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A B S T R A C T   

Transitioning to a decarbonized and circular economy is paramount for climate change mitigation and sus-
tainable development. In this paper we assess the global production trends of cobalt, an energy-transition metal 
(ETM), and its supply sustainability. Accurate production forecasting of ETMs is essential to understand the 
dynamics of energy supply security and adequately plan for a change from fossil fuel energy to renewable energy 
production. Evaluations of market concentrations demonstrate that cobalt is a high-risk market characterized by 
production fluctuations and supply-chain complexities. We forecast the cobalt production using several methods. 
Results from both of the Auto Regressive Integrated Moving Average (ARIMA) and Holt’s methods show a linear 
increase in world cobalt production for the short term, while a Hubbert model predicts a world production 
decline beginning in the late 2010s. These predictions, coupled with geopolitical, socio-environmental, and 
techno-economic influences on the market, reinforce the concern regarding cobalt supply sustainability. 
Although alternative avenues for sourcing cobalt, such as secondary urban mining and stockpiling exist, they are 
unlikely to become major suppliers in the short term, which highlights the need to accurately forecast primary 
production. Increasing interests in critical raw materials (CRMs) in policy spheres also heightens the necessity to 
anticipate the future of cobalt supply as governmental entities acknowledge the imbalance of CRMs in inter-
national trade. Well-researched and well-designed policies, that incorporate environmental sustainability and 
non-discriminatory economic growth, can facilitate an equitable shift to a greener and more circular economy. At 
the forefront of this shift should be ethical environmental and resource governance that recognizes the in-
equalities in socio-economic development and energy-transition, and mandates for a just transition towards a low 
carbon future.   

1. Introduction 

The overall trend in the supply of raw materials has been a societal 
cultural shift towards supply-chain robustness, localized sufficiency, 
mediating geopolitical tension and increasing supply sustainability 
(Overland, 2019). The long-term supply of raw materials has never been 
certain and periodically, supply issues rekindle, especially as the ques-
tion of raw material sustainability is exacerbated by an increasing 
human population and development demands (Calvo et al., 2017). The 
COVID-19 pandemic has highlighted the vulnerability of a global supply 
and demand system that is optimized for supply-chain efficiency instead 

of resiliency and redundancy. This pandemic is the latest signal in a 
decade-long trend that has led policy makers and academics to examine 
the supply of raw materials. 

Strategic or critical raw materials (CRMs) were initially developed in 
response to national security concerns through the Strategic Materials 
Act of 1939, which enabled the United States of America to establish a 
strategic materials stockpile (Humphries, 2019). The sustainability of 
raw materials has been under consideration since its modern definition 
that was created in 1987 (World Commission on Environment and 
Development, 1987). CRMs are gaining popularity in the policy sphere 
as various governmental entities realise that the international trade is 
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becoming increasingly unbalanced, fragile and important for geopoli-
tics, and correspondingly, have taken steps to define assessment 
frameworks and produce periodically updated lists (e.g., European 
Commission, 2011, 2014, 2017 and 2020; Overland, 2019; Humphries, 
2019). CRMs are non-substitutable raw materials in the present context, 
in which most consumer countries are dependent on imports, and whose 
supply is dominated by one or a few producers (National Research 
Council, 2008; Overland, 2019). Aside from their usage in many sectors, 
CRMs play a pivotal contribution to socio-economic development within 
the contemporary transition to a circular green economy (Mathieux 
et al., 2017) and the need to enhance the circularity of materials in 
response to climate change and finite resource depletion (Elshkaki et al., 
2016; Ali et al., 2017; Hofmann et al., 2018). All energy-transition 
metals (ETMs), many of which are CRMs, are anticipated to face mar-
ket pressures due to the intensification of the production of low-carbon 
technologies (Church and Crawford, 2018; Lèbre et al., 2020). 

Although potential pre- and post-consumer recycling is increasing in 
efficiency (United Nations Environment Programme et al., 2009), the 
latency of supply-chain responses to the anticipated unpredictable 
supply risk may create undesirable dynamics in the complex supply and 
demand system. For instance, mitigations such as new resources through 
urban mining, research and development of substitutes in various ap-
plications, or stockpiling during overproduction periods (Campbell, 
2020) may occur asynchronously with market demand. Factors such as a 
low recycling rate and overall low availability of minerals to recycle (Ali 
et al., 2017) over the next two to three decades may cause supply 
challenges with critical metals, especially with by-product metals such 
as cobalt. Availability of ETMs will require production forecasting to 
understand and adequately plan for energy supply security and sourcing 
from alternative avenues. Developing and implementing green energy 
policies for economic growth and sustainable development is reliant on 
recognizing the importance of, and acting on environmental, social and 
governance (ESG) factors within the mineral industry, adopting rigorous 
environmental governance to align with climate change action (Lèbre 
et al., 2019) and complying with Sustainable Development Goals (SDGs) 
obligations. 

Cobalt is a CRM often extracted as a by-product mineral in the pri-
mary production of copper and nickel (Achzet and Helbig, 2013). It is 
also an ETM and is an element found in rechargeable batteries, espe-
cially cobalt-bearing lithium batteries (DeCarlo and Matthews, 2019), 
which are used in energy storage units, power tools, hybrid and electric 
vehicles – technologies that promote the implementation of sustainable 
energy applications and the advancement of information and technol-
ogy (ICT) (Hofmann et al., 2018). 

Recent evaluations the of market concentrations of critical metals 
suggest that cobalt is a high-risk market prone to international supply 
shortages (Shedd et al., 2017; European Commission, 2020). Most of the 
world’s cobalt supply are found in the Democratic Republic of Congo 
(DRC), Central African Copperbelt. The World Bank (2007) estimated 
that 3.6 million tons of cobalt is hosted within the Central African 
Copperbelt, mostly within the Katanga province of the DRC. The DRC 
thus possesses approximately 34% of the world’s cobalt resources and 
currently produces ~60% of the world’s cobalt supply (Crundwell et al., 
2011; Sovacool, 2019). The remaining production percentage is from a 
number of countries with magmatic nickel-suphide and nickel-cobalt 
laterite deposits. However, since the 1970s, the cobalt market has 
been riddled with supply shortages. The extent of adjustment in pro-
duction is dependent on the responsiveness of demand and supply to 
price changes (Campbell, 2020), which, for the cobalt market is pri-
marily influenced by China. The global cobalt demand jumped from 65, 
000 tons in 2011 to more than 90,000 tons per year in 2015, with China 
remaining the largest consumer. Furthermore, China is expected to 
remain the largest cobalt consumer with its consumption share expected 
to increase from ~20% in 2007 to 35% by 2060 (Tisserant and Pauliuk, 
2016). Such an economic leverage in the global market resulted in the 
exploitation of the DRC by foreign firms. Agreements between Chinese 

and Congolese firms have been criticized for unequal exchange and 
enable China to buy cobalt at prices below prevailing spot price (Sova-
cool, 2019). From the US$21.5 billion accumulated from mine produc-
tion controlled by Chinese investors outside of China, copper and cobalt 
contributed US$8 billion, making these two the most valuable metals 
(Ericsson et al., 2020). Such trade relationships effectively disadvantage 
developing economies as it limits these countries to solely being primary 
raw material suppliers to global markets. This not only limits potential 
financial profits but also deters mining revenues from being reinvested 
into the local economy which would contribute to the development from 
a primary to a quaternary economy (Sovacool, 2019). The relationship 
between Chinese firms, local Congolese firms, and the State needs to be 
better documented as China controls 60% of the DRC’s cobalt produc-
tion is held by private holding meaning they do not compy with stock-
market regulations companies (Mayhook, 2019; Ericsson et al., 2020). 
Ericsson et al. (2020) point out that although Chinese companies pro-
vide sufficient production information, this information could be sus-
picious when considering that the majority of production is controlled 
by Chinese interests. At the 2008 Sino-Congolese Convention, a million 
dollar mining investment was made to the DRC. The investment was 
unfortunately governed by conventions instead of contracts, which 
enabled Chinese companies to modify supply chains to benefit their 
interests (Putzel and Kabuyaya, 2011; Sovacool, 2019). 

Despite this, the use of cobalt is sharply rising, as, for example, cobalt 
in transportation alone increased 89% from the first half of 2018 
(~3800 metric tonnes) when compared to the same period in 2019 
(7200 metric tonnes) (Adamas Intelligence, 2019). It is unclear if the 
supply of cobalt can sustain such demands in the future, and what 
mitigations are appropriate, as cobalt supply is affected by a range of 
economic, geopolitical, environmental sustainability and technological 
factors (Wilburn, 2012; Sykes et al., 2016). 

Consistent with other ETMs, cobalt supply vulnerability can be 
reduced through urban mining and substitution (Sykes et al., 2016; 
Ghorbani et al., 2021). Whether or not these approaches would address 
potential cobalt supply-gaps depends on the exact market and political 
conditions, and hence forecasting the supply of cobalt is key to under-
standing the practicality of any secondary sources being used to 
augment the primary cobalt supply. In general, mitigating potential 
supply-chain disruptions, to ensure cobalt supply sustainability for 
viable development, requires both resource and environmental gover-
nance, which relies on accurate forecasts (Ali et al., 2017). In particular, 
accurate forecasting enables informed investment planning decisions 
and green energy policies for a low-carbon future and climate change 
mitigation strategies (Berk and Ediger, 2016). 

In this study, we examine the supply of cobalt by means of short- and 
long-term forecasts for the world using, the most reliable production 
data available from the British Geological Survey (BGS) of 14 countries1 

(Australia, Botswana, Brazil, Canada, China, Cuba, DRC, Finland, 
Morocco, New Caledonia, Russia, South Africa, Zambia and Zimbabwe) 
for the period 1998–2020. The study compres production from the 
SADC, MERCOSUR, BRICS, and Europian Union (EU) trade blocs.2 We 
employ three approaches to model forecasts, the: (1) autoregressive 
integrated moving average (ARIMA); (2) Holt’s method; and (3) 
Hubbert-type single-peak parametric model for long-term forecasts. In 
addition to forecasting, we also explore the underlying ESG factors that 
underlie production challenges. Despite the varying objective accuracy 
of three types of forecasts, the general trends reflected by the forecasts 

1 Cobalt producing countries exceed 14, however, the selected countries 
provided the most consistent and reliable data throughout the analysis period. 
Years before the 1998–2020 analysis period contain data discrepancies.  

2 Botswana, the DRC, South Africa, Zambia, Zimbabwe represent the SADC 
trade, Brazil, Cuba, Morocco represent the MERCOSUR trade bloc, China and 
Russia are selected for BRICS, and Australia, Canada, Finland, and New Cale-
donia represent trade from the EU. 
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are useful for scenario planning and policymaking as decadal behaviour 
is more relevant than monthly or yearly variability. 

2. Review of cobalt supply, demand, and socio-environmental 
impacts 

2.1. Definition and significance of critical raw materials 

The definition of CRMs has changed over time since its introduction 
in literature in the 2000s. A commonality to CRM definitions is that 
deposits hosting these materials are quantitatively limited with an un-
even geographical distribution (Hofmann et al., 2018) and unlike fossil 
fuel materials, they can be recycled. In the EU definition, criticality is 
dependent on supply risk and economic importance (Fig. 1) (Lusty and 
Gunn, 2015; Blengini et al., 2017; European Commission, 2020). As of 
2018, upon recognizing the risk of potential supply of metals vital for 
economic and social security, the United States released a list of 35 
critical raw materials,3 which includes cobalt (Humphries, 2019). 

The supply of CRMs can also be limited due to political instability, 
which discourages mining policies, restricts trade, deters foreign in-
vestment, and reduces governance capacity. (UNEP, 2007; Tisserant and 
Pauliuk, 2016). Specifically, the relevance in research, science, and 
engineering (Graedel and Beck, 2016), especially with the increased 
action towards implementing greener and cleaner technologies, con-
tributes to the designation of criticality for raw materials (Hofmann 
et al., 2018). Graedel and Beck (2016) explained that the criticality 
approach4 extends further from mineral resource availability into the 
resource supply chain. This approach incorporates macro-scale supply 
and demand dynamics. 

2.2. Theoretical background of world cobalt resources and reserves 

Supply shortages and crises are characteristic of the cobalt market 
(Campbell, 2020). When assessing possible supply potential, a geo-
potential can be ascertained through geophysical and geological inter-
pretation with the aid of modern exploration methods. From this, 
reserves – the total resources that are economic to extract given the 
available technology and energy, as well as environmentally and so-
cially acceptable conditions (Scholz and Wellmer, 2013) – can be esti-
mated. These estimations are classified as probable or proven with 
increasing geoscientific knowledge and confidence, as well as the 
application of modifying factors from the initial resource determination 
(CRIRSCO, 2019). Resources exhibit economic uncertainty but have 
prospects for economic extraction (Ali et al., 2017; CRIRSCO, 2019). 

The world’s terrestrial reserves of cobalt are estimated at approxi-
mately 25 million metric tonnes, with a majority of these resources 
located in sediment-hosted stratiform copper deposits in the Democratic 
Republic of Congo (DRC) and Zambia; magmatic nickel-copper sulphide 
deposits hosted in mafic and ultramafic rocks in Australia, Canada, 
Russia, and the United States; and nickel-bearing laterite deposits in 
Australia (Selley et al., 2018; Twite et al., 2019; United States Geological 
Survey, 2020; Horn et al., 2021). The inferred amount of cobalt within 
each deposit type is 6%, 23% and 15%, respectively. The respective 
average grade of the deposit types is 0.1–0.4%, 0.1%, and 0.05–0.15% as 
Co2+ (Hitzman et al., 2017; Slack et al., 2017; Cobalt Institute, 2021). 
Fig. 2 provides a visual geographic distriution of the most prominent 

deposit types for cobalt extraction. 0.2–0.25 wt% amount of cobalt is 
present in manganese nodules with primary concentration occurring in 
the Clarion Clipperton Zone (United States Geological Survey, 2020). 

2.3. World cobalt demand and supply 

The importance of a mineral’s supply is determined by its economic 
importance and its supply potential based on metallurgical, environ-
mental, geopolitical and social factors (Rosyid and Adachi, 2016; Sykes 
et al., 2016; Hofmann et al., 2018). Krishnamurthy and Gupta (2015) 
constrained the geological influences of supply potential into ‘discovery’ 
and ‘supply’. Discovery accounts for the relative crustal abundance and 
chance for a mineral of interest to concentrate into a distinct deposit. 
However, ‘supply’ refers to the ease of extraction of the ore from the 
ground (mine), and the ease of extraction of the mineral from the ore 
(process) – factors that control the potential of supplying the mineral to 
the market (Krishnamurthy and Gupta, 2015; Sykes et al., 2016). In the 
chain model of the supply-side of resources, the slowest step is the 
rate-limiting factor, or a bottleneck in the supply chain. Although 
resource availability is affected by numerous considerations (Lusty and 
Gunn, 2015; Sykes et al., 2016), the supply of CRMs is largely driven by 
geographical concentration of production (Lusty and Gunn, 2015) at 
both country and company scales (Shedd et al., 2017). The geographic 
concentration of production affects criticality in the form of: trade 
barriers and agreements; access to systematic supply chain approach; 
import dependency and raw materials supply; and raw material recy-
cling and efficiency (Blengini et al., 2017). Any of these factors can 
potentially become a rate-limiting factor. 

Increasing global demand for minerals is perpetuated by resource 
consumption associated with population growth, together with a pro-
gressively diverse range of applications in new technologies (Lusty and 
Gunn, 2015; Nurmi, 2017) and climate change mitigation through 
decarbonization of economies (Lèbre et al., 2019). World demand and 
supply patterns will likely change globally as the countries from the 
SADC, MERCOSUR and BRICS regions undergo intensive industrializa-
tion (UNEP, 2013; Haraguchi et al., 2017), while the EU countries 
incorporate more modern, metal-intensive technologies that are key for 
a transition to green technologies (UNEP, 2013; Rissman et al., 2020). As 
the consumption of resources increases in alignment to changes in the 
global economic and the political landscape, the supply-demand im-
balances of raw materials could worsen, which may lead to price vola-
tility and create precarious market strategies for the technological 
industry (Hofmann et al., 2018). The domino effect of this could even-
tually pose uncertainties for the transition to a low-carbon future 
through clean technologies that are heavily reliant on CRMs. 

For cobalt, the supply-demand balance is strongly influenced by 
world production (United States Geological Survey, 2020) from 14 
countries. Since 1970s, the cobalt market has been riddled with supply 
shortages relative to demand (Campbell, 2020). Growing concern has 
arisen because of the increasing demand for cobalt in rechargeable 
lithium-ion batteries, which are ubiquitous in modern consumer prod-
ucts (DeCarlo and Matthews, 2019). A forecast by Statista (2021) pre-
dicts that the global demand for cobalt for use in batteries will amount to 
117,000 metric tonnes in 2025. The way cobalt market adjustments play 
out in response to increased demand will determine whether produc-
tion, and subsequently, supply, is able to fulfill demand and address 
supply risk challenges. Supply risk challenges for cobalt is a legitimate 
concern, especially with the occurrence of an earlier ‘Cobalt crisis’. In 
1978, a cobalt crisis arose due to Gecamines unilateral decreasing pro-
duction in order to artificially raise prices (Alonso et al., 2007; Camp-
bell, 2020). The cobalt crisis exhibited a similar production situation as 
the 2000s with the DRC dominating production (Alonso et al., 2007). 
The 1978 cobalt crisis (Alonso et al., 2007) signified a concern for cobalt 
availability during mine ownership under Gecamines in the DRC 
(Campbell, 2020). This crisis unfolded through significant supply cut-off 
and a vast price pike as Gecamines was the sole setter of producer prices 

3 Aluminium, antimony, arsenic, barite, beryllium, bismuth, caesium, chro-
mium, cobalt, fluorspar, gallium, germanium, graphite, hafnium, helium, in-
dium, lithium, magnesium (composite), niobium, PGMs, potash, rubidium, 
scandium, tantalum, tellurium, tin, titanium (concentrate), tungsten, uranium, 
vanadium, and zirconium.  

4 Refers to approaches to deal with declining ore grades and subsequent 
technological challenges faced when extracting minerals in extreme 
environments. 
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Fig. 1. Critical versus non-critical classification of mineral resources based on supply risk-economic importance relationship (data from European Commis-
sion, 2020). 

Fig. 2. Geographic distribution for cobalt resources in sediment-hosted copper-cobalt deposits, nickel-cobalt deposits, and magmatic sulphide deposits.  

N.R. Rachidi et al.                                                                                                                                                                                                                              



Resources Policy 74 (2021) 102423

5

(Campbell, 2020). During this period, the United States of America was 
the biggest consumer and used cobalt as an alloying component, spe-
cifically as a superalloy in the aviation industry for aircraft 
manufacturing (Evans and East Hartford, 1981). 

The supply risk of 1978 occurred with an even distribution of cobalt 
consumption for end uses (Campbell, 2020). A significant risk for supply 
sustainability exists given the implications of the by-product nature of 
cobalt’s primary production being dependent on that of copper and 
nickel as a function of price (Shedd et al., 2017; Campbell, 2020). When 
cobalt’s consumption rate is higher than copper and nickel, supply risk 
could be a concern (Shedd et al., 2017). 

2.4. Constraints in global transition to renewable resources 

We have highlighted the importance of climate change mitigation 
through decarbonized economies; however, we cannot be naïve to the 
potential constraints in the global transition to renewable energy. 
Graedel and Beck’s (2016) methodology encompasses geological avail-
ability, accessibility and criticality. Criticality becomes relevant in the 
discourse around climate change, which leads to the restructuring of the 
mineral resource landscape. The three-dimensional methodology de-
fines metal criticality on the basis of: 1) supply risk (likelihood to supply 
chain disruption), 2) vulnerability to supply restrictions (severity of 
consequences on societal needs due to disruption), and 3) environmental 
impacts (environmental impacts in metal supply chains). Similar 
methods are used throughout the world, for example, in the EU’s 
assessment methodology, supply risk and economic importance are used 
and there is currently no explicit environmental impact dimension 
(European Commission, 2020). Therefore, any transition to renewable 
resources necessitates active planning from the international commu-
nity considering the dependence on CRMs (Ali et al., 2017) and ETMs. 

Outside of the physical factors that present constraints in the global 
transition to renewable resources, from an economic perspective, the 
political will to fully and equitably participate in climate change miti-
gation is not always demonstrated. As renewable energy sources receive 
six times less in subsidies than fossil fuel on a global scale (Hostettler, 
2015), the commercialization of renewable energy production, espe-
cially in countries heavily dependent on fossil fuel energy production, 
remains a challenge. The impediments to the commercialization of 
renewable energy are often technical, financial, and market related 
(Kochtcheeva, 2016; Kariuki, 2018). Successful deployment of renew-
able technologies is dependent on the capacity to construct, maintain 
and monitor energy infrastructure, which requires skilled technical 
professionals, manufacturing capacity, and policy support at national 
and global levels (MacLeod and Rosei, 2015; Kochtcheeva, 2016). 
Deploying renewable energy also faces socio-cultural, ecological and 
policy barriers (Kochtcheeva, 2016). Renewable energy policy imple-
mentation is the underpinning driver for a greener and circular economy 
and the relationships between economic development, socio-economic 
structure, and environmental protection of national development 
plans will determine the choice in policy implementation (Thiam, 2011; 
Berg, 2013; Kochtcheeva, 2016). The extent to which renewable energy 
is incorporated into a country’s developmental strategy will influence its 
contribution to global climate change mitigation. Managing 
socio-environmental risks that accompany extraction should also be a 
priority in addressing climate change (Lèbre et al., 2020). A just tran-
sition towards a low-carbon future must be cognizant of, and plan for, 
the increased vulnerability of developing countries to environmental 
consequences of ETM extraction. 

2.5. Sustainable extraction of mineral resources and recyclability 

High-tech extractive metallurgy and mineral processing are essential 
for supplying CRMs for modern society (Ghorbani, 2018; Ghorbani 
et al., 2021). Given that most high-tech metals and CRMs are extracted 
as by-products, extraction from secondary sources is essential (Ali et al., 

2017; Ghorbani, 2018; Ghorbani et al., 2021). Hence, technological 
advancements could facilitate improved extraction and processing effi-
ciency. These actions align with a sustainable supply of raw materials for 
a greener economy. Enhanced circularity of CRMs and increased 
extraction and processing are approaches towards sustainability 
(Overland et al., 2019). In the context of cobalt, enhancing not only the 
current extraction/processing efficiency, but promoting increased 
recyclability, follows the United Nations (UN) Sustainable Development 
Goals (UN, 2020) that are applicable to CRMs. Affordable and clean 
energy, decent work and economic growth, innovation and infrastruc-
ture, sustainable cities and communities, responsible consumption and 
production, climate action, are Sustainable Development Goals (SDG: 7, 
8, 9, 11, 12, and 13) that depend on sustainable extraction and subse-
quent implementation of renewable energies through CRMs (Ghorbani, 
2018; Ghorbani et al., 2021). As high-tech minerals are indispensable for 
incorporating clean technologies while promoting a circular economy, 
urban mines have turned into potential reservoirs for secondary 
high-tech metal recovery and an avenue for developing pioneering 
technologies with optimized extraction (Zuo et al., 2019). The devel-
opment of renewable energy sources using CRMs requires a sufficient 
supply of materials of interest. Secondary production methods are, 
therefore, essential to aid in supply sustainability (Ali et al., 2017). 
Mapping out a process that will result in maximum extraction and 
maximum use of resources, and mineral inventories that use the recy-
cling potential of metals can enhance production and increase the 
recyclability of metals (Ali et al., 2017). The EU’s European Raw Ma-
terials Alliance (ERMA, 2020) is an example of an initiative aimed at 
ensuring economic resilience through the diversification of a raw ma-
terial supply chain. Similarly, the Australian Critical Minerals Mapping 
Initiative’s (CMMI, 2021) objective is to increase the reliability of crit-
ical metals supply through improving national geological knowledge. 
Such a product-focus approach requires international standards for 
recyclability to ensure that recycling efficiency is enhanced as well as 
strengthening the relationship between public and private sectors in 
order to maximize on the recycling potential and create credible maps 
and inventories of CRMs (Ali et al., 2017). 

2.6. Environmental, social and governance (ESG) risks in mineral 
extraction industries 

As consumer demand continues to rise amidst population growth, 
increasing levels of human development, and decarbonization, the ESG 
risks are also increasingly becoming a concern to the mineral extractive 
industries that take a progressive stance on developmental changes in 
society (Lèbre et al., 2019). ESG indicators are a combination of Graedel 
and Beck’s (2016) methodology on criticality. Since the generation of 
renewable energy technologies and the creation of energy storage sys-
tems require a higher metal content than its fossil fuel counterparts 
(UNEP, 2013; Lèbre et al., 2019), ESG indicators are crucial for safe-
guarding against mining-related socio-environmental risks. ESG factors 
are becoming more acknowledged in investor communities due to the 
financial consequences related to ESG failures (Lèbre et al., 2019). 
However, it is important to reiterate that financial motives should not be 
the only motivating principle in changing the dynamics within the 
mineral extractives industry. Findings by Lèbre et al. (2020) show that 
cobalt is an energy transition metal, in which 70% of its resources are in 
high-risk contexts thus reflecting six or more ESG risks (Fig. 3). 
Furthermore, 90% of cobalt resources are within high social and 
governance risks (Lèbre et al., 2020). Managing the drawbacks that 
coincide with ETM socio-environmental risks rests at the core of a 
transition to a low-carbon society that respects human rights and safe-
guards the environment (Lèbre et al., 2019, 2020). 

The Cobalt Industry Responsible Assessment Framework (CIRAF) 
provides an ethical and sustainable risk assessment framework for 
cobalt-producing countries and encourages responsible sourcing of 
minerals (Cobalt Institute, 2019). The framework encompassess four 
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risk categories, namely:  

1. Environmental  
2. Occupational health and safety  
3. Human rights  
4. Community 

Issues regarding the formalization of artisinal small-scale mining 
(ASM) and paradoxes within the transition to a low carbon economy 
create challenges to these risk categories. Although the DRC stands at 
the forefront of cobalt production, these issues may be ubiquitous within 
the country but are certainly not unique to it. How environmental, 
health and safety, human rights, and community issues are addressed 
within the broader cobalt mining industry demonstrates similarities and 
differences of mineral resource governance of cobalt-producing 
countries. 

The formalization of ASM in the DRC created three types of mineral 
rights regimes, namely the: (1) corporate component, as well as the: (2) 
‘authorized’, and: (3) ‘unauthorized’ systems for artisanal extraction 
(Katz-Lavigne, 2019). All three regimes have differing mineral rights as 
well as differences in the way mining operations are carried out. The 
corporate component regime is defined as a mining operation system 
that maintains minimal engagement with artisanal miners. It describes 
the categories in which mining companies classify and therefore enforce 
their claims to minerals by deterring unwarranted incursions. The 
‘authorized’ artisanal extraction regime is an exceptionally organised 
system, in which resource extraction from large-scale mining (LSM) sites 
occurs without incorporated companies’ permission. This mineral rights 
regime is largely influenced by the DRC’s central administration, custom 
authorities and local elites, as well as local and global NGOs. ‘Autho-
rized’ artisanal extraction rather reflects of the ability for stakeholders 
to exercise various forms of power to legitimise mining operations. 
Despite the seemingly inclusionary nature of the system, the Congolese 
government uses LSM investment as an instrument to further exercise 
control. Conversely, ‘unauthorized’ artisanal extraction is characterized 
by a resistance to corporate strategies (Mwangi, 2007). Miners’ access 
onto LSM sites is gained through circumventing authorization proced-
ures for reasons that include cost of access as well as restriction on length 

and frequency of time permitted on sites (Katz-Lavigne, 2019). A 
comparative analysis of the operating systems shows that the ‘autho-
rized’ and ‘unauthorized’ artisanal extraction mineral regimes operate 
in opposition to the corporate component. Furthermore, the corporate 
and ‘authorised’ artisanal extraction regimes often clash. The plurality 
of these mineral rights regimes exposes the complexities of LSM versus 
ASM mining in the DRC with regards to ownership, legalities and 
operating systems. This plurality of regimes illustrates that the formal-
ization of ASM is necessary. That is, the integration of artisanal miners 
into a formalized mining system helps diffuse the rigidity of the mineral 
rights regimes, creating more cohesion between LSM and ASM, thus 
ensuring a more sustainable supply of cobalt. 

The quest to secure a stable supply of cobalt while maximizing 
reputational benefits has prompted multinational corporations to in-
crease their efforts in formalizing the artisanal mining sector (Calvão 
et al., 2021). These actions are, however, met by governance issues 
related to the prominence of economic and institutional barriers of 
legalization (Machonachie and Hilson, 2011), combined with social and 
ethical concerns such as miners’ exploitation, marginalization and 
vulnerability (Sovacool, 2019). The first attempts at legalizing the ASM 
sector in the DRC occurred in 1982 under President Mobutu Sese Seko’s 
term under Law No. 82/039. This attempt followed the decline in pro-
ductive capability of Gecamines (Calvão et al., 2021). Present day efforts 
to formalize ASM are corporate-led, in which LSM operators deploy an 
artisanal workforce in their operations (Calvão et al., 2021). Although 
corporate-led formalizations seem progressive, relying on private 
multinational mining companies to achieve harmonization between the 
LSM and ASM sectors creates a number of issues (Calvão et al., 2021). 
One of these issues is the corporate outsourcing of responsibility, or 
externalities. This outsourcing refers to a shift of responsibility and risks 
from companies onto wageless workers, who are paid based on pro-
duction output without a base salary or social protection mechanisms 
(Calvão et al., 2021). Corporate outsourcing can occur in certain ethical 
systems, where mining corporations embody a managerial ethic of 
detachment (Cross, 2011), thus redirecting tasks to subcontractors or 
day laborers, enabling them to benefit from having a flexible workforce 
without experiencing the costs of reliable waged labour. This then shifts 
the risk of reputational damage and price fluctuations onto wageless 

Fig. 3. Risk profiles and demand projections for nine ETMs. A: Environmental, social and governance indicators ranked from very low to very high. B: Total risk 
scores based on resource tonnage. C: Prediced peak demand expected from low-carbon technologies as a part of current global production (dashed line). D: Estimated 
annual mined ore from predicted demand (modified from Lèbre et al., 2020). 
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artisanal miners (Calvão et al., 2021). In the event of exposure to labour 
violations, this outsourced responsibility also allows for deniability by 
corporations. 

The repercussions of outsourcing responsibility often result in the 
organization of wageless workers into corporate-sponsored cooperatives 
in a bid to become legally recognized. These cooperatives are enabled by 
Congolese law and government mandates. De Haan and Geenen (2016), 
however, contend this notion and assert that cooperatives are in-
stitutions that legalize exploitation. For one, the relationship between 
formal institutions and societal elites has enabled cooperatives to exer-
cise economical and political power over miners. Secondly, cooperatives 
are legally implemented by policy makers, without prior consultation 
with local stakeholders (De Haan and Geenen, 2016). This exploitation 
echoes the lack of power of miners with regards to political represen-
tation and information – a reality that Platteau (2004) referred to as 
‘elite capture’. Katz-Lavigne (2019) stresses that the existence of such a 
conflictual relationship between multinational mining corporations and 
artisanal miners will lead to further challenges in ASM formalization. 

The issue of price fluctuations within the industry is a prominent 
challenge within the context of ASM formalization. Within this context, 
the issue exists due to the precarity of labour regimes that exploit a 
wageless artisanal workforce (Calvão et al., 2021). The number of arti-
sanal miners registered with cooperatives can change dramatically 
depending on the market price of cobalt in addition to challenges 
relating to differential payment systems and labour remuneration 
(Calvão et al., 2021). Protection against market volatility is only partial 
and can translate into financial insecurity. The precariousness of the 
artisanal sector further contributes to challenges regarding safe and 
secure access to mining areas as mining sites are often guarded by police 
or private security. The issue of access to mining sites is exacerbated by 
the ‘permis d’exploitation’ and research permits that limit any legal 
mining opportunities afforded to artisanal miners. In essence, the pro-
cess of ASM formalization is restrictive and can further deny miners the 
freedom in participating fairly in the extraction of resources. 

Another point of concern with the society’s growing dependence of 
CRMs is the paradox of green extractivism which seems to be an un-
avoidable consequence of the energy transition movement. Green 
extractivism is described as being produced by climate change mitiga-
tion processes that transfer the environmental costs of ‘zero-carbon 
lifestyles’ from developed countries to the ecologies of developing 
countries. For cobalt, whose mining origins are rooted in coloniality, 
some question the extent to which local and global mining practices 
perpetuate green extractivism and replicate historical inequalities (Jerez 
et al., 2021). Dunlap (2017) argued that CRM extraction projects mimic 
historical extractivist logic by reinforcing the historically subordinate 
role of developing nations as the producer of raw materials for the green 
economy of developed nations. Jerez et al. (2021) term this interplay 
between the extraction of CRMs and repetition of historical injustices: 
‘the colonial shadow of green electromobility’. Although their argument 
is in reference to lithium, the conversation can be extended to cobalt 
considering the significance of both of these elements in the energy 
transition. Therefore, cobalt mining practices require cognizance of 
historical-structural processes that led to socio-environmental tensions 
(Jerez et al., 2021). 

Green extractivism emphasizes the importance of environmental 
justice within this shift towards a low-carbon economy. The current 
fixation on the measurement of carbon emissions greatly overshadows 
matters of environmental justice (Jeez et al., 2021). This fixation rather 
promotes ‘green recovery’ by concealing the rise of CRM consumption 
and focusing on investments in megaprojects with low ecological cred-
ibility but are presented as low-carbon emitters. Cobalt mining unfor-
tunately perpetuates this idea of green recovery – the extraction of 
cobalt for the implementation of renewable energy is an example of 
these megaprojects. Dunlap (2017) supported this postulation by reit-
erating that megaprojects often leave territories of CRM 
producing-countries socio-environmentally degraded. The extraction of 

CRMs brings about questions regarding injustices of green capitalism5 

and green recovery as climate change mitigation efforts proceed (Jerez 
et al., 2021). Together with governmental and corporate narratives, the 
rising demand for CRMs further perpetuates territorial commoditization 
and generates new forms of green extractivism. 

In accordance with the discourse around green recovery is the 
concept of the ‘decarbonization divide’ which was introduced by 
Sovacool et al. (2020). The term explains a gap in low-carbon transition 
research, in which emphasis is placed on the deployment of clean energy 
technologies but overlooks downstream and/or upstream processes such 
as mining and waste flows. The divide is geographic, environmental, 
developmental and conceptual. The authors argue that it is at the ex-
tremities of upstream and downstream processes where toxic pollution, 
biodiversity loss, worsening of inequalities, subjugation of ethnic mi-
norities, and child labour are involved (Sovacool et al., 2020). Sovacool 
et al. (2020) argued that a decarbonized and digital economy is syn-
onymous with detrimental environmental and social impacts for com-
munities in developing nations. The greenness and cleanness of 
low-carbon technologies is enabled by the pollution endured by devel-
oping countries throughout the mineral extraction process, which re-
produces neo-colonial dependence, degradation of the environment, as 
well as economic inequality (Dunlap, 2017). The decarbonization divide 
is conceptual as the promotion of clean energy production, especially 
considering that developed nations are leading implementers of clean 
technologies, produces inequalities in developing nations (Sovacool 
et al., 2020). Four vulnerabilities within the ‘decarbonization divide’ 
discourse are highlighted by Sovacool et al. (2020). First is the envi-
ronmental and public health vulnerability. Risks associated with cobalt 
mining and e-waste processing are widespread and multifaceted. Mining 
methods utilized by artisanal miners pose a risk to not only themselves 
but to their immediate communities as well. Environmentally speaking, 
these methods contribute to biodiversity loss, deforestation, land 
instability and soil erosion. From a social perspective, the internalization 
of artisanal miners’ subjugation contributes to the unsafe and exploit-
ative nature of the sector (Tilly, 2006). Although the ASM sector is a 
form of employment, the sector prevents families from diversifying their 
income, which remain trapped in cobalt mining, a complex social norm 
that explain the acceptance of mining by communities despite its 
detrimental consequences. Second is the vulnerability associated with 
gender disempowerment and the marginalization of women. Patriarchy 
and gender inequalities subject women to unfair working conditions and 
a lower work status. Moreover, health impacts are gendered with 
women facing specific illnesses, injuries and extreme extortion from 
labour intensive activities (Hinton et al., 2013; Sovacool et al., 2020). 
Third is the vulnerability associated with child labour and exploitation. 
Cobalt mining and e-waste processing rely greatly on child labour. The 
responsibility for children to support themselves or their siblings 
together with the absence of available schooling forces children into 
cobalt mining which exposes them to psychological and sexual abuse 
(Amnesty International, 2016). Thousands of adults and child labourers 
are employed in unregulated operations with non-governmental orga-
nisations (NGOs) raising issues regarding the business ethics of the 

5 “Green Capitalism is not a normative statement—e.g., ecological moderni-
zation should take place or that is would be even ‘‘better’’ than brown capi-
talism—but a hypothesis an emancipatory green-left should consider. The 
struggle is not just between the existing capitalist, imperial, patriarchal, and 
fossilist system at the one hand and an alternative like eco-socialism at the 
other. No, capitalism develops historically and spatially in variants and—this is 
the point—might be able to deal with certain aspects of the ecological crisis like 
resource scarcity. But this dealing will take place in a capitalist, imperial, and 
patriarchal manner, i.e., full of some inclusion and much of exclusion, with 
some attractive and productive and many violent and destructive components, 
spatially and temporally highly selective, with some ‘‘reflexive’’ dimensions to 
deal with nature without fundamentals questioning its domination-shaped and 
destroying tendency of ‘‘modern’’ societal nature relation” (Brand, 117, 2016). 
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mining sector (Amnesty International, 2016). The subjugation of ethnic 
and migrant minorities is outlined as the fourth vulnerability as cobalt 
mining exacerbates ethnic inequalities. Cobalt mining specifically 
within the DRC has long been affected by civil wars, as well as epi-
demics, invasions by foreign armies and ethnic conflicts (Sovacool et al., 
2020). 

Incoming policies within the cobalt mining sector ought to ensure 
that the dissonance between the clean energy production and the asso-
ciated processes of decarbonization as well as the persistent socio- 
environmental repercussions of these processes endured by developing 
countries is addressed. Research and policies on a just transition must 
become more globally aware and minimize transnational inequality 
(Eicke et al., 2019). 

3. Data and methods 

3.1. Types of methods for production forecasts 

Ongoing finite-resource consumption necessitates resource fore-
casting to anticipate the course of its future supply. Forecasting allows 
for strategic planning, such as scenario planning and therefore man-
agement of remaining resources (Nanzad et al., 2017). Forecasting co-
balt production is vital for developing alternative and renewable energy 
policies that attempt to derive more sustainable development and 
minimize climate change. It is possible to examine the future supply and 
demand of cobalt semi-quantitatively through forecasting. In this study, 
we employ the ARIMA, Holt’s and the Hubbert methods for time series 
forecasting on a short-term and long-term basis. Although long-term 
forecasting of complex system behaviour is generally impossible, 
short-term forecasts leveraging the statistical structure of the timeseries 
signal (e.g., through ARIMA and Holt’s method), is possible and 
long-term, qualitative forecasts of the overall trend is possible through 
the Hubbert model, which makes specific assumptions such as the ex-
istence of a single production peak of a resource. The ARIMA and Holt’s 
methods are suitable for production forecasts, as they not only support 
predictions made by the Hubbert model on a short-term basis, but also 
evade the interpretation problems that exist in multivariate models 
(Meyler et al., 1998). They also provide more scope in terms of planning 
and actions required in response to time series observations. Holt’s 
method is simpler than the ARIMA method, but can achieve high ac-
curacy (Goodwin, 2010). The Hubbert model was selected as a 
long-term forecasting technique to assess cobalt supply sustainability 
since logistic curves are statistically sound for modelling cumulative 
mineral production of a particular region (Sorrell and Speirs, 2014). It is 
also an appropriate technique for 1st-order projections for future pro-
duction due to the uncertainty of ultimately recoverable resources 
(Saraiva et al., 2014). The most up-to-date production data of 14 
cobalt-producing countries from Brown et al. (2020) was used. In cases 
where production data for certain countries was unavailable for certain 
years, a linear, nearest-neighbour interpolation-based imputation was 
used. 

3.2. Description and mathematical derivation of the ARIMA, Holt, and 
Hubbert models 

3.2.1. Autoregressive integrated moving average model 
The ARIMA method provides a stable estimation of time-varying 

trends that may or may not exhibit seasonality. The model has been 
used as a tool for mineral production forecasts on a short-term period 
through inspecting differences between reported production values 
instead of actual values (Jadhav et al., 2017). The ARIMA method can 
forecast a single commodity under production, provided that the time 
series signal contains self-similar patterns in time, which continue into 
the future (Mgaya, 2019; Fattah et al., 2018). 

One approach to building an ARIMA model is the Box-Jenkins time 
series approach. The ARIMA model contains parameters p, d, and q, 

wherein p denotes the number of autoregressive terms; d, the number of 
differences; and q, the number of moving averages (Fattah et al., 2018). 
The model comprises three processes as expressed by Fattah et al. (2018) 
and Mgaya (2019): 

a) The autoregressive (AR) process, which uses a 1st-order autore-
gressive model work under the assumption that the dependent var-
iable, yt , given by the equation: 

yt =α1yt− 1 + εt (1)  

is a linear function of the previous values. The parameter, α, represents a 
self-regression coefficient, yt− 1 is a linear combination of previous ob-
servations i.e., lagged dependent variable, and ε, representing an un-
explainable random shock.  

b) An integrated (I) process, which represents the cumulative effect of 
selected processes/activities that may affect the time series behavior. 
Short-term fluctuations have less of an effect on a long-term basis 
(Fattah et al., 2018). From a statistical perspective, a central char-
acteristic is the stationarity of a series of differences. Since integrated 
processes are the prototype of nonstationary series, a differentiation 
of equation (1) assumes that there is a constant difference between 
two successive values of y1, which is expressed as: 

yt = yt− 1 + ε1 (2)  

where the random perturbation, ε1, is a white noise and yt− 1 represents a 
lagged original series.  

c) A moving average (MA) process that includes past and present 
forecast errors (previous observations of white noise processes) 
within the future observation forecasts and is defined by the 
equation: 

yt = εt − θ1εt− 1 (3) 

In which εt and εt− 1 are the forecast and the lagged forecast errors, 
respectively. Equation (3) expresses the number of previous perturba-
tions embedded in the current value. The combination of the three 1st- 
order equations builds a time series model of the original signal, which 
can be used to predict future national cobalt production. 

The Box-Jenkins time series approach for developing an ARIMA 
model is built through three stages, which include model identification, 
parameter estimation, and diagnostic checking steps (Fattah et al., 
2018). This principle, founded on the work of Yule (1926) and Wold 
(1938), was adopted to develop a pragmatic approach to building 
ARIMA models. The main task in identifying a suitable ARIMA model is 
to make use of the data’s autocorrelation properties, which can be 
assessed by the autocorrelation function (ACF) and the partial auto-
correlation function (PACF) (Fattah et al., 2018). ACF is also used to 
assess the stationarity of the data, which measures the change in its 
unconditional joint probability distribution under time translation. This 
is a requirement for ARIMA modelling. Data that is non-stationary may 
generate false relationships (Mgaya, 2019). The ACF is applied to assess 
stationarity, a positive ACF signifying a very slow linear decay pattern, 
meaning that data are nonstationary (Nau, 2014; Mgaya, 2019). 
Non-stationarity is corrected by data differencing, if caused by the mean 
or by model transformation, if caused by variance (Nau, 2014; Mgaya, 
2019). Following this procedure, the initial values for orders of sea-
sonality (number of autoregressive terms, p) and non-seasonality 
(number of moving averages, q) are determined through the PACF 
analysis. These procedures are automated to identify the ARIMA model. 
Once the model is selected, its parameters can be determined through 
the method of least squares (Mgaya, 2019). In practice, the model 
identification and parameter estimation can be automated through a 
grid-search over (p, d, q) coupled with cross-validation by minimizing an 
objective function that gauges the model’s fit with the data. 
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3.2.2. Holt’s model 

3.2.2.1. Holt’s linear trend methods. Holt’s exponential smoothing 
methods are a class of forecasting methods aimed at forecasting future 
values of a time series using its past values in a series of equally spaced 
observations (Yapar et al., 2018). Forecasts of the future are weighted 
averages of past observations, with the weights decreasing exponentially 
as the observations get older. Holt extended the simple exponential 
smoothing with a trend to allow for forecasting time series with a trend. 
The trend is classified as additive or linear if the seasonal effect is not 
dependent on the current mean level of the time series, i.e., if no fluc-
tuation along mean values (Koehler et al., 2001; Kays et al., 2018). The 
forecast (X̂t(h)) is a sum of the level (St) and projected growth or trend 
(Tt) expressed as: 

St =αXt + (1 − α)(St− 1 + Tt− 1) (4)  

Tt = β(St − St− 1) + (1 − β)Tt− 1 (5)  

X̂ t(h)= St + hTt (6)  

in which α and β represent smoothing parameters. The starting values 
for trend and level must be stated. These can be selected using tech-
niques such as backcasting, least squares estimation, convenient initial 
values, or a training set (Yapar et al., 2018). Thereafter, the Holt’s linear 
method is modified as followed: 

St =
(p

t

)
Xt +

(t − p
t

)
(St− 1 +Tt− 1) (7)  

Tt =
(q

t

)
(St − St− 1)+

(t − q
t

)
Tt− 1, n≥ p≥ q ≥ 0 (8)  

X̂ t(h)= St + hTt (9) 

Here, p and q denote the two smoothing parameters for estimation. 
However, no values are required for level and trend. By setting St = Xt 

for t ≤ p; Tt = Xt − Xt− 1 for t ≤ q; and T = 1, the problem circumvents 
potential initialisation problems. For q = 0, equation (7)–9 are reduced 
to a modified simple exponential smoothing model (Yapar et al., 2018): 

St =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(p
t

)
Xt +

(t − p
t

)
St− 1, t > p

0

Xt, t ≤ p 

The linear or additive method tends to overestimate future time se-
ries values, as it assumes an indefinite trend into the future (Gardner and 
McKenzie, 1985). Hence, a dampening parameter φ, 0 < φ < 1, can be 
used to reduce the effect of the trend over time, i.e., an additively 
damped trend, which can be written as: 

St =αXt + (1 − a)(St− 1 +φTt− 1) (10)  

Tt = β(St − St− 1) + (1 − β)φTt− 1 (11)  

X̂ t(h)= St +
∑h

i=1
φiTt (12)  

3.2.2.3. Holt’s exponential trend. This method, also known as the Mul-
tiplicative Holt-Winters (MHW) models a time series in which the mean 
values experience seasonal fluctuation (Chatfield and Yar, 1991; Kays 
et al., 2018). The seasonality in the MHW is multiplicative as the fluc-
tuation is attributed to an increase in the size of the variation because of 
an increase in the mean level of the time series (Koehler et al., 2001). 
Forecasts are, therefore, constructed by extrapolating historical patterns 
(Kays et al., 2018). However, challenges arise when deciding initial 
values of the time series parameters (the seasonal index and growth rate) 

and quantifying optimal values of smoothing constraints (Bermúdez, 
2006; Kays et al., 2018). The Holt’s exponential trend can be damped 
using a damping factor, in a manner similar to that of Holt’s additive 
damped-trend method. The MHW for seasonal demand incorporates the 
estimated level defined as: 

St =α
(

Dt

SNt− l

)

+ (1 − α)(St− 1 +Tt− 1) (13) 

Here, Dt is the actual demand for period t, L represents seasonal 
length, and SNt− l denotes the seasonal index for period t − 1. The growth 
rate, Tt, is then defined as follows: 

Tt = β(St − St− 1) + (1 − β)Tt− 1 (14) 

Since seasonal factors are updated at each iteration, seasonal indices, 
SNt and SNt− l are updated respectively for periods t and t − 1 using the 
equation: 

SNt = γ
(

Dt

St

)

+ (1 − γ)SNt− 1 (15) 

Following this, the h-step-ahead of the forecasted demand is defined 
as: 

X̂ t(h)= (St + hTt)(SNt+h− 1) (16)  

3.2.3. Hubbert model 
Hubbert’s forecasting study of oil production in 1956 introduced a 

logistic curve that modelled production peak using historic data (Wang 
et al., 2017; Tilton, 2018). It successfully predicted that oil production 
would reach its peak in the early 1970s (Nanzad et al., 2017). The 
Hubbert model has since then been incorporated into the mineral 
resource industry for production forecasts of exhaustible non-fuel min-
erals (Calvo et al., 2017). These forecasts, influenced by the hypothesis 
of geological constraint, are expressed through a bell-shaped symmet-
rical curve showing annual production reaching a peak when half of the 
known reserves have been produced (Giraud, 2012; Berk and Ediger, 
2018). The Hubbert model in its simplest form is a parametric model 
that assumes a single peak-production behavior for a resource and is 
suitable for 1st-order, qualitative projections (Saraiva et al., 2014; Berk 
and Ediger, 2016; Wang et al., 2017). The Hubbert model makes three 
basic assumptions: (1) a pure logistic curve represents cumulative dis-
covery; (2) a constant mineral exploration effort over time; and (3) a 
constant time lag between discovery and production – hence the dis-
covery rate is derived from a pure logistic curve of cumulative discov-
eries over time (Giraud, 2012; Berk and Ediger, 2016). The Hubbert 
model should be applied with caution in the case of immature regions, 
where production has not passed peak production (Nanzad et al., 2017). 
The Hubbert model is thus applicable to mature mining regions such as 
nickel-cobalt laterite deposits of Cuba, Morroco and New Caledonia. 

Mathematically, the Hubbert model is an example of a symmetric 
single-peak parametric function, whose family includes the Gaussian 
and Laplace functions. In comparison to many single-peak models, the 
Hubbert model exhibits a gentler rise and fall in the pre- and post-peak 
regions that are suited for resource supply forecasting. The Hubbert 
model features a production rate that is zero at zero-time and when the 
resource is exhausted or becomes undesirable for further extraction 
(Calvo et al., 2017; Berk and Ediger, 2016). Since the model is para-
metric, it pre-supposes the behavior of the data and therefore does not 
consider significant temporal changes of economic, technological, and 
political factors in mineral exploration, discovery, and production 
(Wang and Feng, 2016). Hubbert’s curve is defined by three parameters: 
1) the amount of ultimately recoverable reserves (URR), 2) date of 
production peak, and 3) a shape parameter. 

The Hubbert curve represents cumulative production from an ulti-
mately recoverable reserve over time which follows a logistic growth 
curve (Wang et al., 2017): 
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Q=
NR

1 + e− (a(t− tm))
(22)  

P=
a⋅NR⋅ea(t− tm)

1 + e(a(t− tm))2 (23)  

e− (a(t− tm)) =
(NR − Q)

a
(24) 

It is possible to solve for P and P/Q: 

P= aQ −
aQ2

NR
= aQ

(

1 −
Q
NR

)

(25)  

P
Q
= a

(

1 −
Q
NR

)

=

(

a −
aQ
NR

)

= a − mQ (26) 

Here, “P” denotes production; “Q” refers to cumulative production; 
“NR” to recoverable reserves; “tm” to the time of peak production; and 
“m” = a/NR, which represents the production decay rate. The intrinsic 
growth rate, a, is the prediction parameter in the Hubbert model. Based 
on equation (5), “P” increases with an increase in “a”, given that other 
variables remain constant. The time of the peak and width of the Hub-
bert curve is determined by a; the smaller the value, the wider and 
shorter the curve is and the later the peak is reached and vice versa 
(Wang et al., 2017). 

3.3. Validity of ARIMA and Holt forecasts 

The cross-validation technique was used to examine ARIMA and Holt 
production forecast objective accuracy and reliability by comparing 
forecasts made using pre-2010 data with actual post-2010 cobalt pro-
duction data (Fig. 4). Both Morocco and China represent cases where 
ARIMA forecasts are largely reliable to within 95% confidence for pre-
dictions between 2010 and 2019 (Fig. 4A, C), in the sense that the 
forecasted ranges typically encapsulate the actual production data (pre- 
2010 testing set). More specifically, the data for China is predictable 
from 2010 to 2018, and unpredictable from 2018 onwards. This is 
clearly due to the sudden drop in production after 2018, a trend that is 
not exhibited by the data in the training interval (data up to 2010). This 
finding can be extended to forecasts of the world supply after 2020 

(Fig. 9), provided there are no supply and demand interrupters within 
the next 10 years. Therefore, for the world’s supply of cobalt, we expect 
the ARIMA forecast to be relatively accurate, as the 95% confidence 
interval has a high likelihood of covering all reasonable scenarios on the 
supply side. The effect of aggregating the production of various coun-
tries into a single forecast for the world is reliable for two reasons: (1) 
fluctuations in the production of various producers are dampened, 
because they tend to occur at different times, and (2) the production of 
the dominant producer (DRC) dominates the world production. How-
ever, ARIMA forecasts are unlikely to be reliable at a country scale, in 
general, and especially for smaller producers of cobalt that feature 
relatively large and unpredictable fluctuations in their production 
behaviour, e.g., South Africa and Finland (Fig. 4B, D). 

3.4. Comparison to previous methods 

Previous studies assessing the supply sustainability of cobalt have 
been conducted and there are similarities between their results and 
approach with those of this study. Tisserant and Pauliuk (2016), using 
the EXIOBASE v2.2.0, undertook a study of cobalt demand and supply 
across 20 regions from 2007 to 2015. The forecasts were performed 
using a dynamic stock model of regional reserves, which adopted 
optimization-based, region-specific mining capacity estimates (Tisserant 
and Pauliuk, 2016). The goal of the study was to use dynamic stock 
models to show how multi-regional input-output tables can be utilized 
as a tool to evaluate future demand and then use optimization to locate 
potential reserves of homogeneous product mixes. The methodology 
employed does not differentiate specific by-products from bulk 
non-ferrous metals (Tisserant and Pauliuk, 2016). Nonetheless, the 
sensitivity analysis on the global economic growth rate and copper in-
tensity of world economy allowed for the authors to postulate about 
cobalt supply. Their model predicts that there would be a four-fold in-
crease in the supply of cobalt over the modelling period, from 50 kt/year 
in 2007 to 110 kt/year in 2030 to 190 kt/year in 2050 (Tisserant and 
Pauliuk, 2016). 

Sverdrup et al. (2017) studied the long-term sufficiency of available 
and extractable cobalt in an attempt to address the impact of recycling 
on cobalt supply. The study was conducted using a dynamical systems 
approach that created the WORLD6 model, which contains the COBALT 

Fig. 4. ARIMA and Holt cross validation forecasts of selected countries showing objective accuracy (A and C) and inaccuracy (B and D). A complete set of graphs is 
given in the Electronic Supplementary Material S2 of this paper. 
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sub-model for modelling the causality of cobalt dynamics. Their model 
incorporates the influence of cobalt, a by-product of production. The 
objective of the study was to explore those factors that would enable a 
more sustainable global cobalt supply system. Analogous to the selected 
methods used in our study, the COBALT sub-model makes use of past 
time series (from 1900 to 2015) for model tuning and validation. Upon 
satisfactory performance, it is then used to predict the future 
(2015–2400). This method can forecast long-term trajectories. Their 
results predict that extractable land resources stand at approximately 32 
million tonnes and the peak production can be expected at 2100 with a 
sharp decline from 2250 onwards (Sverdrup et al., 2017). 

Horn et al. (2021) provided an Eurocentric forecast of cobalt supply 
and uses the United Nations Framework Classification (UNFC, 2019) for 
resources to establish possible cobalt supply risks. The UNFC uses 3 
classification schemes for available extractable resources:  

1. Economic and social viability (E-category)  
2. Field project status and feasibility (F-category)  
3. Degree of confidence in the estimate (G-category). 

The methodology for each scheme is not described in detail in this 
paper. However, it was estimated that the total cobalt resource is 
1,342,649 tonnes, with only 8% of it representing probable future- 
extractable resource. The limitation of Horn et al.’s (2021) method is 
that there is a possible overestimation as it includes potential projects, 
such as potentially commercial projects, previously 
potentially-commercial projects, and exploration projects. However, the 
methodology employed is sufficiently flexible to accommodate a variety 
of data. 

A general limitation amongst these methods is their lack of country- 
and site-specific consideration as a component in assessing supply risk. 
Furthermore, for dynamical models and due to the complexity of the 
minerals market, predictions of the future can quickly depart from re-
ality outside of the validated periods. Secondarily, the feedbacks within 
the minerals market may change as the policy and socio-economic en-
vironments evolve, which would necessitate corresponding changes in 
the calibration and even formulation of causal models. Lastly, none of 
the summarized methods made use of purely data-driven methods, such 
as ARIMA, or parametric methods, such as the Hubbert’s method. This 
makes it difficult to rely on the summarized methods to rapidly antici-
pate short-term fluctuations in the cobalt supply by examining readily- 
accessible time series information on cobalt production, on either a 
regional or world basis. 

4. Results 

4.1. World cobalt production trends 

The production capacity of cobalt is affected by the availability of 
reserves, technologies available for the discovery, exploration, mining, 
and processing of ore, the demand market, as well as numerous other 
socio-economic and/or environmental factors (Rosyid and Adachi, 
2016). The world cobalt production, presented in Fig. 5 demonstrates 
the differential contribution of 14 countries to the world’s supply of 
cobalt. The influence of reserves, governmental regulations on produc-
tion, macroeconomics, amongst other reasons, are responsible for the 
variances observed (Tisserant and Pauliuk, 2016). For the purpose of 
analysis, production comparison is divided into production from four 
trade blocs: SADC, MERCOSUR, BRICS, and EU.6 Fig. 6 shows that 

countries from SADC, MERCOSUR, and BRICS trading blocs are 
responsible for a vast majority (83%; 1,345,245 of 2,080,057 metric 
tonnes) of world cobalt production. The four EU countries produced the 
remaining 349,527metric tonnes (Table 2; Fig. 5). 

Throughout this period, the world compounded growth rate of pro-
duction has increased at an average of 6.86% per annum. Of the 14 
countries, Botswana, Brazil, Canada, and Zambia have experienced a 
negative compounded growth rates (− 1.75%, − 26.4%, − 2.84% and 
− 5.33%, respectively). China displays a significantly higher positive 
compounded growth rate in comparison to the other producers at 
21.28%. China is of interest, considering its high compounded growth 
rate and production peak in 2015, while production declines were 
observed in 2000, 2003, 2006, 2009, 2016, 2019 and 2020 (Fig. 5). The 
DRC, although being the largest producer of cobalt, has experienced the 
second largest compounded growth rate of 15.05%. Production in the 
DRC has increased sharply but underwent its highest production decline 
in 2016, dropping by 14,707 metric tonnes compared to the previous 
year of production. 

Key producers during the last two decades are countries from the 
SADC, BRICS and EU. The DRC, Canada, China, Australia, and New 
Caledonia rank as the top 5 key cobalt producers, producing ~80% of 
the world total cobalt production (1,664,812 out of 2,080,057 metric 
tonnes) from 1998 to 2020. The majority of this production is by the 
DRC as it has produced 59% (1,222,373 metric tonnes) of cobalt during 
the 22-year analysis period. Canada, China, Australia, and New Cale-
donia follow with a 6.5%, 5.1%, 4.8%, and 4.8% contribution, respec-
tively. Crucial uncertainties arise where certain countries experience an 
explosion or implosion in production over a short period of time, which 
has implications for the validity of production forecasting. Countries like 
South Africa, Zimbabwe, Finland Brazil and Botswana that show these 
drastic production peaks and dips can be expected to express issues with 
objective accuracy of forecasts, especially in the future. 

The mineral behavioural theory (Humphreys, 1982) categorizes 
commodity development into four phases based on compounded annual 
growth rate namely, the youth, mature, gerontic, and declining phases. 
China, DRC, Finland, Morocco, South Africa, and Zimbabwe are in the 
youth phase of mineral development. This phase features a minimum 
compounded annual growth rate of 6% per annum, indicating that 
commodity production is roughly limited and heavily driven by rapidly 
increasing consumption. A mature phase exhibits a compounded annual 
growth rate between 2% and 5% per annum, signifying that the com-
modity is more integrated into pre-existing economic processes. 
Australia and Russia fall into this phase. The negative compounded 
annual growth rates of Botswana, Brazil, Canada, and Zambia are 
representative of the declining phase that follows the gerontic phase 
(experience fluctuations in growth rate). The declining phase is an 
erratic phase of production decline with possible supply shortages 
associated with resource constraints. The production forecast suggests 
that the peak of world production occurred in 2015, which is the same 
year cobalt was classified as a high-risk market as per 
Herfindahl-Hirschmann Index.7 This implies that a supply risk can be 
anticipated to intensify given the market production concentration (in 
DRC). 

4.2. Forecasting cobalt production 

4.2.1. ARIMA and Holt model forecasting results 
The production behaviour of cobalt based on an annual index from 

the 22-year analysis period, shows that the lowest production in the DRC 
occurred in 1998 and the highest production occurred in 2018 (Fig. 6B). 
Using the DRC as a time reference, its lowest production coincided with 
lowest productions in Morocco (Fig. 7C) and China (Fig. 8A). Botswana, 6 Trade blocs represent the economic maturity of countries of so-called 

Developing versus Developed countries in which SADC, MERCOSUR, and 
BRICS are characterized by dependency on export revenues accrued from raw 
materials e.g., barriers to trade (tariffs and others) are reduced or eliminated 
among the participating states. 

7 The Herfindahl-Hirschman Index characterizes market concentration as 
either low-risk or high-risk based on susceptibility to supply chain disruptions. 
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Fig. 5. World cobalt production from 1970 to 2020. A full dataset for world production by country is provided in the Electronic Supplementary Material S1 (Brown 
et al., 2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. ARIMA-Holt forecasts for selected SADC countries. Blue and red plot represent production data and ARIMA forecast. Dashed pink and turquoise show Holt’s 
linear and exponential trend. Dotted yellow and orange correspond to the additive and exponential damped forecasts. The 95% confidence interval potrayed in pale 
pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

N.R. Rachidi et al.                                                                                                                                                                                                                              



Resources Policy 74 (2021) 102423

13

South Africa, Zambia, Zimbabwe (Fig. 6A, C, D, F), Cuba, Brazil (Fig. 7A 
and B), Russia, Australia, Canada and New Caledonia (Fig. 8B, C, D, F) 
experienced their lowest productions after the DRC’s lowest production 
year. Except for South Africa (Fig. 6C) and Russia (Fig. 8B), all the other 
countries recorded their highest productions before 2018. 

The production trend is decreasing for Australia (Fig. 8C), while 
DRC, South Africa, Zimbabwe (Fig. 6B, C, F) Cuba, Morocco (Fig. 7B and 
C), China, Russia and Canada (Fig. 8A, B, D) show an increasing trend. 
Botswana (Fig. 6A), Brazil (Fig. 7A) and Finland (Fig. 8E) are predicted 
to maintain a relatively constant production rate. Interestingly, Zambia 
(Fig. 6D) increases exponentially into a constant rate in 2028. A 95% 
confidence interval is shown for each forecast. Forecasts into negative 
production can be ignored because two modelling techniques do not 
make any physical assumptions of the nature of the time series, but only 
its statistical characteristics. The shape of the confidence interval de-
pends on the linearity of the forecasted region. For non-linear forecasts, 
such as that of Australia, the uncertainty in the forecast generally grows 
with time, whereas for linear forecasts, which majority of the countries 
depict, the uncertainty range is constant. World production forecast 
shows that the supply of cobalt would likely continue to increase linearly 
(Fig. 9) in the short term and is dominated by the behavior of the DRC’s 
production levels. 

Holt’s methods yield results that are comparable to ARIMA forecasts 
for most of the countries included in this study. Distinct linear increases 
are predicted by the linear, exponential, additive damped, and expo-
nential damped projections for the DRC, Zambia, Brazil, Cuba, China, 
Russia, Canada and New Caledonia. These trends all fall within the 95% 
confidence interval of the ARIMA method. Zambia’s exponential in-
crease that transitions into a stable production forecasted by the ARIMA 
model is contrasted with those of Holt’s methods, which predict a 
decline (additive damped trend) and a stable production (exponential 
trend) (Fig. 6D). Discrepencies between the ARIMA and Holt forecasts 
are also observed for Morocco as the Holt’s methods predict a linear 
decline in production (Fig. 7C) as opposed to an increase. Botswana, 
South Africa, Zimbabwe (Fig. 6A, C, E) and Australia’s (Fig. 8C) expo-
nential trends, as well as Finland’s linear trend (Fig. 8E) yield forecasts 
outside of the 95% confidence interval. The Holt’s method forecasts for 
the world are mostly similar to the ARIMA predictions, which suggests a 
linear increase in future production. 

4.2.2. Hubbert model forecasting results 
The Hubbert model-based forecasts for the DRC and the world 

(Fig. 10) are displayed as conventional single-peak symmetric bell 
curves, which are best fits for the Hubbert models and our cobalt pro-
duction dataset. This comparison reveals data points are distributed in 
increasing and declining trends above and below the Hubbert curve. 
Both the apices of the DRC and the world logistic curves are placed 
where the cumulative production is 50% of the total reserves. These 
apices do not coincide with the respective 2017 and 2015 peak 

production as the reported peaks exceeded that of the prediction. 
However, as the Hubbert model is very sensitive to the location of the 
peak as the amount of data in the peak region is sparse, the evidence of a 
peak is weak and therefore, whether the peak has actually been reached 
requires additional data to determine if this is the case. If the peak in the 
DRC’s production was reached in 2017, then the DRC production peak is 
~86,625 metric tonnes and that of the world’s is ~127,695 metric 
tonnes. Assuming that the Hubbert models are correct, then a predicted 
2080 production level would be similar to that of the late 1960s for both 
the DRC and world production. In contrast, Calvo et al. (2017) estimated 
a peak production occurring in 2142, which supports the conjecture that 
cobalt resources will last for more than 100 years. The critical uncer-
tainty in the interpretation of the Hubbert model forecasts is whether or 
not the DRC’s production peaked in 2017. 

According to Berk and Ediger (2016), the Hubbert curves can be 
classified into three categories that signify a relationship between pro-
duction, remaining up-to-date reserves, and historic peaks (Berk and 
Ediger, 2016). The Definitely Declining Phase (DDP) represents mineral 
production that has surpassed its historic peak, hence revealing that 
cumulative production is much higher than remaining reserves. In 
contrast, the Definitely Increasing Phase (DIP) portrays cumulative 
production that is significantly less than remaining reserves, meaning 
that production is yet to reach its peak. Lastly, the Plateau Phase (PP) 
presents difficulty in defining future production. This phase’s cumula-
tive production and remaining reserves are fairly similar to each other 
(Berk and Ediger, 2016). According to the United States Geological 
Survey (2020), world cobalt production is in its, DIP given the vast 
remaining reserves (7,000,000 metric tonnes) compared to its cumula-
tive production (140,000 metric tonnes). This presents a contrast to 
what is suggested by the Hubbert model fit (Table 1), which shows a 
historic peak in 2015, therefore, signifying that the DRC and therefore 
the world cobalt production is in a DDP. Extending Rutledge’s (2011) 
terminology for coal production to cobalt production, the DRC and the 
world can be referred to as mature regions, indicating that production is 
declining, as opposed to active regions, where production is tending 
towards its peak. 

5. Discussion 

5.1. Forecast model impartments 

The ARIMA-, Holt-, and Hubbert model-based forecasts paint a 
divergent picture of the future of cobalt production. The critical un-
certainty of the Hubbert model-based forecasts rests on whether or not 
cobalt production has peaked. The slope of the bell curve of the Hubbert 
model are relatively constant near the full-width-half-maximum 
(FWHM) region and sharply changes near the peak, which renders the 
model insensitive to peaking behavior that is exhibited by only a few 
data points, which are practically indistinguishable from noise. As our 

Table 2 
Summary of previous cobalt production by trade bloc.  

Trade bloc Country Production (metric tonnes) Sub-production (metric tonnes) Percentage of world production World production (metric tonnes) 

SADC Botswana, 1,345,245 1,730,530 83 2,080,057 
DRC, 
South Africa, 
Zambia, 
Zimbabwe 

MERCOSUR Brazil, 182,734 
Cuba, 
Morocco 

BRICS China, 202,540 
Russia 

EU Australia, 349,527 349,527 17 
Canada, 
Finland, 
New Caledonia  

N.R. Rachidi et al.                                                                                                                                                                                                                              



Resources Policy 74 (2021) 102423

14

data does not contain a clear peak structure, the assumption of the ex-
istence of production peaks in 2015 (world) and 2017 (DRC) is weak and 
therefore the Hubbert model-based forecasts are more likely to be 
erroneous. There are other issues with the Hubbert model, for example, 
the concept of global peak oil (Hubbert, 1956) did not transpire as 
predicted. Although the Hubbert model did qualitatively predict the 
exhaustion of conventional crude on a regional basis, it was unable to 
account for the development of alternative hydrocarbon sources on a 
global scale. Similarly, peaking phenomenon for other materials such as 
phosphate (Edixhoven et al., 2014) and gold have not occurred to date. 
Nevertheless, the Hubbert model and its derivatives are useful to 

forecast the supply of commodities, which can become depleted and 
may exhibit an isolated peak-like production behaviour. The assump-
tions behind the Hubbert model are generally not true or not explicitly 
demonstrable. The effort for exploration over time for critical materials 
is as discovery-to-production lags is influential. The discovery rate is, 
thus, likely to be affected by market conditions and geopolitical tension. 
Moreover, the Hubbert model’s assumptions fail to acknowledge the 
possibility of an accelerated exploration pace, and the reduction of time 
lag between discovery and production given an increasing mineral price 
trend (Giraud, 2012; Berk and Ediger, 2016). Such a conceptual model 
has its shortcomings in forecasting global production considering that 

Fig. 7. ARIMA-Holt forecasts for selected MERCOSUR countries. Blue and red plot represent production data and ARIMA forecast. Dashed pink and turquoise show 
Holt’s linear and exponential trend. Dotted yellow and orange correspond to the additive and exponential damped forecasts. The 95% confidence interval potrayed in 
pale pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. ARIMA-Holt forecasts for selected BRICS (A and B) and EU (C–F) countries. Blue and red plot represent production data and ARIMA forecast. Dashed pink and 
turquoise show Holt’s linear and exponential trend. Dotted yellow and orange correspond to the additive and exponential damped forecasts. The 95% confidence 
interval potrayed in pale pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

N.R. Rachidi et al.                                                                                                                                                                                                                              



Resources Policy 74 (2021) 102423

15

production is clearly affected by price variation (Wang et al., 2017). 
The ARIMA- and Holt’s method-based short to medium term fore-

casts are more likely to be accurate in comparison to the Hubbert model- 

based forecasts, in part due to their shorter-term nature, but also because 
they do not assume the structure of the production curve (e.g., a peak or 
plateau) and their validity is not contingent on a few critical data points. 
However, all of our ARIMA- and Holt’s method-based forecasts are 
relatively simple, and do not replicate intrinsic variabilities in the parent 
data, such as isolated production dips or humps. This is due to the 
relatively short duration and low resolution of our dataset, which is only 
sampled on a yearly basis. However, this is not a problem for the fore-
casts, as they should reflect general trends at the same frequency of the 
data’s sampling frequency. For strategic planning purposes, such as 
scenario planning and policymaking, the decadal behavior is more 
relevant compared to yearly or monthly variability. The forecasts for 
each country assessed using cross validation are satisfactory given the 
data and the ability of both the ARIMA and Holt’s methods to calculate 
confidence intervals. This is useful for scenario planning, by providing a 
quantitative measure of the likelihood of outcomes. Our forecasts sug-
gest that throughout the entire confidence interval, the world cobalt 
production in the next decade will most likely increase linearly. 

5.2. Key uncertainties for cobalt market future 

The rising demand for metals and the associated concerns regarding 
terrestrial metal availability has opened non-traditional sources for 
consideration, such as deep sea and space mining as an avenue for metal 
supply diversification (Petersen et al., 2016). The assumption that the 
demand for metals will increase and consequently, production will peak 
then decline, is a key driver in the growing interest for relying on 
deep-sea mining as a trajectory for global sustainable development 
(Kim, 2017). This is anticipated to unfold through non-discriminatory 
terms amongst all countries involved by the means of equitable distri-
bution of economic benefits (Kim, 2017). 

Deep-sea mining, particularly excavation of manganese nodules and 
cobalt-rich ferromanganese crusts could lead to key uncertainties 
regarding the supply of cobalt. The ~38 million km2 extent of manga-
nese nodules and 1.7 million km2 for cobalt-rich crusts may potentially 
have a monumental impact on global cobalt markets (Petersen et al., 

Fig. 9. ARIMA-Holt forecasts for world production. Green lines represent production data. Blue and red plot represent production data and ARIMA forecast. Dashed 
pink and turquoise show Holt’s linear and exponential trend. Dotted yellow and orange correspond to the additive and exponential damped forecasts. The 9% 
confidence interval potrayed in pale pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. Hubbert model fits for the DRC (blue line) and the world (red line). 
Blue and red shaded areas correspond to the 95% confidence band for the DRC 
and the world, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Production data for the DRC and world based on Hubbert model.  

DRC vs. World Indicators 

Inflection point Peak year Peak production (metric tonnes) 

DRC 50% 2015 86,625.00 
World 50% 2015 127,694.99  
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2016). Excavation from the Clarion-Clipperton Zone (CCZ), which hosts 
the greatest concentration of metal-rich nodules, can potentially boost 
the future production of cobalt due to an ever-growing demand for 
critical/strategic metals (Petersen et al., 2016; Mukhopadhyay et al., 
2019). Deep sea mining is capable of producing more than 3000 metric 
tonnes annually (Glasby, 2000; Mukhopadhyay et al., 2019). Cobalt 
production could also increase indirectly because of an increase in the 
demand for manganese to cater to the production of steel. This may lead 
to increased beneficiation of cobalt as a by-product, hence inserting 
more supply into the market, however as technology regarding deep-sea 
mining is in infancy (Dehaine et al., 2021), this may prove otherwise. 
Studies suggest that asteroid mining also offers the opportunity to 
transform the supply of mineral resources (Calla et al., 2018). As with 
deep-sea mining, asteroid mining holds its own uncertainties related to 
cost and profit, environmental outcomes and questions of ethics related 
to space-related business ventures. 

Despite the attraction of deep-sea mining and its effect on cobalt 
production, non-governmental organisations and scientists have 
expressed concerns because of the limited knowledge about environ-
mental implications and practically non-exsistent regulatory frame-
works (Petersen et al., 2016; Hoagland et al., 2010). Furthermore, 
deep-sea mining remains a questionable topic as critics believe that it 
will intensify unsustainable production and consumption patterns, 
widen the inequality gap in spatial and temporal dimensions, and divest 
from metals recycling (Kim, 2017). Not only will recycling be divested, 
but deep-sea mining will dissuade the goal of achieving a circular 
economy as it seeks to increase primary mineral supply with potentially 
long-term ecological risks. Even from a social perspective, the 
cost-benefit analysis remains questionable on a case-to-case basis 
(Wakefield and Myers, 2018). 

6. Conclusion 

The global mineral resource supply chain has proven to be vulner-
able due to the prioritisation of efficiency over resilience and redun-
dancy. Despite the focus to ensure sufficiency and robustness, 
maintaining supply sustainability remains a moving target due to ever- 
increasing human population and developmental demands. More so for 
CRMs – which are crucial for contributing to socioeconomic develop-
ment in the context of a sustainable and circular green economy – the 
need to ensure supply and sustainability is vital. Through assessing co-
balt’s supply sustainability using production forecasts, supply risk is 
minimized by addressing unpredictability in the complex supply and 
demand system. Cobalt market adjustments in response to this 
complexity are, therefore, determinants for ensuring a supply-demand 
balance. Accurate production forecasting is indeed indispensable not 
only for mitigating potential supply-chain disruptions, but also for 
strategic planning. It is also essential for the implementation of green 
energy policies that are cognizant of ESG factors within the minerals 
industry and are in alignment with climate change mitigation. Fore-
casting cobalt production using the Hubbert model alludes to the 
imminent peak-like production behaviour while more importantly, the 
ARIMA and Holt forecasts, highlight how fluctuations in production and 
subsequent trends necessitate scenario planning and the implementation 
of policies that advance sustainable development contemporaneously 
with economic growth. 
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