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The present business-as-usual cobalt use in society is not 
sustainable. Too much cobalt is lost if only market mecha-
nisms are expected to improve recycling, and unnecessary 
cobalt is wasted if no policy actions are taken. Increased 
recycling and better conservation will be able to improve 
the supply situation, but this will need active policy par-
ticipation beyond what market mechanisms can do alone. 
To conserve cobalt for coming generations, present policies 
must be changed within the next few decades. The sooner 
policies change, the better for future generations.

Keywords Cobalt · Price · Reserves · Mining · 
Recycling · System dynamics

Introduction

The four most important strategic metals for human society 
are iron, aluminium, copper and zinc. The extraction of cop-
per, zinc and lead is normally done from poly-metallic ores. 
We have earlier developed an integrated model (BRONZE) 
for copper, zinc and lead and some of the metals depending 
on them (Sverdrup et al. 2014b). Cobalt belongs to a series 
of technology metals, which are produced in small annual 
amounts and are used as key components in important tech-
nologies that society depends on. Cobalt production is at 
present 97% from secondary extraction. In the past, mining 
of cobalt was from small cobalt mines with rich ore grade 
in Germany, Norway and Canada.

Cobalt blue is well known and cobalt is used since 
ancient times as a pigment for glass. Georg Brandt, a Swed-
ish scientist, was the first to isolate cobalt as a new metal 
(Brandt 1735, 1746, 1748). He detected that cobalt was the 
causative element in cobalt blue. Cobalt is a silvery, white 
metal, the specific density is 8.86  g/cm3 and the melting 

Abstract The global cobalt cycle in society was modelled 
using an integrated systems dynamics model, WORLD6, 
integrating several earlier system dynamics models devel-
oped by the authors. The COBALT sub-model was used to 
assess the long-term sufficiency of the available extractable 
cobalt and address the effect of different degrees of recy-
cling on cobalt supply. The extraction of cobalt is mostly 
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The present use of cobalt in chemicals, colours, recharge-
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cling and the systemic losses are significant. After 2170, 
cobalt will have run out under business-as-usual scenario. 
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point is high, 1495 °C. It is magnetic and resistant to cor-
rosion. The earliest cobalt use was to colour glass, enamel 
and pottery.

One of the first industrial cobalt mines was located in 
Norway in the sixteenth century (Rosenqvist 1949; Liess-
mann 1994; Drake Resources 2015), but at the same time 
mines were developed in Sweden, Saxony (now a federal 
state in Germany) and Hungary. The first cobalt product 
was pigment for glass, later some of these mines also pro-
duced metal (Ramberg 2008). Today, there are few mines 
extracting cobalt only (Eckstrand and Hulbert 2007; USGS 
2015). There is one mine in Morocco at Bou Azzer that 
produces about 1800 ton per year; it has been operating for 
many years. The reserves are stated at 20,000 ton, the total 
hidden resources are unknown, but they are with certainty 
significantly larger (Newman 2011; Shedd 2002, 2012, 
2015). The other dedicated cobalt mine opened in 2013 in 
Idaho, USA, and will produce about 1500  ton per year of 
refined pure cobalt, about 1500 ton per year of copper and 
about 100 kg of gold per year. The ore grade is 0.6% for 
cobalt and considered as “high grade cobalt ore”, 0.6% for 
copper and 0.5 g per ton rock for gold. The total resource 
is estimated to significantly more than 20,000 ton (Searle 
2015).

Cobalt has many uses, the most important are listed in 
Table  1 together with their market share, assumed mar-
ket prospects and profitability. Some authors have high-
lighted risks of resource depletion looming (Meadows 
et  al. 1972, 1974, 2005; Heinberg 2001; Johnson et  al. 
2007; Eilu 2011; Gordon et al. 2006; Graedel et al. 2004; 
Graedel and Erdmann 2012; Roland 2015; UNEP 2011a, 
b, c, 2012, 2013a, b, c; Ragnarsdottir et al. 2012; Kwatra 
et al. 2012; Nassar et al. 2012; Bardi 2013; Elshakaki and 
Graedel 2013; Sverdrup et  al. 2013; Eliott et  al. 2014; 
Mohr et al. 2014a; Northey et al. 2014), a few also con-
sidering cobalt particularly (Alonso et  al. 2007; UNEP 
2011a, b, c, 2012, 2013a, b, c; Ragnarsdottir et al. 2012; 
Sverdrup et al. 2013; Sverdrup and Ragnaradottir 2014). 
About 55% of the cobalt extraction is a by-product of 

nickel extraction, 35% of the extraction is a by-product 
of copper production and 10% comes from other sources 
like platinum group metals extraction and chromium 
refining. Only 2.2% came from primary cobalt mining 
(Liessmann 1994; Hawkins 2001; Shedd 2002, 2012, 
2015; Alonso et  al. 2007; Eckstrand and Hulbert 2007; 
Slack et  al. 2010; Mudd et  al. 2013a, b; Dawkins et  al. 
2012). Figure 1a shows the cobalt mining production to 
date (data taken from USGS 2015). Figure 1b shows the 
metal production for the same time period, only about 
65% the extracted amounts of cobalt is smelted into 
metallic form. Since year 2000, there has been a sig-
nificant increase in metal production, which is used for 
super-alloys and specialty steels.

The new growing application for cobalt is for recharge-
able accumulators (batteries) and in super-alloys for 
high-performance jet turbines. Cobalt is a significant and 
required component in nickel hydride and lithium ion bat-
teries. A flowchart for cobalt is shown in Fig. 2 (note more 
elaborate flowchart for the whole system is given in Figs. 4, 
5). A very small amount (3%) comes from primary mining 
of cobalt, but this may be expected to increase in the future 
because of ongoing projects and mineral prospecting in 
unchartered areas of the World (USA, Canada, Morocco). 
In 1960, most cobalt was used for alloys, but the materi-
als consumption has increased significantly after year 2000. 
The cobalt use in chemicals is sharply rising with the pro-
duction of larger lithium ion batteries, where cobalt is a 
major battery cell-stabilizing compound. The cobalt price 
has gone up in running prices, and it has fluctuated a lot 
since 1975. From 1945 to 1973, cobalt was considered to 
be a strategic metal and trade was partly government con-
trolled. During that period some countries had strategic 
stockpiles, and the market was not really free for cobalt. 
The market was thus not a free functioning, but one of par-
tial command and control. Much of the cobalt originates 
from the copper-belt in Central Africa (about 50%), and the 
volatility in the cobalt supply and price is a reflection of the 
troubled political situation in that region.

Table 1  Overview of different 
uses of cobalt

The metallic uses take 56% of the supply, the other uses take 44%

Product group Form Fraction of 
supply, %

Trend in use and since 
when

Recycling Value 
added to 
product

Super-alloys Metallic 22 Increases 1995 Yes High
Cutting tools Metallic 11 Increases 1960 Partly Medium
Magnets Metallic 12 Increase 1990 Partly High
Other applications Metallic 11 Constant – No Low
Batteries Chemical 22 Increases 2000 Yes Medium
Chemicals, catalyst Chemical 9 Increases 1960 No Low
Resins, pigments Chemical 13 Constant – No Low
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Objectives and Scope

Our goal was to use BRONZE, STEEL and PGM (platinum 
group metal) sub-models to be operated from inside the 
WORLD6 system dynamics model and add a cobalt sub-
module to the integrated structure. The objective is to use 
the WORLD6 model to explore what it would take to make 
the global cobalt supply system more sustainable.

Earlier Work

There have been several earlier attempts at modelling 
global cobalt extraction, cobalt demand and market sup-
ply rates. Some early predictions were made without any 
formalized simulation models, they represent educated 

guesses (Papp et al. 2008; Berger et al. 2011; Searle 2015; 
Dawkins et al. 2012; Willburn 2015). Roper (2014) used 
a fit to an empirical model analogous to the Hubbert’s 
model. When applied to cobalt it becomes a non-linear 
curve-fitting to a curve where the integral of the curve fits 
the assumed extractable resource. The Hubbert’s type of 
model used in singular mode is not applicable for cobalt 
because of cobalt’s dependence on the extraction of other 
metals (Sverdrup and Ragnarsdottir 2014, 2015).

Mass flow analysis models have been used earlier for 
sustainability assessments for cobalt (Alonso et al. 2007; 
Alonso 2010; Halada et al. 2008; Gerst 2009; Elshakaki 
and Graedel 2013; Glöser et al. 2013a, b). As flow mod-
els are easy to use, but do have some shortcomings we 
need to be aware of. Mass flow analysis models do nei-
ther incorporate systemic feedbacks, nor do they have 
market dynamics and they cannot generate metal prices 
internally to the models. Most mass flow analysis models 
are linear in their fundamental function. Many of them 
are step-by-step mass balanced advanced 1 year at a time 
in spreadsheets (Gerst 2009; Mohr et al. 2014a, b).

We have in earlier studies developed system dynamic 
models for a number of metals: gold, silver, copper, rare 
earths, aluminium, iron, platinum group metals, lithium 
(Sverdrup et al. 2014a, b, 2015a, b, c; Sverdrup and Rag-
narsdottir 2014; Sverdrup 2017; Sverdrup and Ragnars-
dottir 2017), manganese, chromium and nickel as well as 
copper, zinc and lead metals with a number of associated 
minor metals and elements. In these integrated dynamic 
models, some of the major advances were the develop-
ment of a reality-based metal price model, allowing for 
price estimation from market fundamentals inside the 
models, without external forcing functions or calibration.

Fig. 1  a Cobalt production to date (USGS 2015). b Metal production for the same time period

Fig. 2  Cobalt flow path from ores to society, from different types of 
deposits. Connection between the production of many different met-
als (oval rectangles) and the parent metal ores (cylinders) are dis-
played as a flowchart. This flowchart was used in the development of 
the COBALT sub-model in WORLD6. PGM platinum group metals
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Table 2 shows an overview of cobalt demand for several 
current battery technologies. Limitations in cobalt supply 
may pose a problem for future production of rechargeable 
large batteries for electric vehicles, unless efficient sub-
stituting new technologies are developed. If we assume 
we will need one billion battery units in use in the future, 
then the cobalt column in Table 2 shows million ton cobalt 
required. The estimates can be seen to be in the range of 
from a very lowest estimate of 40 million ton cobalt (NiCD 
battery) up to as much as perhaps as much 470 million ton 
cobalt  (LiCoO2 battery). When the total supplied amount 
to the 2400 from land-based resources seems to be on 
the order of 32 million ton and ocean resources about the 
same, we will have a significant problem with making that 
many battery units. The situation is similar for nickel, from 
84  million ton nickel up towards 500  million ton nickel 
would be required, when we have no more than maybe 
250 million ton extractable nickel in total.

Methods and Theory Used

The methods used in this study are several. The reserves 
estimates are based on classical geological estimates from 
survey data, and the allocation of extractable amounts 
according to ore quality, stratified after extraction costs 
(Neumeyer 2000; Tilton and Lagos 2007; Tilton 2009, 
2012; Boschen et  al. 2013; Singer 2013; Wellmer 2008). 
Some complication is added when ocean seafloor resources 
are considered, but we have used the available literature for 
ocean resource estimates and the opportunity cost approach 
when it was included in the model. The main model-
ling method uses systems analysis and systems dynam-
ics (Senge 1990; Sterman 2000; Sverdrup et  al. 2014a, 
b, 2015a, b). Hubbert’s model and burn-off rates were 
rejected for cobalt, as the production is dependent on other 

metals such as nickel, copper, chromium, platinum group 
metals as illustrated in Fig. 2. The basic methodology for 
the modelling work is based on systems analysis and sys-
tems dynamics.

System Dynamics Modelling

For the modelling work we use the standard methods of 
systems analysis and systems dynamics, making up causal 
links and flow pathways in the systems. System dynam-
ics modelling methods were used to model the integrated 
system. We analyse the system using flowcharts based on 
box-arrow symbols, causal loop diagrams defining the 
mass balance expressed differential equations and they are 
numerically solved using the  STELLA® systems dynam-
ics methodology (Senge 1990; Sterman 2000; Sverdrup 
et al. 2014a, b, 2015a, b; Haraldsson and Sverdrup 2004). 
The model is based on mass balance expressed differen-
tial equations, and solved numerically. We use causal loop 
diagrams for reading to proposed policy interventions. The 
flow pathways and the causal chains and feedbacks loops in 
the system are mapped using systems analysis, and then the 
resulting coupled differential equations are transferred to 
computer codes for numerical solutions. The model is used 
to first reconstruct the past (1900–2015) to assess perfor-
mance and robustness of the model. When the performance 
is satisfactory, then the model is used to simulate the possi-
ble future (2015–2400), having the support of being able to 
reconstruct the observed past pattern for 115 years.

Defining Scarcity

In this study we first assess cobalt scarcity and supply sus-
tainability and then we need to define what scarcity really 
is in operational terms. Scarcity is defined as:

Table 2  Different battery types and their properties and materials requirements (adapted from Sverdrup 2017)

REE rare earth elements. The table is adapted from Sverdrup (2017)

Components Description of components and costs Wh/kg 500 km range at 190 Wh/km, ingredient 
weight, kg

Limiting metal

Li Co Ni Mn REE Battery

LiCoO2 The highest risk for self-ignition. Cathode material 
18 $/kg, cost of cathode 27–36 $/kg

170 56 476 – – – 530 Co

Li(ConNinMnn)O2
Li(CovNiwAlz)O2
(n = 0.33, v = 0.15, 

w = 0.8, z = 0.05)

These batteries discharge and recharge faster. Cath-
ode material 11 $/kg, cost of cathode 22–30 $/kg

150 25 63 84 66 – 240 Co, Ni
150 25 – 200 – – 240 Ni

LiFePO4 Cathode material 1.5 $/kg, cost of cathode 20 $/kg 100 16 136 – – – 152 Li
NiREEO2
La0.8Nd0.2Ni2.5Co2.4

Complex mix of Ni, Co and REE 50–70 – 350 400 – 50–300 850 REE, Ni, Co, Ni

NiCd Simple design. Toxic waste by failure 40–60 – 40 500 – – 1000 Cd, Ni, Ni, Co
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•	 Soft scarcity where shipments into the market do not 
match the demand for delivery from the market, lead-
ing to an adjustment of price up, reducing demand and 
sometimes increasing the amount offered to the market. 
This down-sized demand is the sign of soft scarcity. The 
adjustment goes on until the offering into the market 
matches the demanded amount. The presently imple-
mented open market economic mechanisms work well 
to handle soft scarcity. The previously considered com-
mand-and-control regimes did not cope well with scar-
city, but had a tendency to worsen the situation.

•	 Hard scarcity has two variants:

	– Economic scarcity where the demand is downsized 
by the increased price, but where the demand gets 
cut to zero by lack of ability to pay, while there is 
still material available (at high prices). If the use 
of the resource is a major bulk resource for society, 
then economic crisis will be the result if the resource 
is a keystone resource for the economy. Oil and coal 
are two such examples. If it is for a specialized but 
not essential technology, then failure of provision or 
and technical regression will be the result.

	– Physical scarcity is where the supply cannot suffi-
ciently cover the demand. There will be a demand 
gap, a difference between the adjusted demand and 
what really can be supplied. Even if money to pay 
whatever is asked, the material is not available. This 
is something that we have observed with platinum 
and rhodium from time to time in platinum metal 
trading. Failure of provision is the final result. Rho-
dium is an example where this has occurred on fre-
quent occasions.

Scarcity can be offset by increasing supply into the mar-
ket with increased recycling, or by reducing demands by 
substitution with other materials. Increasing recycling has 

both a price and a social component that will be addressed 
in later studies. Substitution is sometimes possible, but 
often not without issues of functionality. Scarcity is not a 
new phenomenon, but rather a standard component of eco-
nomic systems. During the age of coal- and oil-driven eco-
nomic growth, it may have appeared as if human society 
would have done away with scarcity of natural resources, 
as if we had succeeded in creating the limitless economy. 
However, from a perspective of economic history, and from 
human ecology and the principles of thermodynamics, a 
limitless society is nothing but an illusion, a naïve thought 
for the economically short-sighted. The past economic his-
tory was full of shortages and periods of economic con-
traction following economic growth as far as we can see 
(Meadows et  al. 1972; Heinberg 2001). Thus, terms like 
“degrowth”, “resource limitations” or “economic contrac-
tion” are neither revolutionary nor radical terms, but fre-
quently reoccurring phenomena in human history where 
facts of history can be observed (Kennedy 1987; Diamond 
1997, 2005). Over the last 2000  years, the economy of 
states and regions and empires have grown and shrunk in 
cycles in correlation with how their natural resources have 
been available (Kennedy 1987; Tainter 1990; Diamond 
2005; Heinberg 2001). We are at the present time rapidly 
moving towards a world of limits again, challenging us to 
change our thinking and approaches (Ragnarsdottir and 
Sverdrup 2011; Sverdrup and Ragnarsdottir 2014). Models 
applied to policy assessment and policy development must 
be able to capture the whole cycle and those that can only 
handle increase in growth do not have much practical value.

Basis for Estimating How Much Can be Extracted 
From Ore Deposits

Table  3 shows the relationship between metal ore grade, 
production cost and minimum supply price to society, as 
well as impact of price on the recycling in market supply as 

Table 3  General relationship between ore grade, the approxi-
mate production cost and minimum supply price to society, as well 
as impact of price on the recycling in market supply (adapted from 

Sverdrup et al. 2015a, b and a large yet unpublished database by the 
authors for about 35 different metals and materials)

The values are illustrative of typical ranges

Ore grade Metal content Extraction yield, % Extraction cost, $/kg Market recy-
cling, %

Energy need, MJ/kg

% g/ton

Rich 40–5 100–99 4–15 0–30 30
High 5–1 99–98 15–28 30–40 33–64
Low 1–0.2 10,000–2000 98–95 28–50 40–48 120–160
Ultralow 0.2–0.04 2000–400 91–95 50–100 48–54 400–600
Extralow 0.04–0.01 400–100 80–91 100–160 54–60 700-1100
Trace 0.01–0.002 100–20 75–80 160–400 60–80 3,000–20,000
Rare >0.002–0.0004 20–4 55–75 >400 80–90 >20,000
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we have used it in the model. The task is to divide the ulti-
mately recoverable resources (URR) into known resources 
and hidden resources, graded into ore quality groups as we 
have displayed in Table 3. Hidden means that the resources 
exist, but must be found with prospecting before they are 
moved to “known” and can be mined. This classification 
we developed for copper, silver and gold initially, has sub-
sequently been applied to all metals (Sverdrup 2017; Sver-
drup et al. 2014a, b). This is the format needed for the sub-
models of the COBALT model system inside the WORLD6 
model. The price range is based on data and the author’s 
own professional experiences from copper, silver and gold 
extraction (Sverdrup et  al. 2013, 2014a, b, but see also; 
Papp et  al. 2008; Phillips and Edwards 1976), and does 
vary between ore types and metal types. The assessment 
was done by studying the available scientific literature, and 
a number of industrial reports and annual reports. All the 
estimates have then been added up in Table  3 (Wellmer 
2008; Wellmer and Becker-Platen 2007; Tilton 2002; Sver-
drup and Ragnarsdottir 2017). This assessment gives sig-
nificantly larger estimates of the extractable amounts than 
conventional overview studies.

Cobalt systematically follows copper, nickel, chromium 
and platinum group metals in ore deposits (see Fig. 3). An 
important basis for the assessment is how much cobalt is 
available for extraction. We build on three different assess-
ments based on two methods for the estimation. (1) The 
work of Mudd et al. (2013a, b) made an important assess-
ment of the available amounts extractable of cobalt. (2) 
Harper et al. (2012) and (3) Eckstrand and Hulbert (2007) 
mapped where these deposits are located and of what origin 

they are, providing important geological background mate-
rial. The USGS has renewed their resource assessment and 
updated it (Slack et  al. 2010; Shedd 2015). The different 
estimates yield consistent results:

1. The estimation of extractable amounts of cobalt was 
done from copper, nickel, platinum group metal and 
cobalt production numbers. We ignored cobalt con-
tent in manganese and iron deposits, as cobalt is not 
extracted from these ores and the amounts of cobalt 
contained are limited. Our estimates are as follows:

a. Total global annual production of cobalt is 
110,000 ton per year (USGS 2015). Originat-
ing from nickel, the cobalt extraction is 61,000 
ton per year. Cobalt content in primary nickel 
extracted is 3–3.3%. The extractable nickel known 
reserve is 73 million ton, the total known and hid-
den nickel resources have been approximated by 
the USGS as minimum 182 million ton. Analys-
ing nickel resources in another ongoing study 
we find it is probably closer to about 300 million 
ton (Mohr et  al. 2014a, see also in Table  4). In 
extractable nickel deposits there are 6–9  million 
ton cobalt (Nickless et al. 2014).

b. Annual production of copper is 17 million ton per 
year, the cobalt flow from copper is 39,000  ton 
per year. The cobalt content in the copper flow 
is on the average about 0.23–0.25% in the data 
available. If we estimate that the extractable 
copper amount is about 3700  million ton cop-

Fig. 3  The price mechanism as implemented in the COBALT sub-
model is shown as a causal loop diagram. The diagram shows how 
supply to the market, the market amount, price and take from market 

and demand are all connected into one system of mutual feedbacks. 
In the model this is used to calculate the price dynamically at each 
week. The time step in the model is 1 week
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per (Henkens et al. 2014; Sverdrup et al. 2014b, 
2015b), then the extractable copper deposits con-
tain about 8.5 million ton cobalt (8.5–9.3 million 
ton).

c. Other ores with cobalt are:

i. Cobalt production from PGM mining activity is about 
10,000  ton/year, mostly in South Africa. The ores in 
South Africa are poly-metallic ores with copper, nickel, 
gold and platinum, where every metal contributes to 
the profitability of the extraction operation. Cobalt con-
tent in PGM ore is about 20 times the platinum content 
(40–100 g cobalt/ton rock, 0.4–1%). This suggests that 
there is about 4–6 million ton cobalt in the extractable 
PGM deposits, about 200,000 ton PGM but maybe as 
much as 300,000 ton PGM, implying perhaps as much 
as 6–9 million ton cobalt.

ii. Chromium and manganese smelting and refining 
could yield maybe as much as 2000–3000 ton cobalt 
per year (assuming a content of about 0.16%, or about 
3–4 million ton). This much is not extracted at present, 
it would require a change in the chromium production 
technology in South Africa and other chromium- and 
manganese-producing nations.

iii. Extractable low-grade old mine dumps are estimated 
to contain about 0.3–0.5  million ton cobalt (in South 
Africa and Peoples Republic of Congo, but also other 
places), but depending on Ni–Cu–Co content for eco-
nomics of extraction. These are old dumps where older 
and less efficient extraction methods were used or 
where no attention was given to cobalt. This would be 
0.5–1 million ton cobalt all together.

d. In total this adds up to 23.3–32  million ton 
extractable cobalt. The historically extracted 
amount is somewhere between 2 and 3  million 
ton cobalt, this gives us URR = 26–35  million 
ton.

2. USGS (2015) made an estimate in 2012 based on tradi-
tional assessment of reserves and resources, classifying 
them according to technical extractability and reality-
evaluated extractability. The results are as follows:
a. An estimate of 7.5  million ton for the cobalt 

reserve, and 13 million ton cobalt in the reserves 
base, total about 20.5  million ton cobalt in all 
(average content 0.36%). Their justification for 
this estimate is available in the USGS website 
(Johnson et al. 2014; USGS 2015).

3. The Australian geologist Mudd et al. (2013a, b), Mudd 
and Jowitt (2014), at Monash University in Australia, 
made a new assessment by going through all known 
and recorded deposits, including the latest data, evalu-
ated their extractability and came up with the following 
estimates:

a. 34  million ton recoverable cobalt, 16–20  mil-
lion ton cobalt is estimated to be technically 
recoverable in: Nickel ores 5.5–6  million ton, 
poly-metallic ores with copper–zinc–lead, about 
10 million ton cobalt, other ores of varying poly-
metallic compositions have an estimated content 
of about 0.5 million ton cobalt. Not included by 
Mudd et al. (2013a, b), Mudd and Jowitt (2014) 
were estimates of about 2000  million ton sub-

Table 4  Sources of cobalt from secondary extraction and their concentration in the parent substrate, and estimate of total extractable amounts

The content in the primary cobalt ore relates to rock cobalt content. All amounts are in million ton cobalt metal
a We have assumed that ¼ is technically extractable, but at considerable extra cost, see Table 6
b No assessment of extractability was done in that study

Parent source of cobalt 
for extraction

This study USGS (2015) Mudd (2012)

Xi Parent material 
Co content %

Average parent 
metal resource

Extractable amount, 
million ton

Included in the 
model

Copper 0.23–0.3 3767 6–11 Yes 10 6–10
Nickel 3–3.3 300 9–10 Yes 9 9–10
Chromium 0.16–0.2 2495 3–5 Yes 2 –
PGM 2000 0.2–0.3 4–9 Yes 2 1
Primary cobalt ores 0.3–3.0 Not available 0.5–2 No 1 0.5
Old mine dumps 0.2–0.7 300 0.5–2 Yes – 0.5
Sums 23–39 – 20 22–29
Extracted earlier 3 Yes 3 3
URR on land 26–41 – 25.5 25–31
Ocean floor deposits 0.25–0.35 2000 7–37a Yes 148b 5–7
URR, land and ocean 33–78 – n.a 30–38
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sea ore with a cobalt content in the range 0.25–
0.35%, translating to an approximate 5–7 million 
ton cobalt, bringing the total contained cobalt 
resources to about 32 million ton. These sub-sea 
deposits were concluded to be out of technical 
reach at present, and at present also too expen-
sive to mine for their cobalt content. Excluded 
were also about 0.5 million ton cobalt in old mine 
waste dumps, which would be technically feasible 
resources to recover. In Mudd et al.’s (2013a, b) 
estimate, the implication is that 50% of detect-
able contained cobalt in deposits is extractable. 
His bottom line is that we have 16–17 million ton 
extractable out of about 34  million detectable. 

In 2014, Mohr et al. (2014b) revised their nickel 
resources estimate to be at least 300 million ton 
extractable nickel. Our own recent estimates con-
firm this as the probable maximum amount for 
nickel URR. At a content of 3–3.2% cobalt in the 
nickel that implies the content is about 9–10 mil-
lion ton cobalt in such extractable resources, 
increasing the land-based URR to be in the range 
32–36 million ton.

From the overview given in Table 4, we can see that there 
is consensus on the total land-based extractable amount 
to be in the range 30–38 million ton cobalt. Extraction of 
cobalt is energy intensive as can be seen from Table  5, 
which shows energy requirements for different steps. The 

Table 5  Assessment of total 
production, reserves (Known) 
and technically extractable 
resources (Hidden) in million 
ton cobalt

a As much as 148 million ton cobalt has been detected in deep-sea cobalt crusts and manganese nodules 
(Slack et al. 2010). If we assume that 25% is extractable, that corresponds to a resource of 37 million ton 
cobalt. That we probably should see as a high estimate (Smith and Heydon 2013, Hein et al. 2013). Mudd 
(2012) assumes that 5% of the ocean floor cobalt is technically extractable (7.5 million ton cobalt)

Country Extraction 
2015, ton/
year

Cobalt refining 
2015, ton/year

Deposit type or mother metal Reserves, 
million 
ton

Resources, 
million ton

Congo DRC 56,000 3300 Copper 3.400 14.5
China 7200 42,000 Copper, nickel, iron 0.080 0.4
Canada 7000 7000 Copper, nickel, cobalt 0.240 0.9
Australia 6500 6500 Copper, nickel 1.200 4.5
Russia 6300 2300 Nickel, copper 0.250 0.9
Cuba 4200 – Nickel 0.500 2.1
Phillipines 3700 – Nickel 0.500 1.2
Zambia 3100 5300 Copper 0.270 1.2
South Africa 3000 1400 PGM, nickel, copper 1.200 4.5
Brazil 3000 1400 Iron, copper 0.890 2.1
New Caledonia 3500 – Nickel 0.370 0.9
Indonesia – – Nickel 0.080 1.0
Morocco 1800 1800 Cobalt ore 0.020 0.2
Madagaskar 2950 3000 Copper 0.500 1.5
France – 220 – – –
Belgium – 11,000 – – –
Finland – 11,400 Nickel 0.250 1.2
Norway – 4500 Nickel 0.050 0.5
Germany – 5000 – – 0.2
Sweden – 2500 Copper 0.100 0.7
Japan – 3700 – – –
India – 1100 Copper – 0.2
USA 1260 5000 Copper, nickel 0.180 1.0
Other countries 1750 2000 Copper, nickel 0.200 0.34
Cameroon 0.050 0.66
Sum 110,000 118,200 9.180 39.5
Recycling, waste – 12,000 Metal waste, batteries 2.200 2.5
URR – – – 11.380 43.7
Ocean floor – – Crusts, nodules 1.000 7–37.0a

Global total 110,000 129,200 – 12.280 80.7
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COBALT module inside the WORLD6 model was run with 
the ultimately recoverable resources (URR), divided into 
quality classes as indicated in Table 3. Fundamental for this 
study is the estimation of how much metal can be extracted 
in total. This implies evaluation of how much metal is 
present, how much is technically extractable, disregard-
ing price, energy or political obstacles. Both Mudd et  al. 
(2013b) and (USGS 2015; Slack et al. 2010) include ocean 
seabed cobalt crusts, but they evaluated the crust cobalt 
content very differently.

The studies of the USGS are among the most valuable 
sources of information due to their wide scope, long term 
perspective and large degree of consistency (Shedd 2002, 
2012, 2015; Papp et  al. 2008; Slack et  al. 2010; Berger 
et  al. 2011; Newman 2011; Johnson et  al. 2014; USGS 
2015, 2014). The most recent USGS estimate is for cobalt 
detected in deposits, but with no serious assessment of 
extractability. There are a number of corporate prospects 
and pamphlets available on ocean seafloor mining, all very 
optimistic. However, these are aimed at potential investors 
and company shareholders, and may not represent the most 
down-to-Earth assessments. Ocean floor mining technology 
is currently being developed, much supported by advances 
in deep-sea oil exploration. However, such undertakings 
appear as technologically challenging and as capital inten-
sive (Allsopp et al. 2013; Clark and Smith 2013a, b). Mudd 
et al. (2013b) estimates that a lot of cobalt is present, but 
very little is technically extractable.

A list of production rates and estimated resources are 
shown in Table  5. The main cobalt-producing country is 
the Peoples Republic of Congo, in Africa. They produce 
one-third of the global output (about 56,000 ton per year). 
The production in these countries is associated with copper 
production. They are followed by a number of countries in 
the range from 8000 to 3000 ton per year. The assessment 
was done by going through the available scientific litera-
ture and a number of industrial reports and annual reports, 
independent from the sources behind the information in 
Table 4.

All the estimates have then been added up in Table  5. 
This assessment gives significantly larger estimates of the 
extractable amounts than conventional overview studies 
like those of the USGS. Table  6 shows the resources of 
cobalt from secondary extraction and their concentration 
in the parent substrate, and estimate of total extractable 
amounts. The content in the primary cobalt ore relates to 
rock cobalt content. Table  7 shows an overview of deep-
sea metal resources. The extractability estimates rely on a 
number of scientific studies (Tilton 1983; Herzig and Han-
nington 1995; Clark et  al. 2005, 2010, 2013; Beckmann 
2007; Zhou 2007; Hein et al. 2009, 2010, 2013; Hoagland 
et al. 2009; Roberts 2012; Boschen et al. 2013; Mudd 2012; 
Muiños et  al. 2013; Smith and Heydon 2013; Cailteaux 
et  al. 2005; International Seabed Authority 2015; Beau-
doin et  al. 2014; Johnson et  al. 2014; Schmidt 2015) and 
this study. Table  8 shows the relationship between cobalt 

Table 6  Sources of cobalt 
from secondary extraction and 
their concentration in the parent 
substrate, and estimate of total 
extractable amounts

The content in the primary cobalt ore relates to rock cobalt content. All amounts are in million ton cobalt 
metal

Parent source of 
cobalt for extrac-
tion

Parent metal 
resource, million 
ton

Cobalt content in 
mother material, %

Fraction of mines with 
Co extraction capability

URR, million 
ton

Medium Standard High

Copper 3767 0.23 Variable; 0–0.8 8 16
Nickel 300 3.2 Variable; 0.2–0.7 10 14
Chromium 2495 0.12 Variable; 0–0.5 2 4
PGM 0.3 2000 1.0 3 6
Primary ores 100 1.0 1.0 2 5
Ocean floor 148 4.7 1.0 7 37
URR – – 32 82

Table 7  Overview of deep-sea 
metal resources

Type Depth, m Metals Co content, 
mill ton

Extractable 
fraction, %

Co extract-
able, mill 
ton

Manganese nodules 4000–6000 Ni, Cu, Co, Mn 38 5–25 1.9–9.5
Cobalt crusts 800–2500 Co, V, Mo, Pt 110 5–25 5.5–27.5
Sulphide deposits 1400–3700 Cu, Pb, Zn, Au, Ag 2 5–25 0.1–0.5
Sums 7.5–36.5
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ore grade, the approximate production cost and mini-
mum supply price to society, for a high and a low case for 
recoverability.

The size of the cobalt resource is dependent on the esti-
mates for the total copper and nickel resources. Thus, the 
total extractable resource estimates for these metals must 
be discussed. Johnson et al. (2014) attempt to estimate the 
copper resources around the world, stating that in addi-
tion to identified 2100 million ton, they suggest that about 
3500  million ton copper resources should exist, making 
a total copper resource of 5600  million ton (URR). They 
considered porphyry copper deposits down to 1 km depth 
and sediments and strata-bound copper down to 2.5  km 
depth. However, the copper ore grade distribution in the 
resource and extractability remain unknown, and the pro-
posed additional 3500 million ton copper cannot be added 
to the known resources of 2100  million ton copper with-
out a proper extractability assessment. Such an assessment 
of extractability has not been undertaken. Assuming that 
1/3–½ of the resources given by Johnson et al. (2014) are in 
reality extractable, then the total URR for copper would be 
in the order of 3270–3850 million ton copper.

Additional information concerning mining technolo-
gies and technical development was taken from Rosen-
qvist (1949), Allen and Behamanesh (1994), Liessmann 
(1994), Hawkins (2001), Wagner and Fettweis (2001), 
Shedd (2002, 2012, 2015), Alonso et  al. (2007), Papp 
et al. (2008), Berger et al. (2011), Boliden (2011), Cobalt 
Facts (2011), Newman (2011), Harper et al. (2012), Wüb-
beke (2012), Walther (2014), Dawkins et al. (2012), Searle 
(2015), Spencer and Searle 2015, Willburn (2015), Rasi-
lainen et al. (2010a, b, 2012), Alonso (2010), Berry (2015), 
Brown et al. (2015), Cailteaux et al. (2005), Cobalt/Invest-
ing News (2014), Crowson (2011), Dalvi et  al. (2004), 
Dawkins et  al. (2012), Hagelüken and Meskers (2009), 
Hannis and Bide (2009), Idaho Cobalt Mine (2015), Kes-
ler and Wilkinson (2013a, b), Martino and Parson (2011), 
Nuss and Eckelmann (2014). The extractable amounts were 
set at the beginning of the COBALT model simulation in 
1900, stratified with respect to ore metal content and rela-
tive extraction cost based on yield of extraction and energy 
requirements. All major model inputs on resources were 
extracted from earlier published information.

Harmsen et  al. (2013) and Henckens et  al. (2014) use 
an estimate for the total extractable nickel resource at 

1800 million ton, but we can find no scientific support for 
such a large estimate in the available scientific literature 
(Mudd et al. 2013b; Mudd and Jowitt 2014). With no sci-
entific basis in numbers, it would appear to be a wild guess. 
Johnson et  al. (2014) agrees with this, and states that the 
copper resource estimates in Harmsen et  al. (2013) and 
Henckens et al. (2014) are not suitable for any sufficiency 
assessments. We have done an extensive survey of the lit-
erature and found that there is more nickel available than 
what the traditional estimates suggests by about a factor of 
two. This is shown in Table 4, where we estimate the nickel 
resources to be at least 183 million ton and more probably 
about 300  million ton (Mudd and Jowitt 2014). The full 
assessment of global nickel resources will be published in a 
separate study. Table 9 shows the relationship between pri-
mary hard rock copper ore grade, the approximate produc-
tion cost and minimum supply price to society, and URR 
used in the COBALT model. This is a minor part of the 
URR for cobalt  (URRMines = 2 million ton). Table 10 shows 
an overview of the input data to the COBALT submodel 
fin WORLD6 or extractable amounts at the starting time 
for the simulations. Both land-based and ocean sea-floor 
resources were included. The ocean seafloor extractable 
resources are five times those of Mudd (2012), assuming 
25% extractability.

Model description

Structural description

The COBALT submodel is a model arrangement inside 
the WORLD6 model consisting of a system of sub-mod-
els. Figures  4 and 5 show the connection between the 

Table 8  Relationship between 
sea floor copper ore grade, 
production cost and URR

Grade Ore metal content, % Extraction 
cost, $/kg

Million ton cobalt

Hidden Known Sum

Sea floor grade low 1–0.2 50,000 2 1 3
Sea floor grade ultralow 0.2–0.04 80,000 4 0 4
Sum 6 0 7

Table 9  Relationship between primary hard rock copper ore grade, 
the approximate production cost and minimum supply price to soci-
ety, and URR used in the model

Grade Ore metal content, 
%

Extraction 
cost, $/
ton

Million ton cobalt

Hidden Known URR

Low 1–0.2 28,000 0.290 0.010 0.300
Ultralow 0.2–0.04 50,000 1.000 0 1.000
Trace 0.04–0.01 80,000 0.700 0 0.700
Sum 1.990 0.010 2.000
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Table 10  Input data to the model for extractable amounts, at the starting time for the simulations

Both land-based (primary and secondary) and ocean sea-floor resources were included

Secondary extraction

Ore grade Million ton copper Ore grade Cu, % kg Cu per ton rock

Known Hidden Sum

Rich 15 5 20 40–5 400–50
High 10 20 30 5–1 50–10
Low 100 1250 1350 1–0.2 10–2
Ultralow 15 1200 1215 0.2–0.04 2–0.4
Extralow 15 1100 1115 0.04–0.01 0.4–0.1
Sums 155 3575 3730

Ore grade Million ton nickel Ore grade Ni, % kg Ni per ton rock

Known Hidden Sum

High 29 1 30 5–1 50–10
Low 6 36 42 1–0.2 10–2
Ultralow 3 110 113 0.2–0.04 2–0.4
Sum 38 147 185

Ore grade Ton platinum group metals Ore grade PGM, % g PGM per ton 
rock

Known Hidden Sum

Extralow 2000 38,000 40,000 0.01–0.005 10–5
Trace 0 47,000 47,000 0.005–0.002 5–2
Rare 0 64,000 64,000 0.002–0.0004 2–0.4
Nickel ore 5000 18,000 23,000 5–0.5
Sums 174,000

Ore grade Million ton chromium Ore grade Cr, % kg Cr per ton rock

Known Hidden Sum

Rich 50 700 750 55–5 550–50
High 0 800 800 11–2 110–20
Low 0 1000 1000 2–0.5 20–5
Sums 50 2450 2500

Primary cobalt mining

Ore grade Million ton cobalt Ore grade Co, % kg Co per ton rock

Known Hidden Sum

Low 0.01 0.290 0.300 1–0.5 10–5
Ultralow 0 1.000 1.000 0.5–0.1 5–1
Extralow 0 0.700 0.700 <0.1 <1
Sums 0.010 1.990 2.000

Ocean seabed primary cobalt mining

Ore grade Million ton cobalt Ore grade Co, % kg Co per ton rock

Known Hidden Sum

Low 1 20 21 1–0.2 10–2
Ultralow 1 14 15 <0.2 <2
Sums 2 34 36
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production of many different metals and the parent metal 
ores displayed as a flowchart. The COBALT submodel 
consists of the following parts based on earlier models 
(Sverdrup et al. 2014a, b) and new system dynamics parts 
(Sverdrup et al. 2015a, b, c; Sverdrup and Ragnarsdottir 
2017) as shown in Fig. 5:

1. BRONZE submodel for, zinc, lead and many depend-
ent metals (silver, antimony, bismuth, indium, gallium, 
germanium, tellurium, selenium, cadmium), including 
the COPPER and SILVER submodels (Sverdrup et al. 
2014a, b)

2. STEEL sub-model for iron, manganese, chromium and 
nickel, including the IRON submodel.

3. PGM submodel for platinum, palladium and rhodium, 
in conjunction with the STEEL submodel.

4. A submodel for the simulation of primary mining of 
cobalt.

5. Inside the COBALT submodel is a newly developed 
sub-module for the cobalt market cycle.

Figure 3 shows the causal loop diagram defining the 
market dynamics in the model, where the price is an 
output from market mechanisms involving supply to the 
market, supply to customers from the market in response 

to demand. Note that supply from the market is not nec-
essarily the same as the demand. Figure  6 shows the 
STELLA diagram for the whole COBALT submodel.

All of this is embedded into the WORLD6 model, and 
the COBALT submodel is operated and run from within 
the WORLD6 model. The simulation of the primary min-
ing of copper, zinc, lead and antimony and silver are in 
their own modules, the dependent metals are calculated 
from the production of these primary metals. Recycling 
from society and waste dumps provides a substantial flow 
of copper in comparison with rock mining. The COBALT 
submodel is numerically integrated using a 0.02-year 
time-step in a 4-step Runge–Kutta numerical method of 
integration in the STELLA® modelling software (Fig. 6). 
That means we have values every week. Table  5 shows 
the input data for extractable amounts used to initiate the 
COBALT submodel. The main extractable amounts of 
cobalt are associated with nickel, copper and platinum 
group metals deposits.

The full causal loop diagram for metal mining and 
copper in particular has been published earlier (Sverdrup 
et al. 2014a, b, 2015a, b). Population estimates from the 
WORLD6 model are used in the demand estimates (Rag-
narsdottir et al. 2012) (see Fig. 9).

Fig. 4  Flowchart for cobalt flow in society as pictured in the COBALT submodule in WORLD6. This is continued in Fig. 5 and reflected in the 
STELLA structure shown in Figs. 6 and 7
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Fig. 5  Flowchart for the COBALT submodel, including independent and dependent metals relevant to cobalt. The stocks sorted up into extrac-
tion cost classes are shown. The COBALT submodel is embedded into the WORLD6 model (see Fig. 13)
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Fig. 6  The STELLA diagram for the whole COBALT submodel 
including the linked systems dynamics submodels BRONZE, STEEL 
and PGM that we have developed earlier as a part of the WORLD6 
model system. The submodels ALUMINIUM (Sverdrup et al. 2015a) 

and SILVER (Sverdrup et  al. 2014a, b) are found as sub-modules 
inside the BRONZE model, the IRON sub-module (Sverdrup et  al. 
2016c) is found inside the STEEL submodel. All of this is embedded 
into the WORLD 6 model (See Fig. 13)
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Rate Equations and Feedback Functions

The rate of cobalt primary production is determined by 
the following equation:

where rcobalt is the rate of cobalt extraction in million 
ton metal per year, rNi the contribution from secondary 
extraction of cobalt from nickel production, rCu is cobalt 
from copper production, rCr is cobalt from chromium pro-
duction and rPGM is cobalt from platinum group metals 
production. The values of the different Xi are given in 
Table  3, it is a unitless fraction. The extraction is first-
order proportional to the amount of substrate from the 
primary mother metals treated in refining. In addition to 
this, the general mass balance principle applies with all 
inputs being balanced by the outputs and the accumula-
tion in society:

Note that recycling is present on both sides, helping to 
hold a large amount inside the loop. Recycling is present 
on both sides, and this is how recycling helps keep the flow 
through society up even when primary production declines 
(Fig. 8a). For metal recycling we used the following equa-
tion (adapted after Sverdrup et al. 2014a, b):

for the applied feedback function for recycled fraction. 
R is the recycled fraction of the total supply, P is the price 
in US dollars per kg and f(policy) is a unitless function 
depending on regulations and social training of the agents 
in the market. With social training we mean ways to have 
the consumers and actors have recycling and a more inher-
ent behaviour, independently of monetary drivers. In the 
model, market price is determined by the amount present as 
tradable in the market. The market price curve for cobalt is 
derived from Fig. 7b where we have plotted market inven-
tories against the observed global market price for cobalt. 
The equation is in US dollars per ton:

g(E) is the market efficiency, a unitless scaling func-
tion that varies with time. It has the value 0.5 until about 
1960, and then increases to 1 by 1980, when the metal 
trade markets became organized and much more efficient, 
especially for cobalt. The correlation to the observed points 
between market stock and cobalt price is r2 = 0.99 (Fig. 8a). 
The more material in the market, the lower the price. The 
amount of cobalt in the market depends on both the speed 
of delivery (supply) and the shipping from the market 

(1)
rCobalt = rNi × XNi + rCu × XCu + rPGM × XPGM + rCr × XCr

(2)Prod + Recycl =
dm

dt
+ loss + recycl

(3)R = 0.3 × log10(Price) + f (policy)

(4)
Cobalt price =

(

21, 867 × Market stock−0.57 − 20
)

× g(E)

(demand). The cobalt amount taken from the market (F), as 
promoted by demand, was calculated as follows:

F is the amount cobalt that is taken from the market. 
DNM is the specific cobalt demand per person. This amount 
is limited by what is available, where ZM is the fraction 
metallic cobalt in the demand. This demand was assumed 
to be higher for metals than for non-metallic uses. The fac-
tors DNM = 0.00166 and DM = 0.00332 imply a demand of 
1.66 g cobalt per person for non-metallic uses and 3.32 g 
cobalt per person for metallic uses. f(D) is the unitless feed-
back function limiting demand with higher price and g(S) 
is technological development, a unitless scaling factor. P 
is the global population in billion people taken from the 
population module in WORLD6. The actual rate of cobalt 
extraction is maximized by the rate of extraction of nickel, 
copper and PGMs, the parent substrates it is contained in.

Figures 8, 9, 10, 11, 12 and 13 show some of the feed-
back functions from the model that we use in the COBALT 
submodel. Figure  8a shows the empirically determined 
price curve for cobalt as a function of London Metal 
Exchange market stock. Figure 8b shows the applied feed-
back function for the fraction recycled materials as a func-
tion of the price, in US dollars, value-adjusted to 1998. 
The higher the market price, the more recycling efforts 
will be stimulated. Figure  10a shows the fraction of sup-
ply as recycled, a function of metal price. It shows how 
much market mechanisms make recycling as a % fraction 
of supply increase when the metal price goes up. Adapted 
with data from Lenzen (2008), Prior et al. (2012, 2013) and 
Dahmus and Gutowski (2007) for Sverdrup et  al. (2014a, 
b). The diagram was used to parameterize Eq.  (3). Fig-
ure 10a shows the applied price feedback function for the 
restriction on demand. The higher the price, the lower the 
demand. Figure  10b shows the applied feedback function 
for the restriction on supply. For the feedback, a one-and-
half year running average is used. This running average is 
adapted, because society is not instantaneous in its response 
to change in the market price. Figure 10c shows the applied 
feedback function for the fraction recycled materials as a 
function of price. Figure 9 shows the population curve from 
the World3 sub-module and the alternative United Nations 
forecast for populations with no resource feedbacks of any 
kind. The World3 model simulation peak in 2040 at 8.6 bil-
lion people, the WORLD6 simulation peak at 9.1  billion 
people in 2045 and the UN forecast in 2065 at 9.8 billion 
people. We use the global population from the population 
model inside the WORLD6 to estimate the global cobalt 
demand from the per capita estimation (Fig. 11a). We use 
the predictions internal to the WORLD6 model, as well 
as the United Nations populations predictions which are 

(5)
F =

[

DNM × P ×
(

1 − ZM
)

+ DNM × ZM
)

] × f (D) × g(S)
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Fig. 7  The cobalt sub-module of the WORLD6 model as shown in 
Figs.  4 and 5, implemented inside the STELLA software shown in 
Fig. 6 The titles overwritten on the diagram shows the different mod-
ules for secondary extraction, using copper, nickel, chromium and 

platinum group metals as input. In the model is also included hard 
rock mining in Canada and Morocco and future ocean seabed mining. 
Figure 3 shows the causal loop diagram implemented in this module
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politically correct, but probably flawed (Meadows et  al. 
2005; Greer 2008).

Figure 11a shows the applied increase in demand from 
the technological development of new industrial cobalt 
uses. The fluctuations reflect the instability of production 
caused by problems in unstable countries in Central Africa. 
Prices are in American inflation adjusted dollar value with 
1998 as the reference year. The main market model used for 
cobalt is the same as used in our earlier models (Sverdrup 
et  al. 2013, 2014a, b, 2015a). Figure  11b shows the effi-
ciency of the cobalt extraction technology and methods and 
Fig. 11c shows the applied restriction on hard rock cobalt 
mining and ocean mining from price feedbacks.

Figure 12 shows the share of total cobalt supply going 
to super-alloys and batteries. The demand for cobalt to bat-
teries comes from the battery module in the lithium sub-
module of the WORLD6 model (see Fig.  13 for details). 

Fig. 8  a The price curve found 
for cobalt, by plotting market 
tradable inventory against 
observed price. The red line is 
the fitted equation. b The actual 
curve modified from a and 
entered in the model as Eq. (4). 
Curve b comes down a bit faster 
at higher market contents than 
the fit to data in a. The curves 
are derived from the private 
metal trading archives of one 
of us (Sverdrup) and are in the 
process of being published

Fig. 9  The population curve coming from World3 model, (W3 sce-
nario), the new population estimates from WORLD 6 (W6 scenario) 
and the alternative United Nations forecast for populations with no 
resource feedbacks of any kind (UN scenario)

Fig. 10  The applied price feedback function for the restriction on supply (a) and demand (b). c The applied feedback function for the fraction 
recycled materials as a function of price (see the CLD shown in Fig. 3 where in the model this feedback is used)
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A certain price level for cobalt must be reached before it 
becomes profitable to start mining from the ocean floor. 
Figure  12b shows the switching price for changing from 
land-based mining to ocean floor-based mining.

The market research organization CRU in their Cobalt 
Market Outlook 2015 (Spencer and Searle 2015), forecast a 
progressive tightening of the supply–demand balance out to 
2020 and beyond; “A serious deficit is anticipated by 2020 
which will probably generate a supply response from China 
and the Democratic Republic of Congo. Beyond 2020, a 
change in battery cathode chemistry which does not use 
cobalt could bring the market back into surplus.” The mar-
ket mechanisms cannot extract above the content potential 
in the mother metal flows. This limits the flexibility of the 
cobalt production. The primary cobalt production thus only 
partly responds to market mechanisms. We assume the con-
centration in the refinery residuals used for cobalt extrac-
tion to remain constant, even when the ore grade of the 
mother metal ore grade decline.

Figure 13 shows an overview of the built-in sub-mod-
ules in the WORLD6 model as it stands at the time of 

writing. Dotted boxes show sub-modules under devel-
opment at present. The black box in the diagram is the 
World3 model of Meadows et  al. (1972, 1974, 2005). 
The World3 model had all resources of any kind lumped 
(including fossil energy), into one general resource, mak-
ing the World3 resource simulation very difficult to trans-
late to real-world data. An adjusted version of World3 
population dynamics were kept in WORLD6 from 
World3. The other parts are new additions to the World3 
model, dealing with metals, phosphorus, energy, mate-
rials and climate change, are developed by the authors. 
Additional work is undergoing to update the economic 
model to a biophysical economic model as well as includ-
ing governance, social trust and income distributions as 
a part of other Research Programmes. COBALT is the 
submodel inside the purple box in Fig. 13 and shown in 
Fig. 7.

Fig. 11  a The applied increase in demand per person from the tech-
nological development of new industrial cobalt uses. This is an input 
curve. b The efficiency of the cobalt extraction technology and meth-

ods. c The applied restriction on hard rock cobalt mining and ocean 
mining from price feedbacks

Fig. 12  Share of total cobalt 
supply going to super-alloys 
and batteries. a Market share of 
cobalt; b the switching price for 
changing from land-based min-
ing to ocean floor-based mining
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Results

Basic Model Setup

We ran the COBALT model as integrated in the WORLD6 
model with the three different population scenarios shown 
in Fig. 9, the World3 scenario (W3) (using the same way 
to estimate the global population as was done with the 
original World3 1992 version), the base case scenario with 

the WORLD6 model (W6) and the United Nations popu-
lation scenario (UN). The different scenarios result in dif-
ferent cobalt demands, and thus also different types of 
cobalt scarcity, three different cobalt total supply scenar-
ios and cobalt market price trajectories as will be evident 
from the results shown in the following text. Runs with the 
COBALT submodel were made for the time 1900–2400 
to see how long the available amount for extraction would 
last. We have done all the simulations using a resource 

Fig. 13  Overview of the functions in the WORLD6 model. The box 
coloured grey is the World3 model of Meadows et al. 1972, updated 
in 2004 by Dr. J. Randers (Meadows et al. 2005) and further changed, 
added to and modified in 2014–2017 by Dr. Harald Sverdrup and Dr. 
Deniz Koca at Lund and Iceland Universities. The other parts are 
new additions to the WORLD6 model dealing with metals, phospho-

rus, energy, different solid materials and climate change. A World-
Wood module for the World’s forest dynamics is in advanced state 
of integration. A financial module based on accounts and stocks with 
derivatives trade and debts and loans are near completion. Cobalt is 
a sub-model inside the specialty metals module in the purple box in 
the figure
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estimate of  URRLand = 32 million ton cobalt on land and 
 URROcean  =  34  million ton at the bottoms of the oceans, 
in cobalt crusts and massive sulphides, a total of 76  mil-
lion ton (Table  9). We have included primary hard rock 
mining, secondary extraction from copper, nickel, chro-
mium and platinum group metals (PGM), and from old 
mine waste dumps, and from 2020 on from ocean seabed 
mining, using the ocean seabed resource estimate of Mudd 
and Jowitt (2014). Including a larger estimate for ocean 
seabed resources did not change anything significantly 
before 2200, because of the higher costs of extraction. This 
favours land-based resources and recycling as primary 
sources of cobalt until after 2200.

The Base Case Scenario

Figure  14a shows the primary extraction rate as recon-
structed by the COBALT submodel for the past 115 years 
and predicted for the future from 2015 to 2200. Not all of 
the mined cobalt go to metal, but a significant part is used 
for industrial chemicals, batteries and in pigments. The 
dots are observed values. It can be seen from Fig. 14a that 
observed mining rates are the same as given by the model 
To note is that they are not fitted, the mining data were not 
used to calibrate the model. Figure 14b shows the supply 
rate to society for cobalt as compared to the extraction rate 
and the cobalt recycling rate. It can be seen how recycling 
can be expected to supply larger amounts than primary 
extraction after 2120. It can also be seen that in 2080, recy-
cling will become a larger source of cobalt than extraction. 
The supply is larger than the extraction rate. In 2080, recy-
cling will become a larger source of cobalt than extraction. 
The extraction rate reaches a maximum at about 155,000 
ton per year in 2025, while the supply reaches a maximum 
of 250,000 ton cobalt per year in 2065. After 2100–2120 

there is a decline in supply. The chromite deposits of South 
Africa and Zimbabwe are used less for cobalt extraction 
than what could actually be done. The decline is both due 
to declining resources, but also a decline in population 
size-driven demand after 2060 (see Fig. 9).

Figure 15a shows the cobalt supply to different product 
segments. All curves show a peak and subsequent decline. 
The supply stays at sufficient levels until 2130, when it 
starts to decline. Figure  15b shows the simulation of the 
price as compared to the observed data. The price shoots 
up when cobalt runs into hard scarcity 2360. Figure  16a 
shows the origin of the cumulative cobalt extraction in 
million ton per year. The total amount cobalt extracted to 
2200 is about 24 million ton, where 4.5 million ton cobalt 
is extracted from copper mining, 7.5  million ton cobalt 
is extracted from nickel mining, 1.8  million ton cobalt is 
extracted from chromium mining and 2 million ton cobalt 
is extracted from platinum group metals mining to 2400. 
Figure  16b shows the cumulative amount cobalt supplied 
to the markets, the total amount cobalt extracted to the mar-
kets and the cumulative cobalt losses to 2200.

Figure 17a shows the total extracted amount for the dif-
ferent population scenarios explained in the text and in 
Fig. 9. UN is the United Nations population forecast, W6 is 
the estimate of the WORLD 6 model and W3 is the updated 
World3 estimate using the model from 1992. Figure  17b 
shows the price-adapted demand and the actual supply from 
the market. Figure  17c shows the amount cobalt deriving 
from mining at sea. Figure 17d shows the recycling degree 
for the different scenarios. The recycling rates are depend-
ent on the market price and have no additional social mech-
anisms or governmental actions involved. The recycling 
works reasonably well for metallic cobalt in super-alloys 
and other specific metallic uses since 1978–1980 when new 
and better technology was developed. For other use such as 

Fig. 14  a The mining rate as reconstructed by the COBALT model, 
as well as from which mother metal. The dots show the actual mining 
rate (the model is not fitted to these). The importance of cobalt supply 
from secondary extraction from copper and nickel mining is evident. 

The circles are the observed extraction rates (USGS 2015). b The 
cobalt extraction, the supply to the market and the amount derived 
from recycling
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paints, pigments, chemicals or chemical catalysts, recycling 
is virtually non-existent.

Most of the cobalt in these uses gets lost or goes to land-
fills. The recycling rates are dependent on the market price, 
but will not go above 45% unless something more than just 
market mechanisms are used. In the time period from 2080 
to 2120, the recycling rate increases as a market response to 
increased market prices. By market forces alone, recycling 
improves towards 2100, but by then far too much cobalt 
will have been wasted and lost diffusively. When com-
pared to the recycling rates reported by the International 
Resource Panel (UNEP 2011a, b, c, 2012, 2013a, b, c), it 
becomes apparent that estimates of recycling rates at single 
point in time are very uncertain.

Figure  18a, b shows the price in a longer perspective. 
The model gives price in 1998 value-adjusted prices in US 
dollars per kg cobalt. Scarcity becomes serious after 2050 
with sharply increasing cobalt price in the intermediate and 

high population scenario. For the low scenario, nothing 
much happens with the price until after 2400, beyond our 
time horizon. The relationship between total extracted and 
total supplied is about 1.8, Factor X. Factor X is an indica-
tor for the resource use efficiency in society. Factor X can 
be changed by changing the degree of recycling.

Comparing the Base Case with the High‑, Intermediate‑ 
and Low‑population Scenarios

Additional runs were made to investigate the importance of 
global population size. The reader can compare the differ-
ent outcomes in Figs. 17 and 18. Figure 17a shows the total 
extracted amount for the different population scenarios 
explained in Fig. 9. It can be seen that the higher population 
leads to a higher demand, causing a higher extraction and a 
faster depletion of the extractable resources. Under the UN 
population scenario, cobalt extraction runs out in 2230, the 

Fig. 15  a How the price-adjusted demand (a) separates from the 
demand from the market. This is what we defined as soft scarcity. 
From 2360, hard scarcity is visible, when price-adjusted demand 

cannot be fulfilled. b The simulation of the price as compared to the 
observed data. The price shoots up when cobalt runs into hard scar-
city 2360

Fig. 16  a The cumulative amounts cobalt extracted from nickel, copper and PGM, and the total extracted amounts. b The cumulative amount 
supplied, the total amount extracted and the cumulative losses to 2400 AD
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price rises sharply after 2130 and increases both recycling 
degree and mining at sea. The effect is also seen under the 
WORLD6 population scenario, but not in the World3 sce-
nario. It can also be seen how the higher demand under the 
UN and WORLD6 scenarios also drives both land and sea 
resources (Fig. 18c) to exhaustion. In the World3 scenario 

this does not happen until very much later or possibly 
never. Figure  17b shows the price-adapted demand (after 
adjustment for soft scarcity) and the actual supply from the 
market. It can be seen how hard scarcity for cobalt sets in 
under the WORLD6 and UN populations scenario. Hard 
scarcity sets in in 2230 for the UN scenario and in 2360 in 

Fig. 17  a The total extracted amount for the different population sce-
narios explained in the text and in Fig. 9. UN is the United Nations 
population forecast, W6 is the estimate of the WOR 6 model and W3 
is the updated World3 estimate using the model from 1992. b The 

price-adapted demand and the actual supply from the market. c The 
amount cobalt deriving from mining at sea. d The recycling degree 
for the different scenarios

Fig. 18  The diagrams show the price trajectory for cobalt for the different population scenarios, the same diagram but in different scaling
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the WORLD6 scenario, but never in the World3 scenario. 
Figure 17c shows the amount cobalt deriving from mining 
at sea, which is much dependent on a high cobalt market 
price. Figure  18d shows the recycling degree for the dif-
ferent scenarios. The differences between the scenarios are 
driven by differences in price as shown in Fig. 18a, b for 
the different population scenarios, the same diagram but in 
different scaling.

Discussions

Test and Uncertainties

In Fig.  14a we show a tests of the model on the cobalt 
extraction rate to the observed extraction rate (dots in fig-
ure), it gives a correlation of r2 = 0.96. Figure 15b shows 
the modelled price as US dollars per kg value-adjusted 
to 1998 for 1900–2020 as compared to the observed run-
ning current market price and the observed price in US 
dollars per kg value-adjusted to 1998 and the observed 
price in the markets. For the period 1920–1990, we get 
the level in price right (Fig.  15b, r2 = 0.44), but all the 
observed price volatility in the market is not captured by 
the WORLD6 model. The accuracy of the price simula-
tions is quite sensitive to the price-to-market-stock curve 
used, and the observed price curve shown (Fig. 8b) has 
the best performance. The discrepancy between observed 
and modelled price is also caused by difficulties in set-
ting historic demand levels, the short-term variations in 
the demand and uncertainties in the demand–price and 
supply–price feedback functions applied in the cobalt 
model. The reason for this may be the inability to cap-
ture periods of disruption in major producing countries 
a priori as well as the effect or market speculation and 
financial manipulations, which are not included in the 
model at present.

Some readers may react to the runs being run as far 
into the future to 2400. This may seem bold, but it must 
be remembered that in contrast to statistical data driven 
models, causally based models with coupled mass and 
energy balanced become quite well confined for substan-
tial periods of time. This is supported by the fact that the 
same model (WORLD6) has been used to model trajec-
tories from 1850 to the present (165  years) for copper, 
zinc, lead and iron to give examples, and from 1750 to 
the present (265  years) for silver and gold, being able 
to reconstruct the past production and market process 
with good accuracy (Sverdrup et al. 2012a, b, 2014a, b). 
This was accomplished without excessive calibration, 
and these fundamental settings were kept throughout the 
runs (Figs. 8, 10, 11, 12; Table 10).

Output Sensitivity to Population Size, Affecting Demand

We have used the base run of the WORLD6 model for the 
estimates. As an alternative, we used the United Nations 
estimates. They are only based on demographic dynam-
ics, and assume that the resource supply situation is suffi-
cient at all times and will never ever become limiting. In 
the WORLD6 model, food supply as affected by phosphate 
availability, agricultural land development including soil 
erosion and energy availability is considered in the simula-
tion of population dynamics. Cobalt has marginal effect on 
this, but the population has a large effect on cobalt. This 
leads to a very different population dynamics as a result 
of feedbacks from the global mass balances and energy 
balances. Our opinion is that a population model with no 
feedback from energy availability or food availability is not 
very realistic, and probably gives an over-prediction of the 
long-term sustainable population.

Ore Grades and Reserves

Over time, the grades for cobalt have declined in parallel 
with the decline in ore grade of the parent metals nickel, 
copper and PGM (Mudd 2007, 2009a, b, 2010a, b, 2012; 
Mudd et  al. 2013a, b. Sudbury (Canada) and other simi-
lar nickel sulphide ores have today 1–0.5 kg nickel per ton 
rock, the laterite ores have 1–10 kg nickel per ton material, 
the cobalt ore in Katanga, Republic of Congo has a cobalt 
content 2–10  kg cobalt per ton rock. The bulk cobalt ore 
grade have gone down about a factor 3–5 over the last 
40 years, following the declining ore grade of the mother 
metal ores for nickel and copper (Mudd 2007, 2009, 2010a, 
b, 2012; Mudd et  al. 2013a, b). As the mother metal ore 
grades are low in the mother metal deposits, cobalt extrac-
tion indirectly implies a large environmental impact. If the 
cobalt reserves run out, and the metal has been diffusively 
lost, we will simply have no cobalt available when the stock 
in society is gone. The systemic cobalt recycling rate at 
present is far too low to be acceptable from a point of view 
of long-term metal conservation, and it is appropriate to 
consider policy measures to strengthen cobalt conservation 
in society.

Substitution

Substitution is partially possible for some of the applica-
tions of cobalt (Slack et al. 2010). In magnets, several rare 
earths provide alternatives, and the use of cobalt there is 
flexible. Rare earths are more abundant than cobalt, and 
provide a real and good functional substitute. Substitution 
in cutting tools and in pigments is trivial and straight for-
ward, and good alternatives exist.
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In super-alloys, there are not any good functional substi-
tutes for cobalt, and this may become a problem for large-
scale production of high-performance jet turbines. It may 
only partly be replaced by nickel. The platinum group met-
als, niobium or rhenium may in some situations substitute 
for some of the cobalt, but niobium and rhenium are rarer 
in nature than cobalt, and thus the capacity for supplying 
the amounts needed for full substitution are not there. After 
1980, super-alloy recycling increased significantly due to 
technical advances, improving cobalt supply. But further 
improvements are necessary (Alonso et  al. 2007; Alonso 
2010; Sverdrup and Ragnarsdottir 2017).

For chemical catalysts, some of the used cobalt may be 
substituted with platinum and palladium, but with a loss of 
performance and at a significantly higher cost. The plati-
num group metals are very limited in supply when com-
pared to cobalt, and for any need in larger volumes, they 
will be totally insufficient. For some uses there is no func-
tioning replacement for cobalt, but some work-around strat-
egies is possible.

In lithium battery technology, cobalt plays an important 
role for battery durability, number of battery recharging 
cycles and stability of the storage capacity with time. The 
substitutes manganese, nickel or rare earths have inferior 
function, leading to heavier batteries. The use of cobalt in 
battery technology requires weight amounts comparable 
to or larger that of lithium and may exceed the available 
cobalt production rate in the near future.

The Need for Dynamic Modelling

It is important to include dynamic market features and feed-
backs in assessment used for policy development. Some 
policies depend on assumptions on market mechanisms 
being able to allocate resources most efficiently, and this 
needs to be modelled with feedbacks involved and tested 
to verify or falsify such assumptions. For those metals we 
have assessed so far (copper, zinc, lead, silver, gold, plati-
num, palladium, cobalt, lithium, iron, aluminium, manga-
nese, chromium, nickel, tantalum, molybdenum, rhenium), 
market mechanisms were inadequate for sustainable man-
agement of the materials, calling for substantial governance 
actions and measures.

Ocean Cobalt Mining

Ocean bed mining of cobalt was included in the model. 
Because of cost constraints, the amounts being mined 
turned out to be insignificant as compared to land-based 
extraction for the period from now to about 2050. The 
model predicts that ocean mining will become significant 
when significant price increases will make extraction pay-
able (Figs. 17, 18). However, because of the high costs and 

low profit potential as compared to recycling, the amounts 
never become really significant until after 2050 for any of 
the scenarios. For the higher population pressures under 
WORLD6 and UN population estimates, sea mining can 
become significant and even run those resources to exhaus-
tion. No technology exists for doing subsea mining on a 
large scale at present, what exist are proposals and early 
prototypes (Beckmann 2007; Allsopp et  al. 2013). The 
long term environmental challenges have so far no solution 
(Herzing and Hannington 1995; Beckmann 2007; Zhou 
2007; Clark et  al. 2010, 2013; Allsopp et  al. 2013, Mudd 
et  al. 2013b; Smith and Heydon 2013; Schmidt 2015; 
Tainter 1990). Large technological and environmental 
obstacles must be overcome for the ocean seabed alterative 
to become realistic (Beckmann 2007). The cobalt crusts are 
located from 800 m depth to 3500 m depth in the oceans, 
and associated manganese nodules are normally from 1000 
to 5000  m depth, and it is not going to be an easy task 
to get them up to the surface (Clarke et  al. 2010, 2013c; 
Clarke and Smith 2013a, b; Allsopp et al. 2013). The work 
will require advanced robotics and is likely to incur sub-
stantial cost that can only be carried out at a price signifi-
cantly higher than the present market price.

The Next Step in Model Development

The next steps are possible, because the COBALT sub-
model is integrated in the WORLD6 model. By running it 
in conjunction with the LITHIUM submodel in WORLD6, 
we can take into account demand from lithium-based bat-
tery technology. Inside the WORLD6 model are modules 
handling the metals that go into making super-alloys for 
high-performance turbines, air superiority jet fighter high-
performance engines and rocket engines (nickel, cobalt, 
niobium, molybdenum, rhenium, tantalum, hafnium and 
PGM). This allows assessment of any scarcity issues for 
these types of products.

The Issue of Population

Throughout the internal market dynamics inside the 
WORLD6 model, the size of the population is very impor-
tant. Demand is composed of use per capita, the efficiency 
of use and the number of consumers. The number of con-
sumers is another name for the global population size. 
Thus, the issue of population cannot be ignored. We have 
adopted three population scenarios, the UN forecast, the 
WORLD6 estimation and the Word3 estimation from 1972. 
We think the World3 1972 estimation is somewhat too low, 
and we think the UN estimate is a naïve estimate ignoring 
all feedbacks from resources like energy, land and phos-
phorus. Our own opinion is based on what we consider to 
be the best available estimate according to present scientific 
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knowledge, considering world systems feedbacks, as done 
with WORLD6.

Conclusion

The present use of cobalt shows a low degree of recy-
cling and systemic losses are significant. The extract-
able resources of cobalt are not very large, about 32 mil-
lion ton extractable from land-based resources and about 
34 million to from ocean seabed resources, a maximum of 
about 66 million ton. Some time after 2200, the supply of 
cobalt will have run out under a business-as-usual scenario, 
depending on the population scenario adopted. Too much 
cobalt is lost if only market mechanisms are expected to 
improve recycling, and unnecessary cobalt is wasted if no 
policy actions are taken. We can conclude that the market 
mechanisms alone do neither have the goal nor the compe-
tence to make cobalt use sustainable without governmental 
interventions and regulations. A science-based solution-
oriented policy is needed to correct the situation before it is 
too late and too much cobalt has been lost. Failure to take 
this message in will risk that society one day will be with-
out cobalt. To conserve cobalt and allow it to be available 
for coming generations, present policies must be changed 
and the large observed losses mitigated within the next 
decades.
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