table 9 (modified after Durrant, 2022) and numerically cross-
referenced to Fig. 13 for their location. The main fully integrated
operating projects are highlighted in bold characters, whereas the
others are at various stages of construction with some close to
start of production. While Ni producers in the rest of the world are
rushing to introduce MHP capacity into their operations, it is ex-
pected that Indonesia will continue to be by far the dominant pro-
ducer of MHP in the world in the medium term with production
estimated to grow to 0.9 Mt by 2027. However, incipient depletion
and constrained government mining quotas in response to envi-
ronmental concerns, combined with the rush by other producers
to put in place MHP capacity, may see the Indonesian dominance
recede possibly within the next decade.

In addition, three stainless-steel mills have been constructed to
date and a few more are in the pipeline. The viability of Indonesia’s

stainless-steel industry is helped by its vertical integration with
laterite processing plants, allowing, as in the case of Tsingshan’s
3 Mt p.a. Morowali plant, the use of hot NPI as a feed reducing
energy consumption and eliminating transport costs. Another 1.2
Mt will be added in 2025 by the new PT Glory Metal Indonesia
plant at Morowali, constructed in joint venture with India’s Jindal
Stainless. In the process, Indonesia has in 2023 become the world’s
largest exporter of stainless steel valued at US$2.8 billion (54.1 % of
total stainless-steel exports) well ahead of the United Kingdom at
$783.9 million (14.9%) (Workman, 2024).

The flood of Indonesian cheap Ni in recent years has depressed
its price to the extent that many Class 1 Ni producers suspended
or cut back production. Operations that have closed include Cuba’s
Nicaro, Queensland Nickel Refinery’s Nicaro, Jervois Global’s San
Miguel Paulista complex in Brazil, and First Quantum’s Raven-
sthorpe, as well as BHP’s Nickel West integrated operations in
Western Australia that were being placed on care and maintenance
at the time of writing. Meanwhile New Caledonia’s Goro and Am-
batovy operations in Madagascar are operating well under capacity.

The possibility of potential future shortages of high-purity bri-
quettes and powder together with the expected growth in demand
for battery precursors have induced battery manufacturers to con-
sider potential substitutes, among which mixed hydroxide precip-
itate (MHP) has gained significant acceptance (Milewski, 2021).
This is because not only MHP is a natural intermediate to Ni sul-
fate production, dissolving in the same equipment at the same
rates, but also because it is becoming readily available and cheaper
than LME-traded Ni briquettes and powder, selling at a discount in
terms of its Ni content. Many producers, aside from Indonesia, are
responding to this fundamental shift in demand by installing MHP
capacity, including many sulfide miners, because producing MHP
from sulfides is simpler and less costly than from laterites.

There is no doubt that the success of the Indonesian Ni laterite
industry can be largely attributed to its scale, high level of integra-
tion, superior metallurgical knowhow, and availability of low inter-
est capital. It has also been aided by Indonesia putting in place a
significant amount of infrastructure in part under the umbrella of
the ‘road and belt’ initiative, introducing an element of bilateral
Indonesia-China relationship that, presumably provides investors
with an expectation of stability.

Nickel producers in the rest of the world opined that the suc-
cess is also due to a rather accommodating attitude on the side of
the Indonesian environmental regulator and that the low-interest
capital is a form of cross-subsidy mostly among related, largely
government-owned parties along the Ni laterite value chain.
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Fig. 13. Map showing the location of Indonesian Ni laterite mining and processing hubs (Modified after: Open Street Map, 2024).

Table 9

List of main Indonesian Ni laterite mining and processing projects, showing currently operating ones in bold (Modified from Durrant, 2022).

MAP REFERENCE  LOCATION INDUSTRIAL PARK/AREA

MANAGING COMPANY

OWNERSHIP

Mining industry Indonesia (MIND ID) (34 %), Vale Canada
(33.9%), Sumitomo Metal Mining (11.5 %), Other (20.6 %)
Huayou Cobalt (57 %), China Molybdenum (30 %), Tsingshan
(10%)

Jingmen GEM (35 %), Brump (35 %), New Horizon
International Holdings (21 %), Tsingshan Group (10 %),
Hanwa Co (8%)

Nanging Hanrui Cobalt, Indonesia Huabao industrial Park
Investment Group

Zhejiang Huayou Cobalt (73.2%), Ford Motor (8.5%), vale
Indonesia (18.3%)

Tsingshan Group (57 %), Eramet (43 %)

1 Central Sulawesi Sorowako PT Vale (Indonesia)
2A Central Sulawesi Morowali (IMIP) Huayou Nickel and
Cobalt (HNC)
2B Central Sulawesi Morowali (IMIP) PT QMB New
Enwergy Materials
2C Central Sulawesi Morowali (IMIP) Huabao
3 South Sulawesi Pomalaa PT Kolaka Nickel
Indonesia
4A Maluku Halmahera Island Indonesia Weda Bay PT weda Bay Nickel
industrial Park (1WIP)
4B Maluku Halmahera Island TWIP PT CBL
4C Maluku Halmahera Island WIP PT Huafei Ni-Co
Company
4D Maluku Halmahera Island East Halmahera PT Antam
Ferronickel
5A Maluku Obi Island Obl Island Industrial PT Halmahera Perada
Area (OIIA) Lygend
5B Maluku Obi Island (OIIA) PT Ceria Nugraha
Indutama
5C Maluku Obi Island (OIIA) Jinchuan WP
6 West Papua Sag Island PT Gag Nikel

Ningbo Contemporary Brunp Lygend (CBL), PT Aneka
Tambang, PT Industry Baterai Indonesia (IBC)

Huayou Cobalt, Tsingshan Holding Group, EVE Energy Co., Ltd
PT Antam, subsidiary of Mining industry Indonesia (MIND ID)
Harita Group (45.1%), Ningbo Lygend Mining (54.9 %)

PT Ceria Nugraha Indutama

Jinchuan Group (60 %), WP & RKA (Ind.) (40 %)
PT Antam, subsidiary of Mining industry Indonesia (MIND ID)

Realistically, western mining companies would not be able to raise
capital at such low rates for the $1 to 2 billion developments of
a Ni laterite in any jurisdiction, let alone Indonesia. An attempt to
differentiate their production as environmentally ‘clean’, and there-
fore deserving a price premium, as opposed to ‘dirty’ Indonesia Ni
products, however, failed to get any traction.

4. The future of nickel
4.1. A volatile market

The International Nickel Study Group (INSG) (2024c) forecast
that the Ni market will be in surplus in 2025 to the tune of 135
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thousand tonnes. This will be the fourth of similar surpluses over
the last four years (Ferreira and Pinto, 2023). and is consistent with
a prediction that Ni prices will continue to decline and are ex-
pected to average $15,700/t over the coming year (2025) along the
current trend (Fig. 14). Notwithstanding this, some Indonesian pro-
ducers appear reluctant to slow down their current rate of growth
in production capacity despite falling margins, presumably expect-
ing to continue to force producers in other parts of the world to
cut back.

The LME Ni futures downloaded on the same day as for
Fig. 14 display a gentle rise over the next three years to $18,255/t
by the end of 2027. This appears very modest when considering
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Fig. 14. LME daily nickel prices in nominal dollars (Source: Trading Economics, 2024).
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Fig. 15. Consensus nominal nickel price forecast (Source: Unpublished research conducted under the author’s supervision by MBA students attending the 2024 ‘Valuation

and risk analysis for resource companies’ unit at the University of Western Australia).

that Ni demand is forecast to increase from about 3.5 Mt to 4.5
Mt, that is, by 28.6%, over the period. If one were to assume a
price risk discount of around 25% to 30% between the price ex-
pected in 2027 and that of the current future for delivery on the
same date, then the expectation is for the Ni price in 2027 to be
in the range of $22,819 to $23,732/t. This price range is in line
with projections by Consensus Economics as modified in Fig. 15
by unpublished research conducted under one of the the authors’
supervision by MBA students attending the 2024 ‘Valuation and
risk analysis for resource companies’ MBA unit at the University
of Western Australia. These forecasts are considered realistic for a
variety of reasons as discussed below.

The Indonesian government has become anxious about the cur-
rent market imbalance and in an endeavour to support the Ni price
has first delayed, and recently reduced, the Ni ore quota alloca-
tions from 227 Mt in 2024 to 150 Mt in 2025 (Reuters, 2024). This
has forced some Indonesian producers to cut back and others to
maintain production by importing lateritic ore from the Philippines
with consequent increase in production cost.

Interestingly, the S&P Global Market Intelligence’s (2024) Ni
cost curve of Fig. 16 shows that at current prices Tsingshan’s Weda
Bay operation would not cover its cash cost, while Aneka Tam-
bang’s Pomalaa must be just about breaking even on a cash basis.
The strategy of producing at a loss can obviously only be sustained
in the short run while displacing other competitors’ production. In
the longer run, however, as cumulative demand increases, prices
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will have to be set with cognisance of the marginal cost of pro-
duction that, from Fig. 16, appears to rise sharply. This marginal
cost pattern is also displayed in Wood Mackenzie’s 2024 Ni cost
curve in research published by Morgan Stanley (Capolingua, 2024).

Alarmistic government sources’ claims in the Indonesia Busi-
ness Post on October 30, 2024 (Costa, 2024) that Indonesia will
be running out of Ni reserves within the next few years appear
to be diametrically opposite to the view expressed at about the
same time and in the same magazine by the Indonesian Nickel
Miners Association (APNI) (Isaac, 2024) that contends that, given
adequate investment in exploration, the lifespan of Indonesia’s Ni
resources could be doubled. Neither source, however, provides a
credible quantitative basis for their claim.

Nonetheless, a degree of incipient depletion may be indicated
by the MinEx database showing that in the last 10 years discov-
eries of new Ni deposits have been fewer and smaller than in the
past (Fig. 17) and that since 2018 no new lateritic Ni deposit has
been discovered in the world (Fig. 18).

Mudd and Jowitt (2022a) when comparing their 2018 resources
estimates with those of a previous (2011) study, observed that,
while Ni sulfide resources were keeping pace with production, lat-
eritic resources appeared to be on a depleting trend. The latter was
attributed to the ease of discovery and more accurate initial drill
delineation of lateritic deposits due to their large footprint and
simple sub horizontal geometry, compared with the more com-
plex geometry of the magmatic ore bodies, that promotes greater
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Fig. 16. Nickel C1 cost curve in 2023. Note the very sharp increase in unit cost above 3.2 Mt of cumulative production in 2023 (Source: reproduced with permission from

S&P Global Market Intelligence, 2024).

Number
30 1

25

20

15

10

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940

NI T I T .|.||.||.|||||hl|

1950

Number of Discoveries by Size : World 1850-2023

X Est Unreported
Moderate

® Major

m Giant

il

1990 2000 2010 2020

WAL

1960 1970 1980

Fig. 17. Size of world Ni deposits discoveries over the period 1850 to 2023.

growth in sulfide resources over time. This trend was not evident
from the analysis of the MinEx database that shows slightly higher
rates of growth in Ni laterite resources until 2022 (Fig. 19). How-
ever, it must be borne in mind that the Ni sulfide resource tonnage
is dominated by some very large and old deposits, such as Sudbury
and Norilsk, the resources of which have not grown in recent years
due to their high rates of production, and which may have masked
the growth in later Ni discoveries.

It is too soon to determine whether the higher rate of growth
in Ni sulfide resources between 2022 and 2024 (i.e. 16.6 % versus
3.5%) is the start of a new trend. However, even if it is, while the
Ni sulfide resources may regain some of the lost ground in the fu-
ture, production is likely to be constrained by the time and capital
required to expand the currently low level of processing capacity.
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4.2. Supply adequacy

Disregarding any intervening growth in resources that could be
expected given the historical trend (Fig. 20), the current world
resources at 383.9 Mt of Ni, amount to roughly 110 years of
current demand or 60 years at the 2040 peak demand rate. At
the most conservative limit, the current reserves of 131 Mt Ni
as defined by the USGS would be adequate to support an aver-
age 5.4 Mt rate of annual production between now and 2050.
It would, therefore, appear that the world has adequate Ni re-
sources to satisfy the level of demand potentially created under
the most ambitious medium-term decarbonisation scenario, that
is, the IEA’s NZE by 2050, even though this deadline appears to
be slipping. This adequacy view is shared by a few recent pa-
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Current Nickel MI&I Resource
for Deposits with a pre-mined Resource >10 kt Ni : World 2015-2024

Mt Ni
500 4

384 Mt
400 | in 2024

316 Mt Total
in 2019
300 -

/ 234 Mt

100 Mt
188 Mt

200

150Mt ]
122 Mt Ni Sulfide

100

0 ,
July 2015 July 2016 July 2017 July 2018 July 2019 July 2020 July 2021 July 2022 July 2023 July 2024
Compilation Date of MinEx's Data Base

Note: Based on published MI&I Resource Source: MinEx Consulting© December 2024

Fig. 19. Rate of growth in nickel resources over the period 2015 until 2024. Note - The steep rate of growth in Ni laterite resources between 2018 and 2019 is an artefact
created by a significant update of the MinEx database carried out in that year adding many Ni laterite deposits discovered in previous years.

Identified Nickel Reserves, Resources and Cumulative Production
for Deposits with a pre-mined Resource >10 kt Ni : World 2015-2024
Mt Ni

500

M Cum Prodn from Closed
Mines

Cum Prodn from Active
Mines

300
M Est Resource
200
W MI&I Resource

100

0
July2015 July2016 July 2017 July 2018 July 2019 July 2020 July2021 July2022 July2023 July 2024

Compilation Date of MinEx's Data Base

Fig. 20. Growth trend in identified nickel reserves, resources, and cumulative production between 2015 and 2024. Note - The steep rate of growth in Ni resources between
2018 and 2019 is an artefact created by a significant update of the MinEx database carried out in that year adding many Ni laterite deposits discovered in previous years.

15



R. Schodde and P. Guj

pers on the topic, including projections by DebRoy and Elmer
(2024).

The IEA’s excellent and broadly publicised demand forecasts for
critical minerals are dominating so much the current narrative that
people tend to overlook pertinent questions as to what is likely to
happen in the longer term well beyond 2050. Logic dictates that Ni
consumption cannot increase at the current rate for much longer
without engendering rapid resource depletion, and that maintain-
ing an acceptable standard of living for a growing world population
will require significant changes in how we produce and use metals,
including Ni, in the future.

Olafsdottir and Sverdrup (2021) have assessed the long-term
supply trend for nickel making use of a sophisticated dynamic eco-
nomic model of the global nickel cycle. Their Ni reserves and re-
sources inputs, amounting to 650-720 Mt, are much larger than
the corresponding figures quoted in the present paper because
they are estimated including currently sub-economic mineralisa-
tion defined by much lower cut-off grades than those currently
adopted in the MinEx database that comply with the JORC code.
Exploitation of this currently marginal mineralisation is modelled
to become progressively commercially feasible as demand and
prices increase over time in response to the mining industry be-
ing forced to develop progressively more costly, lower grade and
deeper deposits against a background of increasing societal quality
of life and environmental expectations. On this basis, they suggest
that peak extraction rates will be reached by 2050, and exhaustion
of most primary nickel resources by 2130. However, they add that
exhaustion can and will probably be delayed by up to one century
by significantly improving recycling rates. In essence their mod-
elling, not surprisingly, indicates that there will be inevitable se-
vere pressure on Ni supply and shortages in the next century and
beyond.

Opinions, however, differ as to the degree to which these short-
ages will represent an existential treat to human civilisation. They
range from catastrophic consequences deeply affecting the future
quality of life to less dramatic consequences due to the belief that
human ingenuity will enable a slow, progressive process of adap-
tation to use primary Ni more sparingly as it becomes increasingly
scarce and unbearably expensive. The exponential increase in the
cost of extracting and processing Ni and of disposing of huge vol-
umes of mine waste, consuming vast amounts of energy and wa-
ter, will raise societal concern and force government and industry
to explore new paradigms. These will include expanding promising
research (Mends et al., 2024) on the feasibility of leaching Ni from
mining waste, especially tailings, that represent a vast unexploited
resource that could be harnessed without putting additional pres-
sure on the environment, and of in situ leaching of enormous low-
grade and currently subeconomic resources. The push will be to
lower the Ni intensity-of-use developing material technology sub-
stitutes for it in consumptive applications and to promote innova-
tive manufacturing with a clear focus on re-cycling, to achieve the
highest possible level of economic circularity.

Interestingly, Ni initially substituted for more expensive and
risky cobalt in the lithium nickel cobalt aluminium (NCA) and in
the lithium nickel manganese cobalt (NMC) batteries, but its use is
now being reduced with greater penetration of lithium iron phos-
phate batteries (LFP) that contain no Ni and that, according to
Wesselkamper et al. (2024) have the potential to save 10 mines
and 55 recycling plants, albeit with some sacrifice in terms of bat-
tery performance. More Ni is likely to be substituted if develop-
ment of the sodium-ion battery proves successful. An important
aspect of these technological developments is that Ni is being re-
placed by elements, such as P and Na, that are extremely abundant
and comparatively cheap. The trade-off between lower cost against
lower battery performance will ultimately determine their rate of
market penetration.
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Improving the sustainability of metal use is now seen very
much in terms of advancing circular economic strategies based on
the concept of metal stock and flow, where the latter becomes
progressively more reliant on recycled sources and less on primary
metal. In this respect Ni is in a better position than many other
metals in so far that its main use in the manufacturing of stainless
steel with very high levels of recycling is well on the way of
circularity. Although currently only a small proportion of the Ni in
EV batteries is recovered, there is clear evidence that car manu-
facturers not only have been increasingly designing their products
with the objective of facilitating dismantling and recycling but are
also actively integrating vertically downstream in the field of bat-
tery recycling. Consequently, given that virtually the whole of the
internal combustion engine (ICE) fleet will soon be electrified and
assuming a ten-year life for EV batteries, the proportion of recycled
Ni from this source is bound to increase very rapidly in the future.
At the same time Ni demand will slightly moderate as the backlog
of ICE cars to be replaced is progressively reduced helping im-
prove the sustainability of Ni use and progressive circularity of the
car manufacturing industry. Wesselkamper et al. (2024) sug-
gest that, given a focused and co-ordinated effort sup-
ported by sound government policy, a high degree circular-
ity in this area could be brought forward to between 2035
and 2040.

Other Ni uses, however, do not lend themselves to recycling, as
for instance plating at various scales including in a myriad of very
small cell phone components very hard to recycle, that will con-
tinue to require primary Ni or, if feasible, appropriate substitutes.

Hopefully, a balance may eventually be reached, not without
some significant sacrifice in terms of living standards, whereby Ni
demand will be reduced to a sustainable level that can be satis-
fied indefinitely primarily by recycled Ni complemented by limited
quantities of primary Ni.

4.3. Environmental and community concerns

As already pointed out, many Ni miners, particularly Ni sulfide
miners, outside Indonesia, claim that the success of the Indonesian
Ni laterite industry is in part due to a somewhat accommodating
attitude on the side of the local environmental regulators and that
the availability of capital at rates of interest unheard of elsewhere
in the world is a form of cross-subsidy along a fully integrated and
largely government-owned value chain. It is true, for instance, that
processing of NPI into Ni matte is very carbon intensive as it pro-
duces about six times the amount of carbon dioxide compared to
conventional smelting of Ni sulfides and that conversion of MHP
into Ni sulfate produces very large quantities of tailings.

All these problems are compound by raising concern among
the affected communities that are torn between the benefits of in-
creased local employment and the regrets for a drastically chang-
ing lifestyle due to the encroachment of mining on their previ-
ous traditional activities such as agriculture and fishing. In this
respect, there has been no shortage of persuasive journalistic re-
ports and television documentaries, displaying the extent of defor-
estation and the high visibility of extensive open pits and waste
dumps, but above all, the human impact through moving inter-
views with the affected members of the local indigenous popu-
lation often conducted on the bank of a muddied stream. This is
having an adverse effect on public opinion in Indonesia and in-
ternationally and is likely to result in progressive tightening up of
environmental regulations and mining quotas in the future impos-
ing further restriction on Ni laterite mining in the country. Eventu-
ally this will be reflected in the sterilisation of some of the current
resources and in reinforcing the current trend of very limited ex-
ploration for and discovery of new Ni laterite deposits.
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5. Conclusions

In summary, the present review indicates that:

(1) Current nickel resources and their prospective growth over
time appear adequate to satisfy future increases in medium-
term demand driven by transition to clean energy under the
[EA’s net zero emission by 2050 scenario, but serious short-
ages are likely to occur in the longer term unless society
adopts drastically new paradigms in the way it produces and
uses Ni in the future.

The 2014 Indonesian ban on the export of unprocessed Ni
laterite ore proved to be a successful gamble resulting in
Chinese investment on an unprecedented scale in Ni laterite
mining and downstream processing in Sulawesi and in the
Maluku islands of Halmahera and Obi. This made Indonesia
the world largest nickel producer and more recently, also the
largest exporter of stainless steel.

This success is largely attributable to innovative Chinese
knowhow in the metallurgy of Ni laterites, availability of
low-interest Chinese capital, and the highly vertically inte-
grated nature of the industry. In addition, the Indonesian
government facilitated the establishment of necessary in-
frastructure in several dedicated industrial parks and expe-
dited approval processes.

Notable among the Chinese metallurgical innovations is the
development of a process to convert nickel pig iron (NPI)
into mixed hydroxide precipitate (MHP) as a feed to Ni
sulfate production, an essential precursor to battery man-
ufacturing. The resultant encroachment on the demand for
high-purity, Class 1, LME-deliverable Ni products (e.g. Ni bri-
quettes and powder), previously the almost exclusive realm
of Ni sulfide miners, has precipitated severe production cut-
backs and closures in this sector elsewhere in the world.

In an endeavour to compete and regain some of the ground
lost, the Ni sulfide and unsuccessful western Ni laterite min-
ers are introducing as a matter of urgency MHP producing
capacity in their processing flowcharts, but it will take time
and scarce capital to make a meaningful impact.

The current Indonesian Ni laterite dominance of the Ni mar-
ket is therefore set to continue in the medium term, but
signs of incipient laterite depletion, rising costs, and mount-
ing environmental concerns in Indonesia may eventually see
Indonesian production levelling out and the international
mining industry focusing once again on the more environ-
mentally friendly Ni sulfide ore as the main source of this
metal.

Longer-term modelling indicates that severe shortages are
likely beyond the next century. However, the authors hope
that human ingenuity will prevent these from becoming an
existential treat to human civilisation. Reduction of the in-
tensity of use of Ni as it becomes increasingly scarce and
unbearably expensive may be achieved through substitu-
tion and innovative manufacturing with a clear focus on re-
cycling and economic circularity. A balance may eventually
be reached, not without significant sacrifices in terms of liv-
ing standards, whereby Ni demand will be reduced to a sus-
tainable level that can be satisfied indefinitely primarily by
recycled Ni complemented by limited quantities of primary
Ni.

Asides from Ni recycling, future research should focus on en-
hancing the commercial feasibility of extracting Ni from vast
in situ primary resources at progressively lower grade, ide-
ally minimising the related environmental impact and de-
mand for processing energy and water, and on low-energy
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extraction of the extensive tonnages of Ni contained in al-
ready crushed and grined waste dumps and tailing dams.
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