
Modelling Global Nickel Mining, Supply, Recycling, Stocks-in-Use
and Price Under Different Resources and Demand
Assumptions for 1850–2200

Anna Hulda Olafsdottir1 & Harald Ulrik Sverdrup2

# The Author(s) 2021

Abstract
The long-term supply of nickel to society was assessed with theWORLD7model for the global nickel cycle, using new estimates
of nickel reserves and resources, indicating that the best estimate of the ultimately recoverable resources for nickel is in the range
of 650–720 million ton. This is significantly larger than earlier estimates. The extractable amounts were stratified by extraction
cost and ore grade in the model, making them extractable only after price increases and cost reductions. The model simulated
extraction, supply, ore grades, and market prices. The assessment predicts future scarcity and supply problems after 2100 for
nickel. The model reconstructs observed extraction, supply and market prices for the period 1850–2020, and is used to simulate
development for the period 2020–2200. The quality of nickel ore has decreased significantly from 1850 to 2020 and will continue
to do so in the future according to the simulated predictions from the WORLD7 model. For nickel, extraction rates are suggested
to reach their maximum value in 2050, and that most primary nickel resources will have been exhausted by 2130. After 2100, the
supply per capita for nickel will decline towards exhaustion if business-as-usual is continuing. This will be manifested as reduced
supply and increased prices. The peak year can be delayed by a maximum of 100 years if recycling rates are improved
significantly and long before scarcity is visible.
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1 Introduction

Nickel is a key metal for manufacturing stainless steel and
other alloys with unique properties used in new technologies.
It is an essential component in new types of rechargeable
batteries and an essential metal for making chemical catalysts.
It is frequently used in plating. Nickel is mined both at the
surface and in deep underground mining. It follows platinum
group metals deposits and these mines sometimes reach down
to 4 km depth. Note that only metals of great value are mined

to such depths, only they are worth the cost of doing so and in
itself, this shows the massive demand for nickel. Nickel is
mined to great depths in South Africa, in Canada at Sudbury
and nickel in central Siberia, in Russia. The issue of sustain-
able resource supply to society has been a serious concern
since the book “Limits to growth” put the focus on these
issues [1–3]. There have been many warnings over time for
limits to resources availability [1–9]. Fully dynamic integrated
system dynamics models do include the necessary elements of
dynamics; market mechanisms, change in production rates,
change in the population, change in recycling, and change
in-use efficiency. For policy development purposes, systems
modelling will have the necessary and required parts
integrated.

1.1 Earlier Dynamic Modelling Studies

Earlier global systems dynamics model for the global system
for nickel, involving systems feedbacks from market dynam-
ics, extraction dynamics, market price mechanisms on supply
and demand and simultaneously were not found. Daigo et al.
[10] did material flow analysis of chromium and nickel for
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steel manufacture. The traditional econometric models lack
stocks and generally lacks systems feedbacks, and they repre-
sent a very simplified representation of the global economic
system [11–16]. The conventional mass flowmodels based on
spreadsheets without feedbacks have been described by
Giljum and Hubacek [17] and Giljum et al., [18], but they
are not dynamic models in a sense that they do not include
feedbacks like supply and demand effects on the market price,
price feedback to demand, profit feedbacks on supply and
further investments, price feedback on the recycling rate, cost
feedback on a decline in profits and increased investment in
technology for increased efficiency. The lack of feedbacks
makes most of the earlier resource scarcity assessments of
limited use for policy development and future planning.

2 Scope and Objectives

The scope of this paper is to use theWORLD7model to assess
the sustainability of the long-term nickel supply. The
WORLD7 model is an integrated assessment model which
will be outlined later. The aim is to give answers to the fol-
lowing questions based on the simulation outputs.

1. For the sustainability of nickel supply and the risks for
any type of shortages or limitations, including:

& the evolution of the nickel resources based on the
Base run case

& the evolution of the nickel resources based on varia-
tions in initial resource size and demand

& the supply per person per year estimates.

2. The price evolution.

3 Methods

Several methods were used for this study. The methodology
used here is systems analysis as the standard tool for concep-
tualization and preparation for the building of a simulation
code. The primary simulation tool is based on system dynam-
ics modelling [19–22]. It is fundamental to understand that
causal understanding is the model. Systems analysis produces
causal loop diagrams (CLD) linking causes, effects, and feed-
backs among linked processes in terms of causalities and
flows [21]. Systems analysis was used to map the production,
trade, and consumption system. The system resulting from the
flow charts and the causal loop diagrams is then numerically
solved using the STELLA® modelling environment.
WORLD7 model, as the surrounding modelling platform, is

a further development of the WORLD7model used earlier in
similar studies.

Most of the process parameters have a physical signifi-
cance and can be estimated based on measurements. For the
resource estimates, the authors went through several survey
reports and scientific literature, including several national and
international reports from geological surveys. This study is
focused on long-term aspects, i.e., with times longer than the
most extended delay in the system, which is 60 years for steel
that gets into constructions and more massive infrastructures.
That implies that we need to be looking about 180–200 years
into the future with the model.

All the runs have been based on a base run scenario run,
business as usual, from 1900 to 2200 (called Base run in the
figures). Business as usual here stands for continuing the pol-
icies of today, with no significant future change. The results
were used to compare with historic data to check the perfor-
mance of the model. A sensitivity runs were made to investi-
gate how much the runs react to changes in resource size and
demand.

In the following chapter, a description of the mainmethods,
the data used, and validation methods are described in the
following order: the methods used for resource estimation
(Section 3.1), ore grade classification (Section 3.2), modelling
methods (Section 3.3) including a description of the concep-
tual model behind the nickel submodule (Section 3.3.1), a
description of the dynamics of the production and extraction
based on how it is represented in the WORLD7 model
(Section 3.3.2), the market model applied in the WORLD7
(Section 3.3.3), the data used for the nickel reserves and re-
sources based on available data, assumptions and estimations.

3.1 WORLD7

A description of the conceptual model behind the nickel
submodule is presented in this chapter. The WORLD7 model
is a large model and has been published quite a lot. Further
reading on it can be found in appendix. Figure 1 shows a
highly aggregated (simplified) causal loop diagram (CLD) of
the WORLD7 model showing how the energy resources and
metal and materials resources interact and affect consumption
and population. It is noted that the CLD is intentionally made
as simple as possible, and in many cases, the links would need
considerable disaggregation to show the causal relations rep-
resented in theWORLD7model truly. This CLD is an attempt
to capture some of the core links in the model. The figure
shows six reinforcing loops. The loops are marked with num-
bers and appropriate letter, R for reinforcing loops and B for
balancing loops. The balancing loops, balance the reinforcing
loops (R) and slows them down. Looking at the reinforcing
loops, the first one, (R1), also named the fertility growth loop
goes from fertility rate through the population, more popula-
tion means more demand resulting in more consumption and
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more economic profit creation that also has a positive effect on
the food production and then health and willingness to have
children. Then from the economic profit, we also have a yet
another push from the social services through both health (R2)
and willingness to have children (R3). Also, one that goes
through the soil system, soil push, (R4) and food production
that also gave positive feedback to the economic growth var-
iable that gives the same push eventually to population. Then,
we have several balancing loops to dampen the population
growth, f.x. (B1) from the economic growth, we have a pos-
itive effect on the number of women in education that will
actually decrease the willingness to have children and also
more access to contraception that will have the same effect.

It is noted that the nickel module is a small part of the
overall WORLD7 model. The WORLD7 model is based on
the WORLD6 model [23], the main difference lies in the
added number of sub-models in the WORLD7 model includ-
ing transforming the sectorial based structure into modules in
the STELLA software. Population size and GDP is generated
internally in the WORLD7 model in the population and food
sub-module [24]. The population size is used together with
GDP for generating demand [25, 26]. Note that the term
recycling appears on both sides. There is an essential point
to it that determines the amount of material possible to keep in
the cycle. It expands the total flux going through the system,
without demanding new primary material to be added. The
larger the recycling, the less new pristine materials is required

to keep the same volume in circulation. For any limited re-
source, this is a fundamental principle. For assessment of soft
and hard physical scarcity, two metrics for indicating whether
there is scarcity or not is suggested [7, 27] supply per person
per year and stocks-in-use per person. Supply per person per
year is serving maintenance of stocks-in-use, and the surplus
over the maintenance will determine how much is left for
growth or if there will be a material contraction. Stocks-in-
use is a measure of the present utility of the resource. A de-
crease in stocks-in-use which is not paralleled by a substitute
that increases will be an indicator of growth, steady-state or
decline in the provision of service by that resource. Typically,
society can deal with soft scarcity without massive distur-
bances. Sometimes, a hard scarcity may lead to the loss of
technical capability. All of these have ramifications in society
[28]. Supply is composed of both primary production, second-
ary extraction as a by-product of the production of other
metals and recycling of used material. From a mass balance
perspective, equation (1) emerges on the global scale;

Minedþ Secondary productionþ Recycling

¼ Accumulation in the systemþ Recyclingþ Losses ð1Þ

In the WORLD7 model, nearly everything is internally
connected through flows and causal links. It is based on global
scale mass balances and does not yet distinguish individual
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countries. “Mined” is what is taken from the geological re-
serves, and there is no other net production of new metal into
the system. “Secondary production” is metal derived from
mining of other metals like copper [29], platinum group
meta l s [26] , coba l t [30] , o r molybdenum [32] .
“Accumulated in the system” is stocks-in-use in society, and
“Losses” is what is lost in such a way that it cannot be re-
trieved again, it leaves the system. “Recycling” refers to
metals that are circulated in the system by recapturing them
from waste and adding them back into the market.
“Recycling” is present on both sides of the equation, increas-
ing the internal flux. The primary net system input may remain
low if the recycled fraction of losses is enormous. The need to
mine becomes less when recycling is increased to keep the
same amount in society.

3.1.1 Methods for Resource Estimation

For the resource estimates, the authors analyzed a large num-
ber of survey reports and scientific literature, including several
national and international reports from geological surveys.
The method has several steps:

1. Establish how much metal is present in the deposit and at
what concentration.

2. Sort up the total resource in quality classes, based on
extraction costs and process yields.

3. Establish the fraction of the present metal that will be
ultimately recovered, based on ore grade cut-off limit
and extraction yield estimates.

The resource estimates are put into resource evolution
plots, where the estimates are plotted versus time. These
plots allow the ultimately recoverable resources to be
estimated [25, 26, 29, 30, 31] Extraction cut-off is de-
pendent on technology and degree of the repetitiveness
of the extraction method. It is composed of different
elements:

& Accessibility yield: The deposit may be suitable for min-
ing but cannot be accessed. It may be under a city, a lake,
the ocean, in a protected area, in a conflict zone or other-
wise not be accessible. (YA).

& Prospecting yield: Prospecting yield is the fraction of the
hidden resource that will eventually be discovered and
will get an extraction classification with an associated ex-
traction cost, (YP). The prospecting yield is difficult to get
actual numbers, see Fig. 5 for a CLD explaining how
prospecting is handled in the model. In the tables that
follow later, a realistic suggestion is made for yield as a
kind of expert opinion.

& Mining yield: Mining yield is a measurable and known
entity and part of the mining preparatory engineering. It

is the fraction of the ore deposit located in the deposit and
classified as extractable in the past, the present or in the
future that will be mechanically or chemically excavated
from the geological deposit, (YM).

& Extraction yield: Extraction yield is a known mining en-
gineering design parameter. It is the fraction of the exca-
vated rock that will become a substrate for refining, in-
volving the cut-off grade (YE).

& Refining yield: The fraction of the metal recovered
from the refining substrate, (YR). Refining yield is
a known chemical engineering design parameter in
refinery operations planning. Where the total yield
will be:

Y ¼ YA*YP*YE*YM*YR ð2Þ

Note that these are some of the conditions and assumptions
used: (1) the overall extraction yields frommountain tomarket
tend to increase from low to higher over time, driven by in-
creases in price that in turn drive technological improvements
and better work methods; and (2) the extraction cut-off is
dependent on technology, extraction costs, and the metal price
at the time. Repetitive refining is used when the yield in a
single step is low. The refining yield will be a function of
the extractive efficiency when treating the ore shipped to the
refinery, using a single step or repetitive processes. Extraction
cut-off is dependent on technology and the degree of the re-
petitiveness of the extraction method.

Figure 2 gives examples of typical yields found in mining
and extraction operations. The material contained below the
cut-off grade is lost with rock waste. The refining yield is the
fraction of the metal that gets into the refining process, that
will show up as extracted metal available for sale at the very
end. Rocks with a particular content are sought for and
dugout.

The rocky ore material is refined using a combination
of mechanical and chemical methods. “Gained in refin-
ing” concerning the content of the whole square is the

Fig. 2 Explaining the terms of ore grade cut-off and refining yield
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overall yield of the whole extraction process [26]. The
extraction yield:

YE

¼ Ore grade–extraction cut−off ore gradeð Þ
Ore grade

ð3Þ
Y is the overall yield, the amount of metal extracted divided

by the total metal content in the original ore. The refining yield
is the yield obtained when working with the beneficiated ore.
Beneficiation only works down to a specific limit. That is the
point when the extraction will sometimes change method and
goes to heap leaching. Then, there will be a leaching process
yield and a subsequent refining yield. See 1 for an explanation
of the terms for the ore grade cut-off and refining yield. The
ultimately recoverable resources (URR) are estimated [25, 26,
29, 30]:

URR ¼ MD*Y ð4Þ

whereMD is to total amount physically present in deposits.
Figure 2 shows how prospecting efficiency decrease when
there is less hidden left to find, the prospecting will be broken
off.

3.1.2 Methods for Ore Grade Classification

For the input data to the WORLD7 model, the classification
into “known” and “hidden,” and within these terms, the grade
classifications presented in Fig. 3 rich, high, low, ultralow,
trace and gold grades will be the classification used in this
study. Note that the ore grade classifications are about extrac-
tion costs as much as metal contents.

Table 1 shows the relation between ore grade, the produc-
tion cost, and minimum supply price to society. The energy
need is approximate, but rise exponentially with the decline in
ore grade. The numbers are approximate for 2012–2015 and
are based on data from gold, silver, copper, zinc, and uranium
mining from many countries (data was assembled from
sources like [27, 33–35] and synthesized into Table 1 by the
authors).

Applying multiple repetitive extraction and separation
steps increase the yield and the extraction costs. In the
WORLD7model, resources are stratified into ore quality clas-
ses, and at the starting point, nearly everything is classified as
“hidden.” Prospecting and finding will move it to “known”
from which it will be extracted by mining. The distribution
among different qualities and the production price connected
to ore grade plays an important role, and with this data, extra
attention was paid to checking data quality properly. The

different types of stocks, where metal is held and where it
can be extracted from has been defined as follows:

1. Geological sources:

a. Hidden resources: these are resources assumed or
known to exists, and that will be found by prospecting
and extracted at a later time in the future at cost as
defined in Table 1. They are known or inferred from
geological knowledge and has the extractability
assessed in broad terms.

b. Known resources: these are known resources that
have been demonstrated or identified; it is known
where they are and are known to be extractable now
or in the future.

2. Society sources

a. Stocks-in-use: is available and always make up a
potential source for metal, provided the economic
incentives for doing so are good enough. These in-
clude both stocks in manufacture and stocks in
good use.

b. Waste or scrap is an urban ore stock that is available
for recycling once the effort is made.

A large number of references related to copper deposits
was consulted to make the resource estimates, and the results
shown in the Tables 2, 3, 4, and 5. These references are pro-
vided as an electronic supplement as they are very many, a
substantial part of them, as well as the methodology, appears
in previous publications by the authors [25, 26, 29, 30],
[40–43].

3.1.3 Extraction and Production Dynamics

The following description of the dynamics of the produc-
tion and extraction is based on how it is represented in the
WORLD7 model. Figure 4 shows the flow chart for nick-
el mining and extraction. Nickel is used in stainless steels,
in plating, but also for speciality alloys, for copper and
aluminium bronzes and as a chemical catalyst [44]. Nickel
is mainly used in stainless steel and different types of
superalloys, but there is increasing use in new battery
technologies and other new speciality alloys. The ore is
mined from the grade with the lowest extraction cost. The
mining activity is profit-driven; the profit is affected by
the mining cost and the market price. The nickel mining
rate is defined by:

rMining

¼ kMining*mKnown*f technologyð Þ*g profitð Þ*p yieldð Þ ð5Þ

823Mining, Metallurgy & Exploration (2021) 38:819–840



where rMining is the rate of mining (million ton nickel per
year), kMining is the mining rate coefficient,m is the mass of the
ore body (million ton nickel), and f(Technology) is a technol-
ogy improvement function dependent on time, g(profit) is
feedback from profits on the mining rate. p(yield) is a rate
adjustment factor to account for differences in extraction yield
when the ore grade decreases. These functions are given ex-
ogenously to the model (Fig. 5). The mining rate coefficient is
modified with ore extraction cost and ore grade. The size of
the extractable ore body (mKnown) is decreased by extraction

(rMining) and increased by prospecting and discovery of more
ore (rDiscovery). See equation (6):

dmKnown

dt
¼ −rmining þ rdiscovery ð6Þ

The amount of hidden resource (mH) decrease with the rate
of discovery (rDiscovery). The rate of discovery is dependent on
the amount of metal hidden (mHidden) and the prospecting
coefficient kProspecting. The prospecting coefficient depends

Fig. 3 The characterization
scheme employed for the
assessment of ultimately
extractable resources for nickel
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Table 2 Estimated global
reserves (Known) and resources
(Hidden) for nickel in a million
ton of nickel, listed by country,
using data compiled from detailed
studies. Estimates in italics are
guesses made by the authors, in
place of missing numbers.
“Other” comprises Africa, Middle
East, Central Asia, and Indochina.
Estimate A is using data compiled
from detailed studies and country
reports from US Bureau of Mines
1932–1995 [36] and US
Geological Survey Minerals
Yearbook (1932–2017) [37], and
USGS Mineral Commodities
Summaries (1999–2017) [38].
Estimate B is a deposit-by-deposit
tally based on the available liter-
ature, adding up the metal con-
tents. The seafloor estimates de-
rive from Olafsdottir et al. [39].
Amounts in a million metric ton
of nickel

Region Estimate A Estimate B

Known,
literature
sources

Hidden
,resources

Total Known, estimate
fromNational data

Maximum
known from
A and B

Hidden
resource

Total

Canada 3 45 48 72.6 72.6 45 117.6

Russia 7.9 20 27.9 55.4 55.4 20 75

Indonesia 22 52 74 24.3 24.3 52 76

Cuba - - - 23.1 23.1 10 33

Australia 19 40 59 14.4 19 40 59

Colombia 6 40 46 - 6 40 46

Brazil 9.1 30 39.1 16.1 16.1 30 39

United States - - - 15.7 15.7 10 26

New Caledonia 12 12 24 2.7 12.0 12 24

South Africa 3.7 10 13.7 6.5 6.5 10 16.5

Philippines 3.1 12 15.1 5.8 5.8 12 17.8

Madagascar 1.6 12 13.6 - 1.6 12 13.6

Cuba 5.5 7 12.5 - 5.5 7 12.5

Greenland 0.2 12 12.2 5 5 12 12

China 3 5 8 5.5 5.5 5 10.5

Zimbabwe - - - 5.4 5.4 5 10.4

Finland 3 7 10 5.0 5 7 12

Sweden 2 7 9 0.2 2 7 9

Colombia 1.1 4 5.1 1.4 1.4 4 5.4

Tanzania - - - 3.9 3.9 1 5

Norway 0.2 2 2.2 0.2 0.2 2 2.2

Botswana - - - 0.5 0.5 1 1

Venezuela - - - 0.2 0.2 1 1.2

Other 6.5 25 31-5 0.5 6.5 25 31.5

Sum 108.9 342 450.9 264.2 299.2 370 669.2

Mined to 2018 - - 47 - - - 47

Sum all on land - - 497.9 - - - 716.2

Seafloor - - 212 - - - 212

Sum, land
and sea

- - 709.9 - - - 928.2

Table 1 Classification of ore
grades used in the WORLD7
model. These are approximate
extraction yields in % for some
metals

Ore grade classification Ore grade, % Ni refining Approximate extraction cost, $/kg

Single run Repetitive

Rich 70–25 95 95 1–3

High 25–5 70 94 3–6

Low 5–1 64 92 6–50

Ultralow 1–0.05 50 88 50–500

Trace 0.05–0.01 35 72 500–4000

Rare 0.01–0.001 30 60 4000–15,000

Golden 0.001> 20 50 > 15,000
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on the amount of effort spent and the technical method used
for prospecting.

Prospecting is done to find unknown but existing resources,
to convert them to known and extractable reserves. When the
prospecting efficiency decrease because there is less hidden left
to find, the prospecting will be broken off (see Fig. 5). When

the effort needed for success starts to increase because there is
less hidden left to find, the prospecting will be broken off (7):

dmHidden

dt
¼ −rDiscovery

¼ −kProspecting*mHidden * f technologyð Þ*g profitð Þ ð7Þ

Table 3 Nickel. Different
estimates of the total nickel
extractable amounts. Million ton
of nickel. (1: 130 million ton
nickel is contained in ore with
more than 1% content of nickel,
2: 130 million ton is nickel ore
with more than 1% content of
nickel. The numbers exclude
seafloor nodules (MCS Minerals
Commodities Summaries
Programme). The studies
independent of the USGS
estimates are marked*

Source of estimate Known reserves Hidden resources Dug up URR
Million metric ton of extractable iron content

1900; Kimbell 1963 - 23 1 24

Merril 1932 4.1 12 1 17

Davis 1939 5 15 1 21

Davis 1950 50 2 52

Davis 1952 39 2 41

Davis 1953 31 25 2 58

Bilbrey and Long 1960 35 (45) 3 83

Lynde Jr. 1965 (40) 52 5 97

Meadows et al., 1974 90 150 15 355

USGS MCS 2001 61 140 20 221

Mudd 2009* 60 202 25 287

Roper 2009* 50 200 25 275

UNEP 2011 180 28 208

USGS MCS 2012 75 2301 30 335

Mudd and Jowitt 2014* 299 35 334

Sverdrup et al., 2016 65 230 40 335

USGS MCS 2017 78 2602 43 381

An estimate by the authors in 2017 266 342 45 653

2019: This study Table 4 671

2019: This study Table 2A 710

2019: This study Table 2B 928

2019: This study Table 5 642

Table 4 Nickel. The estimated
ultimately recoverable amount of
nickel, starting from 1900 chosen
as input data to the model. All
amounts are expressed in million
metric ton of nickel

Type Ore grade classes, recoverable metal in a million ton

Rich

55%

High, 11% Low,

2%

Ultralow, 0.5% Trace, 0.1% Sum

Total deposit amount 18 154 303 512 550 1,537

Prospecting yield, % 80 70 60 50 40 51

Known 2 8 12 16 20 58

Hidden 0–1 km - 40 60 110 120 330

Hidden 1–2 km - 30 50 80 50 210

Hidden 2–3 km - 20 40 35 20 115

Hidden 3–4 km - 10 20 15 10 55

Sum Hidden 0–4 km 12 100 170 240 200 722

Sum all 14 108 182 256 220 780

Extraction cut-off grade, % 20 3 1 0.3 0.03 -

Refining yield % 95 93 90 85 80 86

Extractable amount 13 100 164 218 176 671

URR; Cumulative sum 13 113 277 495 671
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Table 5 Sensitivity to extraction
cut-off for nickel by changing the
cut-off grade as compared to
Table 4. The final URR is esti-
mated considering extraction
yield

Extraction cut-off % 3.0 1.0 0.2 0.1 0.05 0.01 0.005

Ni total extractable Million ton 149 228 529 627 677 717 635

Extracted to now Million ton 45 45 45 45 45 45 45

Available for refining Million ton 104 173 574 672 722 762 780

Bulk refining yield % 97 95 93 92 87 83 82

URR; Ni estimation Million ton 100 164 534 618 628 632 642

Fig. 4 Nickel flow chart for
nickel from deposits through
society and with recycling and
losses included inWORLD7. The
flow of nickel is closely entangled
in the system for stainless steel
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A simplified CLD representing the market model applied
in the WORLD7 model is presented in Fig. 5, and Eqs. 1 and
5–7 are further explained as a causal loop diagram. It is noted
that this CLD does only show part of the story. The demand is
not shown, for example. To clarify the demand is present in
the model (see more in Section 3.1.4). It is causally linked
with the population size. The GDP has a positive link to the
demand, and the demand has a positive link to what we call a
modified demand. The modified demand is the demand that
has been adjusted for price, i.e., if the price increases, one is
likely to buy less than the mind desires. The modified demand
is the amount that is taken from the market (through delivery).
The amount on the market affects the price based on market
dynamics, more supply, less price and vice versa.

The mining rate is driven by profits and the availability of
extractable resources in the model. Scrap is both lost physi-
cally by dropping it where it cannot be found:

rScrap loss ¼ −kScrap loss*mScrap ð8Þ

For nickel, the smelting equation includes secondary
sources from copper mining and platinum group metal
mining:

rNickel ¼ kNi smelting yield*rNickel mining þ rNi from PGM

þ rNi from Cu ð9Þ

Table 1 shows the relationship between ore grade, the ap-
proximate production cost, approximate extraction yield and

minimum supply price to society. The following equation de-
fined profit in the extraction activity:

Profit ¼ Income from sales–mining costs

ð10Þ

The mining activity is promoted by a function depending
on the profit being positive. Where the total costs are defined
as costs of:

Total costs ¼ Mining costsþ refining costs

þ prospecting costsþ investment costs ð11Þ

In this equation, mining costs, refining costs, and
prospecting costs include variable operations costs and also
comes capital costs for infrastructures and equipment. In the
model, purchases from the market are driven by demand.
Delivery from the market goes into the society where it stays
until scrapped, removed by wear or losses. A part of the
scrapped metal is recycled and returned to the refinery.
Metal production is demanding energy. The energy use for
nickel is calculated for the extraction of the ore, the enrich-
ment of the ore from raw rock to ore concentrate and smelting
or refining to the final metal or alloying component is estimat-
ed in the model. When ore grade decline, the energy use in-
creases and this is considered in the WORLD7 model. For
nickel, the ore grade is declining, and the energy used for
extraction increase steadily [45]. When the energy use for all
the metals included approach about 65% of the total energy
available, then the metal production is reduced.
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3.1.4 The Market Model

The market model applied in the WORLD7 model can
reconstruct price histories for various commodities and
therefore includes predictive price capabilities [30, 44,
46–49]. In the WORLD7 model, the feedbacks cause
higher prices to decrease demand but increase profits and
push for more extraction. Prospecting is done to keep the
amount of known ore at a level sufficient for mining. The
prospecting find rate depends on the intensity of
prospecting and the amount hidden ore available to find.
When the intensity increases without any response in find
rate, then the prospecting is stopped. That signals when the
resource has been exhausted. Locally, resource extraction
is a well-known phenomenon, and global exhaustion is an
issue of adding up all regional resources to the global lev-
el. Costs and profits are made into disposable income, in
turn, driving consumption and in the next step demand.
The mining cost is driven by two factors in the model,
the energy price and the ore grade. The ore grade deter-
mines how much material must be moved and treated to
make ore concentrate for extracting the metals. There are
several reinforcing loops that drive the system towards
more extraction. Mining creates profits when selling the
product and profits drives extraction. Recycling creates
recycling profits, which will drive more recycling.
Exploration finds more resources, allowing for more
mining.

Demand in the model is driven by population, GDP per
person per year and a use per person with the same curve
shape over time as copper use per person, but is adjusted up
or down with the price. It is assumed that the present type of
society with international trade and general rule of law and
order as it is today will persist over the time considered (1850–
2250). The price is set relative to how much metal there is
available in the market [41], see also London metal Exchange
documentation [50, 51]. The price is used to modify the de-
mand. Industrial activities contribute through wages and
profits to the overall disposable income in society, which in
turn contributes to consumption and demand, a reinforcing
loop. The price affects supply indirectly by affecting mining
profits, which in turn affects the mining rate, which again
affects supply to the market. The amount in the market sets
the price, which has feedback on supply and higher prices
presses down demand. This pathway has some delays, causing
the price at times to fluctuate for metals with small market
stocks that can be mobilized for trade.

This profit is driven by metal price, and the amount of
metal extracted (income from sales) supplied to the market
but decreased by the cost of operation (see Fig. 5). The market
amount to market price relationship equation could be deter-
mined for nickel (Fig. 6a).When no data was available or very
little, for creating a price curve for a commodity, then the data

is fitted to a curve to Eq. 12. Fig. 6a relates the amount nickel
immediately tradable in the market to the market price in $ per
ton in the same moment [41].

For nickel (the top 10 producing companies have a 66%
market share), there are several actors, allowing for an effec-
tive competing market. The curve maintains the same shape
throughout the period but shifts somewhat over time. The
curves allow us to set k = 48,777, n = − 0.3, with r2 = 0.67.
The data is fitted to a curve, according to Eq. 12 [40]:

Price ¼ k* Market stockð Þn ð12Þ

3.2 Data: Nickel Reserves and Resources

Several published estimates for total nickel reserves and re-
sources were used in this study. Mudd et al. [52] report nickel
resources with 118 million ton of nickel in sulfides and 181
million ton of nickel in laterites, summing up to 299 million
ton of nickel content. New data has been published since
2010, and this has been included in the analysis. The assess-
ments of copper resources estimated by Olafsdottir and
Sverdrup [44] influenced the estimates presented in this paper,
as nickel and copper are often found in the same type of
deposits and follow each other. The estimates for Canada
and Russia are probably still underestimated, considering the
geology and huge land surface area of those two countries. For
nickel resources, a database for all copper, nickel, and molyb-
denum deposits were made, and the extractable ore at different
extraction cut-offs estimated. Nickel occurs both in its de-
posits and in polymetallic deposits with chromium, cobalt,
copper, and platinum group metals. Cobalt, platinum group
metals, and copper are regularly recovered with nickel. Nickel
and copper are also following some platinum group. Many
copper deposits have significant amounts of nickel, and nickel
is a by-product at such mines.

Table 2 shows estimated global reserves and resources for
nickel in a million ton of metal content, listed by country,
using data compiled from detailed studies and country reports
as well as the US Bureau of Mines [36], US Geological
Survey Minerals Yearbook (1932–2017) [37], and the
USGS Mineral Commodities Summaries (1999–2017) [38],
called Estimate A in Table 2. A deposit-by-deposit tally,
adding up the contents [52] was made, called Estimate B
in Table 2. Not all deposits in each country could be found
with ore body size and ore grade, thus in estimate B, infor-
mation from Estimate A was used. The maximum of the
two estimates was used. Of the global nickel deposits, it is
estimated that about 60% is situated in laterites and about
40% in sulphide deposits. The result is that Estimate A
indicates that the URR for nickel is about 500 million ton
of nickel on land, and Estimate B suggests that URR is 716
million ton of nickel on land.
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Ocean seafloor mining does not yet occur, and no opera-
tional method for putting it into full operation do not exist. The
potential resource is estimated to about 212 million ton of
nickel if anyone finds how to do it operationally and environ-
mentally safe. The ocean floor URR for copper is orders of
magnitude lower than the detected amounts present in mas-
sive underwater sulphides, cobalt crusts manganese nod-
ules and other deep-sea deposits. For ocean floor mining,
it must be said that the technical and environmental chal-
lenges are enormous and mostly unsolved [39]. In the da-
tabase, all known extractable deposits and all anticipated
resources and estimates of still undiscovered resources are
listed. A total of 237 different significant deposits or groups
of deposits were assessed for their nickel content. Table 3
shows estimates of the total nickel extractable amounts,
estimated at different points in time. Summing it up in a
deposit by deposit assessment, the total estimate sums up
in the range of 700–900 million ton of nickel. The nickel
resources were estimated to an assumed maximum mining
depth of 4 km, the same as is considered to be the maximum
for platinum mining in South Africa. At greater depth, the
heat becomes intolerable for humans, and the mountain
pressure is so immense that it starts to get very problematic
to keep the tunnels stable. That makes it challenging to do
the work with robots as substitutes for humans. Cooling
machinery has capacity problems below 4 km, and the rock
stability problem is an issue. Mountain pressure would
make any mining below 5 km depth unrealistic.

It is noted that the majority of Ni mineralization occur-
rences across the world differ from Cu deposits. How this is
reflected in the WORLD7 model can be seen in

Fig. 7.
Fig. 8 shows the development of estimated ultimately re-

coverable nickel resources with time from data found in the
literature see Table 3. The data used for the diagrams have

been listed in the tables in this paper. When an s-shaped curve
can be seen, it indicates that most of the “hidden recourses”
has been found, resulting in the final estimate. The plot for
nickel shows that the resource estimates are increasing with
time recently. The assessments suggest that the nickel re-
source is in the size of 700 million ton. This suggests that
there may be more substantially nickel to be found, but it
cannot be assumed that it can be extracted just because it is
found. A general result is that the extractable resources of
nickel appear to be larger than earlier studies would indi-
cate. It is almost sure that more deposits with significant
amounts of nickel will be found; however, the critical issue
will be how much of that will be extractable at a price
society can pay.

Table 4 shows the ultimately recoverable amount nickel,
from 1900, with the amounts grouped into rich, high, low,
ultralow and trace ore grade. Note that the estimated deposit
amount is 1537 million ton, far more than earlier available
estimates. Note that this is not all available for extraction,
but subject to reductions from physical access to the deposit,
the ore preparation cut-off grades and the refining yields. All
of this sums up to an estimate where about 670 million ton of
nickel that will be available for extraction provided the energy
and funding are available to do the extraction, and that there is
a corresponding demand to take it off at the actual price. For
each of these ore quality groups, the nickel resources are each
divided into 0–1 km, 1–2 km, 2–3 km, and 3–4 km mining
depth. This was used as the starting point for the nickel sub-
model.

Ore grades follow the scheme laid out in Tables 2 and 3.
Cut-off used for nickel varies from 1% down in low grade
to as low as 0.1% in ultralow grade and trace grade ores.
The nickel content in platinum group metals (PGM) ores
are on the average 500 times the PGM content. That implies
that when there is 3 g per ton PGM, then there is 1.5 kg

Fig. 6 a The diagram shows the market curves for nickel, b refining yield % vs weight content per refining step, and (c) energy requirement and ore
grade for extraction of bulk ore and metal
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nickel per ton in the ore (0.15% Ni). It is assumed that the
copper ores that have nickel have on the average 0.035
times the copper content. Table 5 shows the effect of using
different extraction cut-off limits for the extractable
amount. Typical operational cut-off grades in 2015 were
in the range of 0.2–0.1% [46, 47, 51, 52].

3.3 Model Validation

The performance of theWORLD7model for nickel was tested
on field data to assess its reliability. The model test on histor-
ical data lends credibility to predictions made for the future
and supports the use of the model for strategic policy devel-
opment. The model was tested on data from the past (1850–
2020).

Fig. 9 shows validation tests in which observed data is
compared to simulation outputs. Fig. 9a and b shows the
mined and the cumulative amount mined as compared to the
observed for nickel from 1850 to 2020, and Fig. 9c the price
simulation for nickel for 1850–2020. The correlation coeffi-
cient for extraction rate is r2 = 0.88, price is r2 = 0.52, and for
the ore grade r2 = 0.74. The model outputs show that it is
possible to simulate demand, modified demand, supply to
society, production, recycling, and ore grades. The peak in
modern times is reproduced, but with a slight miss in timing.
This inconsistency may be caused by uncertainty in setting
delay times precisely in the model. Fig. 9d shows the ore grade
compared to data from 1900 to 2020. The data available is not
reliable enough before 1900, and therefore the comparison
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starts there. The graph shows that the fit between the simulated
ore grade and the observed data is good.

4 Results

The results are based on simulation outputs predictions, from
2020 to 2200, based on the Base run and sensitivity runs
varying initial values for some key variables are also consid-
ered (unless another period is considered more relevant). Note
that the Base run is the simulation output based on all the
assumptions and estimations believed to reflect reality best.
The base run was also used for the validation test
(Section 3.4.).

4.1 Results from the Base Run

Fig. 10a and b shows the mining predictions and the cumula-
tivemining based on the Base run from 2020 to 2200. Fig. 10d
shows the Ni ore grade predictions. It is noted that the graph is
presented in a longer time scale compared to the other graphs
to show better the decline; the timeline is from 1900 to 2170.
Declining ore grades for these metals will have severe impli-
cations for energy use and metal production costs. Fig. 10c
shows Ni price predictions. Decreasing ore grade causes

increased extraction costs, requiring a higher market price.
Higher market price may introduce demand decreases. This
rising price will mostly affect the price of stainless steel, and
nickel scarcity implies that stainless steel may become scarce
as well. Indeed, this is what was observed in the connected
stainless steel simulation [53]. The WORLD7 model well re-
produces the trends, but the model does not capture the short-
term variations in price.

Fig. 11a shows the results for nickel extraction from
different ore grades. The best ore grades are extracted first,
resulting in a declining ore grade. The extraction costs for
metals go up exponentially with declining ore grade.
Declining ore grades are one of the most certain diagnostic
indicators of oncoming resource scarcity. For nickel, the
ore quality decline has been systematic since the 1930s.
The implications of declining ore grades for nickel have
considerable consequences.

Fig. 11b shows the demand, the actual supply, the extrac-
tion, and the recycling for nickel from 2020 to 2200. Nickel
extraction was distributed among primary nickel extraction
and several different secondary nickel contributions from cop-
per, and platinum group mining. The dominating use of nickel
is for stainless steel. It is the metal setting the limit for how
much stainless steel can be produced. In the model, the de-
mand for nickel is driven by stainless steel production, but
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also by its use in superalloys and plating. Inmany sulphide ore
deposits, nickel and copper come together. The price is driven
by a high demand when the extraction becomes limited and
the steadily increasing extraction cost, caused by declining ore
grade. The systemic supply and systemic demand separate,
showing demand-supply separation, implying physical nickel
shortage suggesting that nickel will be subject to soft scarcity.
This scarcity drives the simulated price up as is seen in Fig.
10c. The rising price going on after 2020 is the manifestation
of scarcity and which becomes permanent after 2030. The
total recycling degree of nickel is shown in Fig. 11c. The
systemic term implies both direct recycling of metal where
nickel is the dominant element and refined to pure nickel. It
includes when nickel is recycled as stainless steel. It can be re-
used or re-alloyed to new stainless steel. Recycling is price
dependent. Most of the nickel used for plating is lost during
use or when the plated object is scrapped. When recycled with
scrap iron, it disappears into bulk iron, fromwhich it cannot be
retrieved. After 2130, only secondary nickel is available for
extraction. Fig. 11d shows the known reserves, and Fig. 11e
shows the hidden resources of nickel in a million ton of Ni
content. After 2150, nickel will be exhausted from the de-
posits. Fig. 11f shows the stock in use per person (see
discussion in Section 5.2).

4.2 Sensitivity Analysis

The sensitivity runs were made using the built-in feature
for this in the STELLA software. Table 6 and Fig. 12
show an overview of the changes made for two of the
sensitivity runs tested. The variation presented focus on
different levels of the initial amount of the hidden re-
source estimates that affect the amount of ultimately re-
coverable resources of nickel (from the start of the sim-
ulation in 1850) and also different levels of Ni demand.
The sensitivity runs in Fig. 13 are focused on nickel re-
source size (see input variations in Fig. 12a and Table 6) and
the ones in Fig. 14 focus on Ni demand variations. The first
run in Fig. 13 is based on 200 million ton less hidden re-
sources in 1850 than the base run (run nr 3), the second run
is based on 100 million ton less hidden resource in 1850, run 4
shows 100 million tons more than the base run in 1850 and
run 5 shows 200 million ton more. The simulation outputs
indicate that even though the outputs naturally reflect the pa-
rameter settings for the ultimately recoverable resources
(URR), the model still manages to simulate the past (1850–
2017) rather well. The future predictions vary a bit based on
the initial estimates, although when looking to the year, 2250
most outputs describe the same reality.
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Looking at Fig. 14, that is based on variations in Ni de-
mand, first, run with only 50% of the demand in the base run,
the second run reflecting 75% of the Ni demand compared to
the base run, the fourth run reflects 125% of the Ni demand
and the fifth and last run reflects 150% of the Ni demand in the
base run. Increased recycling has the same effect as an in-
creased resource or a smaller demand on the timing of the
maximum production. The simulation outputs indicate that

even though the outputs naturally reflect the parameter set-
tings for the Ni demand, the model still manages to simulate
the past (1850–2017) rather well. The future predictions vary
a bit based on the initial estimates, although when looking to
the year 2250, most outputs describe the same reality. The
result of this analysis, i.e., looking into different parameter
settings for the demand and the ultimately recoverable re-
sources (URR) estimated, strengthens the assessment made
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Fig. 11 Predictions from 2020 to 2200 based on the base run for a
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Table 6 Overview of the
variations used in the sensitivity
runs, see Fig. 12

Runs Variables Variations

S1 Nickel hidden recourses in1850, million ton 376–476–576 (Base Run)–675–776

S2 Nickel demand 50–75–100% (Base Run)–125–150%
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from the model as it is not super sensitive to some fluctuations
in these parameter estimations.

The size of the ultimately recoverable resources (URR) and
the demand play a central role in the assessments based on
simulation outputs. Demand is sensitive to global population
size, and the population is upward limited by resource avail-
ability inside the WORLD7 model. Therefore, it is quite right
that the success of the WORLD7 model depends on the right
parameterization. We have shown with this sensitivity analy-
sis that up to 50% increase or decrease in demand, or up to
35% increase or decrease in the initial estimates for the hidden
Ni recourses, still allows the model to capture the past and for
the most part make similar future predictions strengthening
the dynamic structure estimates underlying the WORLD7
model.

5 Discussion

5.1 Uncertainty and Robustness

The main limitation of any process-oriented model is that
whatever is not represented in the model, cannot affect the
outputs. When the model satisfactorily recreates what is ob-
served, that can be interpreted to imply that the necessary and
essential parts of the system have been captured. In modelling
a system, a choice must be made: what to include in the model
and represent well and what to put in the assumptions. A
simple model is easy to operate, but it has limited content
and flexible dynamics, but it can only answer simple ques-
tions. The complexity of the system is inherent to the system
and cannot be changed, and ignoring them does not make
them go away. A complex model considers more aspects
and will have more dynamics and feedbacks.

It can be used to answer more complex questions, and the
assumptions will be more straightforward, as complexity is
moved from the assumptions and represented in the model.

The philosophy of the WORLD7 model is a balance between
these aspects outlined above. Each module should be reason-
ably well representing the system, but without going to exces-
sive details. The WORLD7 model consists of very many sim-
ple sub-modules which interact through many coupled feed-
backs, generating a flexible and dynamic system.

5.2 Peak Behavior

Why do we see peak behaviour? What drives it? The mining
curve shows peak behavior (Fig. 11a). Further and more im-
portant, the stocks-in-use per person shows a peak behavior
(Fig. 11f). The main reason for the peak behavior comes from
the peaking population curve, combined with increasing de-
mand per person and declining resource. The pattern is typical
of the “overshoot and collapse” systemic archetype.
Population correlates with the number of consumers and
therefore also with consumption. A declining fossil fuel pro-
duction leads to a lower purchasing power and stagnation of
economic growth (Sverdrup 2019). The implication is that the
price of nickel will go up, and the nickel supply in ton metal
will decline after 2070–2090.

5.3 The Risk for Scarcity

For assessment of soft and hard physical scarcity, two met-
rics for indicating whether there is a scarcity or not is used
in this study [7, 54] those are supply per person per year and
stocks-in-use per person. For any resource, the supply per
person every year is used to increase the stock-in-use or lost
in some way, either in transactions of production and use or
by wear and tear. When the stock-in-use increases, assum-
ing the use efficiency to stay the same, growth in service
provision from that resource will also happen. The stock-in-
use per person is usually the diagnostic indicator for the
utility of the use of the resource.
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the base run (run nr 3), the second run was 100 million ton less hidden
resource in 1850, run 4 shows 100 million tons more than the base run

and run 5 shows 200 million ton more. b S2: input variations to the Ni
demand, first run is 50% of the demand in the base run, and then
incremental step change of 25%, last run with 150% demand compared
to the base run
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Fig. 15 shows the sensitivity runs for Ni supply per person
in kilograms and stock in use per person for both S1 and S1
inputs. The curves suggest the onset of severe nickel scarcity
after 2150. It shows the amount available every year to replace
losses eventually create growth. Declining supply that is not
matched by an efficiency improvement will lead to contrac-
tion of the service provision system. Take care to note that
there is no more growth in supply after 2050 (see Fig. 13).
After 2100, there is a contraction of the stock-in-use per
capita. After 2200, nickel will for practical purposes run out
(Fig. 15). Reduced demand, combined with more resources,
may stretch the supply peak from 2070 to 2140, an improve-
ment of 70 years. Note the difference in scale, stocks-in-use
represents about 6 years of supply. A decline in the stock-in-

use per person is the same as a decline in the provision of
service. The declining nickel ore grade is one of the most
certain diagnostic indicators for oncoming resource scarcity
(Fig. 10d). The implications are apparent, with lower ore
grade, the more work and the more cost must be spent to get
the metal out. Improvements in technology have been used to
offset some of that, but those options have been already
pushed far. Recycling uses significantly less energy than pri-
mary production, and recycling is one of the ways to reduce
energy use per ton further, and for a time, an offsetting decline
in mining extraction.

It is likely that the willingness to pay more and more will
fade and the demand will go down. Exhaustion does not al-
ways mean that the resource runs empty, it means that the
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extraction stops because the cost of extraction has become
more extensive than the befit of the product

6 Conclusions

Returning to the initial questions, based on the simulation
outputs presented, we conclude:

1. Sustainability of nickel supply: There are more nickel
resources available for extraction than earlier assumed,
but the main conclusions are still that nickel is a resource
that may run empty in the future. The amount of nickel
turned out to be exhaustible, under all scenarios tried.
When the best ore qualities have been extracted, then

the extraction will become more and more challenging,
both in terms of physical effort and in terms of cost for
extraction.

& Based on the Base run: nickel will become physi-
cally limited under the Base run scenario. Even
though the extractable resources of nickel might
be substantially larger than earlier anticipated, it
can be seen that they are not large enough to last
indefinitely at any rate of extraction. At present
rates of extraction, the available nickel resources
may go empty within a century. According to the
results, nickel will run out in 2190; after that, only
small amounts of secondary extraction and
recycling will be available sources.
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& Based on variations in initial resource size and de-
mand: Varying the nickel resource size and demand
will change the shape of the curves and shift the
timing. However, the outcome stays the same. The
sensitivity analysis shows that finding an extra 200
million ton will only postpone the decline by several
decades.

& The supply per person per year: Nickel supply per
capita per year reaches a maximum around 2100.
After 2190, nickel runs out (Fig. 11b and f). Hard
scarcity is very likely for nickel in the future. Nickel
will be in soft scarcity, and in several of the scenarios,
hard scarcity may occur (Fig. 11b).

2. The price evolution: The scarcity for nickel is both be-
cause of lack of extractable metal, and because of a trend
towards less quality ore that will cause the metal price to
increase as extraction costs increase with lower ore qual-
ity. The price will continue to go up as a result of

continued declining ore grades and increased costs of ex-
traction after 2050 (Fig. 10c)

The present way of using nickel is unsustainable; the
recycling is too low at present. Without active measures be-
yond the effect of price alone, the recycling stays low until
scarcity has driven up the price. Then too much nickel will
already have been lost. The scarcity risk can be partly mitigat-
ed by improving recycling, improved product design for recy-
clability, manufacturing efficiency, better use efficiency and
lean product design as shown by the sensitivity analysis. With
increased price because of soft or hard scarcity, recycling is
expected to go up and soften the scarcity somewhat.

The assessment shows that nickel will become a limiting
resource for making stainless steel. It is noted that the peak
and decline in nickel supply will affect the trajectory for stain-
less steel strongly, and when the nickel price rises, so will the
price of stainless steel go up. For this see our work on stainless
steel [49]
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