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Nickel (Ni) in batteries (e.g., nickel-metal hydride battery (NiMH), lithium nickel cobalt
aluminum oxide (NCA) and lithium nickel manganese cobalt oxide (NMC)) aim to
ensure higher energy density and greater storage capacity. Two typical layered
nickel-rich ternary cathode materials, NCA and NMC, are commercialized as
advanced lithium-ion batteries (LiBs) for electric vehicles (EVs). The technology of
those batteries has been improving by steadily increasing the nickel content in each
cathode generation. In this study, we consider two types of batteries having a
composite cathode made of Li [NiggoCog1Alg1]O5, and Li [Nig33Mng 33C00 33105,
which are the most common cathode materials for LiBs in EVs since 2010 and their
functional recycling is performed. The increasing use of nickel in battery
technologies has resulted in the continuous growth of demand for nickel over
recent years. Nickel was added to the list of critical materials by the United States
Geological Survey (USGS) already in 2021. Unfortunately now, the sustainable supply
of nickel is even at higher risk due to the sanctions-related disruption of supplies
from Russia. Therefore, enhancing the circularity of nickel starts to be vital for many
economies. Demand for recycled nickel is growing, however, a systematic analysis of
the sustainability of its recycling is still missing. Therefore, we provide a
comprehensive assessment of the sustainability of the global primary and
secondary production of nickel. Using system dynamics modelling integrated
with geometallurgy principles and by analyzing the processing routes
(pyrometallurgical and hydrometallurgical processes), we quantify the key
environmental concerns across the life cycle of primary and secondary nickel
required for sustainable mobility transition. Energy consumption, water use, and
related emissions are assessed for all stages of the nickel supply chain, from mining to
recycling. Our analysis shows the possibility of reducing the emissions by around
4.7 mt for GHG, 6.9 kt for PM2.5, 34.3 t for BC, 2.8 kt for CHy, 7.5 kt for CO, 3.3 mt for
CO,, 169.9 t for N,O, 3.8 kt for NOx, 11.8 kt for PM10, 104.8 t for POC, 1.6 mt for SO,,
and 232.5 t for VOC by engaging in the secondary production of nickel through the
recycling of batteries. However, identical growth rate of energy consumption and
water use compared to nickel mass flows means no technical progress has been
achieved in different stages of the nickel supply chain towards sustainability over the
period 2010-2030. Therefore, an improvement in technology is needed to save
energy and water in nickel production processes. The results and findings of this
study contribute to a better understanding of the necessity for improving closed-
loop supply chain policies for nickel.
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1 Introduction

Nickel (Ni) is one of the key materials used in advanced
infrastructure and technology solutions. It is also the fifth most
abundant element on Earth (Makarova et al, 2018; Cruz et al,
2019). However, nickel is changing its usage profile and is now used
as a chemical component in electric vehicle (EV) batteries. This is one of
the main driving factors that the U.S. Geological Survey (USGS) (Nassar
and Fortier, 2021) considered as reasons behind the expected growth in
demand for nickel that makes a “compelling case for the inclusion of
nickel in the critical mineral list”. Global primary nickel consumption in
2019 by industry showed that the stainless steel industry accounted for
around 71% (~1775kt) followed by batteries [around 7% (~175 kt)],
casting and alloy steels [around 6% (~150 kt)], electroplating [around
6% (~150 kt)], and other applications [around 10% (~250 kt)] (Gullen
and Plungis, 2021). In global nickel consumption by sector
manufacturing comes first with the share of 35% followed by metal
products (19%), transport (16%), building and construction (15%),
electric and electronics (11%), and others (4%).

Economic Ni resources are found in either magmatic sulfide
[(Ni,Fe)oSs] (2.3% Ni) or laterite [(Fe,Ni)O(OH)] (1% Ni) type
deposits (Norgate et al, 2007). According to the US Geological
Survey (USGS) (McRae, 2020), global nickel reserves were
estimated to be around 89 million metric tons (mt) in 2019 with
global nickel mine production of about 2.7 mt. Indonesia has got
around 21 mt of nickel reserves followed by Australia (around 20 mt),
Brazil (11 mt), Russia (6.9 mt), Cuba (5.5 mt), Philippines (4.8 mt),
China (2.8 mt), Canada (2.6 mt), United States (0.11 mt), and other
countries (in total 14 mt). The global primary nickel consumers in
2019 were China (55% of total nickel consumption) followed by other
regions of Asia (24%), Europe and Africa (15%) and Americas (6%)
(IEA, 2021). Global demand for nickel comes mainly from China
[1,226 thousand tonnes (kt)], Europe (329 kt), Indonesia (191 kt),
Japan (152 kt), United States (121 kt), Korea (68 kt), India (65 kt),
Taiwan (56 kt), and other regions (in total accounting for 85 kt)
(Campagnol et al., 2017; Gullen and Plungis, 2021).

Value-wise, the top ten global leading importers of nickel and
products containing Ni in 2019 included China whose imports
reached US $5.51 billion, United States of America (US$
2.93 billion), Japan ($2.77 billion), Germany ($1.87 billion),
Netherlands ($1.83 billion), United Kingdom ($1.52 billion), France
($1.38 billion), Korea ($1.1 billion), Finland ($0.95 billion), and Italy
($0.82 billion) (data taken from https://comtrade.un.org/). The list of
world leading exporters of nickel and products containing Ni by
country in 2019 included United States of America ($3.12 billion),
Russia ($2.99 billion), Canada ($2.98 billion), Netherlands ($2.
01 billion), Germany ($1.57 billion), United Kingdom ($1.
40 billion), Norway ($1.26 billion), Indonesia ($1.26 billion),
Australia ($1.18 billion), and Finland ($1.03 billion) (data from
https://comtrade.un.org/). However, the disruption of nickel supply
chain caused by Russia in the early 2022 hit this market rather badly.
According to the World Bank, average price of nickel in the global
market was US $13,914 per metric ton in 2020 and it was expected to
reach US $15,530 in 2025 (World Bank Group, 2017). However, due to
the disruption of the nickel supply chain by Russia, the price reached
US $48,241 already in March 2022 (data taken from https://markets.
businessinsider.com/commodities/nickel-price).

In addition, rising fossil fuel costs and environmental concerns
relating to global climate change have placed greater emphasis on
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using green energy technologies (Golroudbary et al., 2022a). In line
with the transition from fossil fuels to green energy sources, e-mobility
is one of the major technologies to be used with a view of achieving a
climate-neutral society. The number of EVs has been increasing in
recent years. Battery is one of the key components of an EV and the
essential components of a battery are two electrodes, an anode and a
cathode. Nickel is the principal metal used for the production of
lithium-ion batteries (LiBs) and two most commonly used systems s
based on lithium nickel cobalt aluminum oxide (NCA) and lithium
nickel manganese cobalt oxide (NMC). NCA and NMC are widely
used, especially in e-mobility, due to their high energy density. The
surge in demand for nickel exhibited by the battery industry due to
increasing EVs sales adds on to the deficit of this material. Previous
studies show that demand for nickel from EV batteries will grow at
32% compound annual growth rate (CAGR) in 2019-2030, driving up
nickel consumption in rechargeable batteries to 24% annually to
1.27 m tonnes by 2030 (Mo and Jeon, 2018; Nkrumah et al., 2022).

The rapid growth of EVs and the criticality of nickel nurture the
need for sustainable recycling of this material. Considering LiBs
applications in EVs, the end of life of batteries is defined as the
decrease of the dischargeable capacity of the battery by less than 30%
of its initial value (Ziilke et al., 2021). The lifetime of batteries will vary
considerably depending on several factors e.g., quality of used
chemical materials, operating temperature, exposure to certain
voltages/currents, rest periods, and the presence of efficient battery
(thermal) management systems (Birkl et al., 2017). Spent LiBs could be
viewed as the secondary source of nickel. Previous studies suggest an
estimated 1.6 mt of spent battery packs will be available in 2030
(Zhang et al., 2018; Su and Urban, 2021). Therefore, these batteries
need to be recycled in a sustainable way. Following this line of
reasoning, it is necessary to pay more attention to circularity of
critical materials such as nickel. Special attention is paid to the
efficiency of recycling of LiBs for hydro- or pyrometallurgical post-
treatment processes. However, systematic assessment of the
sustainability of recovering Ni from spent LiBs and its comparison
with global primary production of this material are missing.
highlighted
challenges, such as high uncertainty and lack of knowledge about

Previously  conducted  studies methodological
the environmental impact of nickel production in several regional case
studies covering Indonesia (Kurniawan et al., 2020, 2021) and Cuba
(Pacheco et al., 1999). This major gap in literature distorts a holistic
global view on Ni recycling, especially with respect to the
environmental impact of its secondary production. Several studies
on the environmental impact of nickel conducted using the life cycle
assessment (LCA) are summarized in Table 1.

There are several works partly addressing the problem of
environmental impact of nickel supply chain. As presented in
Table 1, most studies have evaluated the environmental footprint
of a specific stage of nickel production (mining and refining) or
manufacturing of specific products (e.g. batteries production and
its impact at the local scale). Unfortunately, they do not allow for a
holistic analysis of environmental impacts of nickel recycling, e.g.
energy and water consumption across all processes involving nickel.
This study provides a comprehensive assessment of the sustainability
of the global primary and secondary production of nickel. Using
system dynamics modelling integrated with geometallurgy principles
and analyzing processing routes (pyrometallurgical and
hydrometallurgical processes), we quantify the key environmental

concerns across the life cycle of primary and secondary nickel
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TABLE 1 Summary of investigation on the environmental impact of nickel production.

References Objective of study Methodology Supply chain stages Environmental impact Geographical scope
Mining  Processing Manufacturing Recycling Energy Water Emissions

Eckelman, (2010) Life cycle assessment of nickel LCA X X X X X Global
production in stainless steel industries

Mudd, (2010) Assessing environmental issues in Data analysis X X X X Global
nickel mining

Norgate and Life cycle assessment of various nickel = LCA X X X Global

Jahanshahi, (2011) laterite processing method

Bartzas and Life cycle assessment of ferronickel LCA and scenarios X X X Regional: Greece

Komnitsas, (2015) production

Mistry et al., 2016 Life cycle assessment of nickel LCA X X X X X Global
products

Peters et al., 2016 Life cycle assessment of sodium-ion LCA X X Regional: Europe
batteries

Khoo et al., 2017 Life cycle assessment of nickel laterite = LCA and scenarios X X X X X Global
processing technologies

Kallitsis et al., 2020 Life cycle assessment of lithium-ion LCA X X Regional: China
battery

Wei et al,, 2020 Life cycle assessment of primary LCA X X X X Regional: Australia,
nickel production at mining stage Indonesia and Colombia

Bai et al,, 2022 Life cycle assessment of nickel LCA X X X X Regional: China
production in urban mining

Current study Global environmental impact of nickel | System dynamics modelling integrated X X X X X X Global
supply chain focusing on lithium-ion = with LCA and geometallurgical
battery approach
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FIGURE 1
Conceptual framework of the proposed model of nickel supply chain.

required for sustainable mobility transition. Energy consumption,
water use, and related emissions such as greenhouse gas (GHG),
carbon dioxide (CO,), methane (CH,), sulfur oxides (SOy), nitrogen
oxides (NOy), carbon monoxide (CO), volatile organic compounds
(VOQ), particulate matter of a diameter smaller than 2.5 um (PM2.5),
nitrous oxide (N,0), particulate organic carbon (POC), black carbon
(BC), and airborne particulate matter smaller than 10 um (PM10) are
assessed for all stages of the nickel supply chain, from mining to
recycling.

2 Materials and method

Figure 1 shows the details of mass flows in the model of nickel
supply chain. The proposed model consists of global nickel flows, the
respective energy and water consumption and related emissions. The
model is focusing on two types of batteries having a composite cathode
made of Li [Nij goCog 1Aly1]0,, and Li [Nij 33Mny 33C00.33] O, which
are the most common cathode materials for LiBs in EVs. Looking at
the closed-loop supply chain of nickel, at the beginning of the system
there is raw material - nickel - obtained from the mining stage. In the
processing stage, a chemical transformation turns it into cathodic
materials that are very relevant for battery manufacturing. Therefore,
in the production stage, nickel ends up in the battery cell which is
integrated in a battery. Finally, the battery is placed in EVs in the
automotive industry. In order to ensure sustainable recycling and
efficient circularity of nickel, spent batteries need to be collected and
they have to be processed in a way that enables the recovery of valuable
critical materials such as nickel (Quinteros-Condoretty et al., 2021).
One of the key intermediate products in the recycling stage is the so
called “black mass”, coming from mechanical processing of spent
batteries. After spent batteries have been collected, they are
disassembled, shredded, and sorted. In this process metals that are
available in battery components such as copper and aluminum
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Battery
Production
(NCA, NMC)

Nickel

contacts or the casings made of steel can be removed directly and
put into classical recycling cycles. Plastics can be removed in the same
way and what is left is the black mass. The latter contains active
materials of the battery including carbon or graphite from the anode
and valuable materials (e.g., Ni, co, Mn, Li) from the cathode
2019). These usually
contaminated due to the fact that the sorting phase is not overly

(Golroudbary et al, materials are
precise and clean. In this study we focus on nickel. There are two main
methods  that  deploy
hydrometallurgical processes to process black mass into recovered

chemical pyrometallurgical ~ and
materials.

Pyrometallurgy means that the black mass or a battery module are
put into a smelter which heats it up to about 1,500 in a highly intensive
process that burns graphite. This provides part of the combustion
energy but it also increases the carbon footprint. Nickel, with other
materials such as cobalt and copper, is melted and they form an alloy
which can then be separated and split into individual elements. Other
metals and contaminations are separated as slag while additional
substances are added in order to separate those slag materials. Slag
will be usually used in the construction industry. Since there is no
economically viable recycling technology, lithium is lost in slag.

Hydrometallurgy takes place at moderate temperatures in an
aqueous sulfuric acid solution. The process can be used to recycle
nickel and other materials such as cobalt, copper as well as lithium,
manganese and graphite (Golroudbary et al., 2019). However, two
main challenges of this method are: high investment required because
of several steps involved in the process and high amounts of by-
products or waste from it.

Systematic environmental analysis of sustainability of the global
supply chain of nickel is still missing. Moreover, life cycle assessment
of nickel is particularly sensitive to methodological differences, e.g.,
variations in allocation procedures can significantly change the
environmental impact per kg of product. Therefore, our analysis of
nickel production is based on LiBs case studies to bridge this gap.

frontiersin.org
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TABLE 2 Description of variables of the proposed dynamic model of nickel supply chain.

Variable Term Type of variable
GN;, () Global stock of primary nickel Stock
NM; (t) Global annual rate of extracted nickel by country Flow
NP; (1) Global processing rate of nickel production by country Flow

o Coefficient of nickel processing by country Auxiliary
TN; (t) Total nickel stock in each producer country Auxiliary
PN (t) Global stock of processed nickel Stock
NB (1) Annual rate of nickel used in global manufacturing production Flow

By Coefficient of nickel used for manufacturing Auxiliary
GL; (1) Global stock of LiBs product Stock
LIB; (¢) Annual rate of used nickel in battery Flow

w; Coefficient of nickel used in product Auxiliary
Dy (t) Global demand of nickel for using in product Auxiliary

F(t) Global annual amount of nickel available in the collected spent battery Flow
¢ Coefficient of global collected battery Auxiliary
C (1) Cumulative amount of nickel available in the collected spent battery Stock
Ry (t) Cumulative amount of recycled nickel from spent battery Stock
Q (1) Global annual amount of recycled nickel from spent battery Flow
o Efficiency of recycling of nickel from battery Auxiliary
E; (t) Cumulative amount of energy consumption in each stage of nickel supply chain Stock
AE; (t) Annual energy consumption in each stage of nickel supply chain Flow
M; (t) Annual production rate of nickel in each stage of nickel supply chain Auxiliary
Pim Energy required per one tonne of nickel flow in each stage of supply chain Auxiliary
W (t) Cumulative amount of water directly linked to each stage of nickel supply chain Stock
AW; (1) Annual water use for nickel in each stage of nickel supply chain Flow
Ajw Amount of required water sources Auxiliary
Ggn (1) Cumulative emission generated through the processes Stock
AGy, (1) Annual emission generated in each stage of nickel supply chain by country Flow
[ Annual rate of emissions for each stage of nickel supply chain Auxiliary

The United States Geological Survey (USGS) (Ober, 2020),
European Commission (Blengini et al., 2020), GREET-2020 software
(Wang et al., 2020), Statista database (Gullen and Plungis, 2021), and
other studies (Rahimpour Golroudbary et al., 2019, 2020; Golroudbary
et al,, 2022b) are used as the primary data sources. A novel dynamic
model is developed based on the system dynamics (SD) methodology
introduced by Forrester (1997) by integrating the life cycle assessment
and geo-metallurgical approach. The significance of this combination
lies in the ability to quantify mass flows and assess environmental
consequences within a holistic system considering the dynamic behavior
and interaction of multiple parameters of the global nickel supply chain
over time. This type of dynamic modeling creates a bridge between mass
flow analysis and environmental assessment as it allows researchers

Frontiers in Chemical Engineering

from both fields to tackle new research questions with unique
comprehensiveness. The proposed model consists of global nickel
flows, the respective energy and water consumption and related
emissions. The model is composed of three main parts: i) extractive
stage which includes mining of nickel and processing metal and its
alloys ii) production stage which includes manufacturing of LiBs, and
iii) recycling stage which includes secondary production of nickel.

2.1 Mathematical formula

The model consists of two types of equations (state and rate) for
quantifying the stocks and flows in given systems.

frontiersin.org
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Stocks (state equations) in the mass flows of the model can be used
to environmentally analyze the performance of countries involved in
mining and processing stages, as well as global nickel production in
battery manufacturing over time. Flows (rate equations) correspond to
the production of nickel, manufacturing of products, energy
consumption, water use, and related emissions such as GHG,
PM2.5, BC, CH,;, CO, CO,, N,O, NO,, PM10, POC, SO,, and
VOC. Table 2 provides more details on the input parameters of the
proposed model as well as the classification of the type of variables and
their description.

Eq. 1 corresponds to the global stock of nickel (GNJ (t)) over the
period “to-t” where “t;” is the initial year and “t” is the final year.
NM; (t) represents annual production rate of nickel from mining by
country “i” (with i = 1.2,...,31) including Albania (laterite ore),
Australia (undifferentiated or other), Botswana (sulfide ore, content
of matte produced), Brazil (undifferentiated or other), Burma

(laterite ore), Canada (sulfide ore, concentrate), China
(undifferentiated or other), Colombia (laterite ore), Cuba
(laterite ore), Dominican Republic (laterite ore), Finland

(undifferentiated or other), Greece (laterite ore), Guatemala
(laterite ore), Indonesia (laterite ore), Kazakhstan (laterite ore);
Kosovo (laterite ore), Macedonia (laterite ore), Madagascar (laterite
ore or nickel-cobalt sulfide), Morocco (undifferentiated or other),
New Caledonia (laterite ore), Norway (undifferentiated or other),
Papua New Guinea (laterite ore or nickel-cobalt hydroxide),
Philippines (laterite ore), Russia (Laterite ore, Sulfide ore, or
South Africa
(sulfide ore or concentrate), Turkey (laterite ore), United States

concentrate), (sulfide ore, concentrate), Spain

(sulfide ore or concentrate), Venezuela (laterite ore), Vietnam

(sulfide ore or concentrate), Zimbabwe (sulfide ore or

concentrate). NP;(t) stands for annual production of nickel in

s

country “i” (Eq. 2). In Eq. 2, & is a coefficient of nickel

w»

processing by country “i” and TN; (¢) is the total nickel stock in

@ @ »

country “i” in the year “t”.

GN,(t) = j (ZNM,- (t) - NP; (t))dt+ GN.(ty) (1)

31
NP; (1) = & x ) TN (1) @)

i=1

Eq. 3 describes the global stock of processed nickel (PN (t)) over
the period “ty-t” by a time integral of N'P; (¢) as annual production of
nickel in country “i” minus N By (t) (Eq. 4) gives annual rate of nickel
used in global manufacturing production “k” (with k = 1.2,...,6)
including stainless steel, batteries, casting and alloy steels,
electroplating, and other applications. f3, is coefficient of nickel

used for production “k”.

t

PN(t) = j (NP; () - NBy (t))dt + PN (to) (3)
31

NBy (t) = B, x ) TN; (1) (4)
i=1

Eq. 5 describes the global stock of LiBs product “I” (GL; (t)) in the
time period “ty-t” by a time integral of N'By (t) as annual rate of nickel
applying in global manufacturing production “k” minus LIB; (¢) (Eq.
(6)) as annual rate of used nickel in battery “I” (with [ = 1,2) including
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NMC and NCA. wj is coefficient of nickel used in product “1” and
Dy (t) is global demand of nickel for using in product “I”.

GL, (f) = J (NBy (£) — LIB; (£))dt + GLy (£,) )

LIB; (t) = w; x Dy (2) (6)

In the recycling stage, Eq. (7) represents the cumulative amount of
nickel available in the collected spent battery “I” (with [ = 1,2)
including NMC and NCA in year “t”, C(t). F(t), calculated by Eq.
8, stands for the global annual amount of nickel available in the
collected spent battery “1” (with I = 1,2) and ¢ is the coefficient of
global collected battery.

C(t)= J (LIB; (t) — F(t))dt + C(t,) (7)

F (1) = ¢*C (1) ®)

Eq. 9 represents the cumulative amount of recycled nickel from
spent battery “I” (with I = 1,2) including NMC and NCA in year “t”,
R (t). Qi(t) calculated by Eq. 10 is the global annual amount of
recycled nickel from spent battery “I” and g, is the efficiency of
recycling of nickel from battery “I”.

R () = j (F ()~ Q (1)dt + Ry (ty) ©)

Q (t) = ¢ x R (1) (10

For all mass flows over time, the environmental assessment
(energy, water and emissions) is given in an identical form in the
model. Seven main stages are considered in the environmental
assessment including nickel ore mining, nickel ore beneficiation
and preparation, nickel concentrate by primary extraction, using
nickel in production of NCA, using nickel in production of NMC,
recycling NCA and recycling NMC. Total cumulative and annual
amount of energy consumed in each stage are calculated using Eqs
11, 12.

In Eq. 11, E;(t) corresponds to the total cumulative amount of

@

energy consumption in stage “j” in the year “t” for the period
2010-2030, n = 1.2, ... ,7 represent seven the above mentioned
stages of nickel supply chain and AE;(t) is annual energy
consumption in stage “j” in the year “t”. In Eq. 12, M; (t) presents
annual production rate of nickel in stage “j” (with j = 1.2,...,7) in the
year “t”,and ¢, , is the energy required per one tonne of nickel flow in
stage “j” from each energy source m = 1.2,..,8 which represent all
sources of energy: fossil fuel, natural gas, petroleum, coal, non-fossil

fuel, nuclear, renewables, and biomass.

t

0 7 8
AE; ()= YM; () x ) g, (12)
j=1 m=1

Identically, the total cumulative and annual amount of water
consumed in stage “§” of nickel supply chain can be given by Eqs
13, 14 where, the cumulative amount of water directly linked to the

@

stage “j” in the year “t” is shown by W ; (t). AW ; (t) is annual water use
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water reservoir) in stage .
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The life-cycles of emission rates from energy sources are adapted
from the GREET model (Wang et al., 2020). GHG intensities are
calculated using IPCC AR5 100-year Global Warming Potential values
(Stocker et al., 2013) of 1 (CO,), 36 (CH,), and 298 (N,O). We applied
Egs 15, 16 to estimate the total and annual emissions of each life cycle
stage of nickel supply chain.

In Eq. 15, Gy (t) is the cumulative emission “¢” (g = 1,2,3, ..., 11
including CO,, CH,, SO, NO,, CO, VOC, PM2.5, N,0, POC, BC, and
PM10) in stage “n” in the year “t” and AGy, (t) corresponds to the
annual emission “g”in stage “j” in country “4”in the year “t”. In Eq. 16),
0, (£) is the rate of emission g” generated in stage j.

t

Gy (t) = j AG,, (t)dt+G,, (ty) (15)
AGg,(t) = Y M; (£ x Yo, (16)
j=1 g=1

3 Results and discussion

Europe needs approximately 225 kt of nickel for cathodes to reach
the goal of the European Battery Alliance—300 GWh+/year of battery
production in Europe by 2025. Figure 2 presents the global nickel flows
in different stages, mining including nickel ore mining, beneficiation
and preparation (Figure 2A); production focused on using nickel in
battery industries, including NCA and NMC (Figure 2B); and
recycling stage including secondary production of nickel from
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spent NCA and NMC (Figure 2C). The results show that primary
nickel production will reach approximately 4.3 million tonnes in
2030 while 13% of it will be used by battery industries. According
to the analysis, the production of NMC and NCA accounts for 62%
and 31% of nickel applied in battery industries, respectively. There is a
dynamic trend for secondary nickel production, which is mainly
affected by delay mechanisms in the system based on the lifetime
of batteries and the efficiency of their collection. The detailed
calculations show that 46% of nickel used in the battery industry
can be available for secondary production. Given the existing
technologies of battery recycling, 84% and 16% of recovered nickel
would be available from globally spent NCA and NMC, respectively.
Notably, the analysis shows 58% growth of the consumption of nickel
in the battery industry between 2010 and 2030.

The production of nickel requires energy and water. Accordingly,
Figure 3 presents energy consumption and water use through three
main stages of the nickel supply chain including mining, production
and recycling between 2010 and 2030. It is necessary to note that the
process of recycling depends on several factors, such as life span of
batteries, collection rate, dismantling, mechanical pretreatment,
policies in different countries relevant to batteries collecting,
storage The
consumption of recycling NCA and NMC are significantly

and secondary production processes. energy
increased from 2010 to 2015 due to the growing amount of
collected spent batteries in this period. Growing amount of
discharged batteries requires more and more energy for their
recycling. The results show an identical growth rate of energy
consumption and water use compared with the mass flow of nickel
between 2010 and 2020 which corresponds, respectively, to 30%, 38%,
28%, 71% and 71% for mining, processing, use of nickel in the battery
industry, recycling of NCA and NMC. It is estimated that the growth
rates will reach 60%, 64%, 58%, 52% and 95% in 2030 for mining,
processing, use of nickel in the battery industry, and recycling of NCA
and NMG, respectively. The identical growth rate of energy and water
consumption compared to nickel mass flows means no technical
progress has been achieved in different stages of the nickel supply
chain towards sustainability in the period 2010-2030. Therefore,
improvement is still required in technology to save energy and
water in nickel production processes.
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Estimated emissions generated by nickel production by 2030.
The results show that the highest energy and water consumption  stage or the degree of water recycling that occurs in the

corresponds to the mining stage in the supply chain of nickel. Keeping
this in mind, much more water will be needed in the next 30 years,
especially 85% more in energy production (The World Bank, 2016);
therefore, the water footprint of nickel production should be assessed
carefully. In this study, two types of water use are considered: direct
(water consumed on-site) and indirect (water consumed in the
upstream supply chain). Several factors influence direct and
indirect water use. For example, the grade of ore in the mining
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concentrator and tailings storage facility affect direct water
consumption in the production of nickel. Also, the processing
routes influence water consumption in nickel production. Our
analysis shows the same trend in direct and indirect water use for
nickel production. Notably, the required indirect water consumption
is higher than the direct one for nickel hydrometallurgical processes.
However, pyrometallurgy process consumes more direct water than
indirect one.
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TABLE 3 Emissions from different stages of the nickel supply chain (in %) in the period 2010-2030.

% Mining Benefication and Primary Using Ni in Using Ni in Recycling Recycling
prepration extraction production of NCA production of NMC [\ (@2 NMC
GHG 40 30 23 <1 1 3 3
PM2.5 2 1 9 <1 <1 <1 <1
BC 26 28 23 2 4 9 8
CH, 78 3 1 <1 <1 9 8
co 45 4 37 3 7 2 2
CO, 51 40 <1 <1 1 4 4
N,O 13 70 10 1 2 2 2
NO, <1 43 41 3 6 4 4
PM10 10 3 66 7 14 <1 <1
POC 33 33 26 3 5 <1 <1
SO, <1 <1 97 1 2 <1 <1
vOC 38 26 11 4 8 7 6

Figure 4 shows the amount of emissions generated by the nickel
supply chain in 2030. Also, Table 3 represents the contribution of each
stage of Ni supply chain in generating emissions between 2010 and
2030. The highest GHG emissions from the mining stage oscillated
around 846.2 kt in 2010 and reached 1.2 mt in 2020. Estimates suggest
that 2 mt of GHG emissions will be generated by the mining of nickel
in 2030. The highest PM2.5 are reported for the primary extraction
stage (2.9 kt in 2010 and 6.7 kt in 2030). The largest amount of BC is
generated by the beneficiation and preparation stage (5.8 kt in
2010 most probably reaching 16.1 kt in 2030). Methane is one of
the gases influencing the warming of the planet. Methane is emitted
during the process of production and transportation. Methane’s
lifetime in the atmosphere is much shorter than carbon dioxide
(CO,), but CH, is more efficient at trapping radiation than CO,
(Zahraee et al., 2020, 2022). In mining stage, CH, is mainly generated
through the process of using energy sources such as coal, natural gas
and oil. Also, several studies have confirmed that the oxidation of
electrolytes will produce flammable and toxic gas mixtures such as
CO, and CHy (Sun et al.,, 2016; Yu et al,, 2022). The mining stage
produces the largest amount of CH, of all stages (1.4 kt in 2010 and
estimated 7.9 kt in 2030). The highest amount of CO emission among
all stages is produced through the primary extraction stage which is
around 1.5 kt in 2010 and will reach 12.8 kt in 2030. The mining stage
is the biggest source of CO, emissions from the nickel supply chain
(around 800.2 kt in 2010 estimated to reach 4.6 mt in 2030). The
biggest emissions of N,O are generated by the beneficiation and
preparation stage; they will grow from 48.3t in 2010 to 134.4t in
2030. Also, this stage generates the largest amounts of NOy of all other
stages (around 783.9 t in 2010 estimated to reach 5.2 kt in 2030). The
largest amounts of PM10 are generated by the primary extraction stage
(around 4.2kt in 2010, estimated to reach 9.9kt in 2030).
Unfortunately, all three stages of mining, beneficiation and
preparation, and primary extraction generate a very high amount
of POC which was around 14.7 t, 13.6 t and 12.2 t in 2010 respectively
and is estimated to reach 85.5 t,90.1 t, and 110.2 t in 2030. The highest
amounts of SO, come from the primary extraction stage (around
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671.2 kt in 2010, estimated to reach 1.6 mt in 2030). Both mining and
beneficiation and preparation stages generate the highest amounts of
VOC emissions (around 55.6t and 34.6t in 2010 respectively,
estimated to reach 140.7 t and 96.2 t in 2030). Detailed calculations
show that the circularity of nickel and recycling processes can
significantly contribute to the reduction of emissions. Our analysis
offers the possibility of mitigate around 4.7 mt of GHG, 6.9 kt of
PM2.5,34.3 t of BC, 2.8 kt of CHy, 7.5 kt of CO, 3.3 mt of CO,, 169.9 t
of N,O, 3.8 kt of NOx, 11.8 kt of PM10, 104.8 t of POC, 1.6 mt of SOy,
and 232.5t of VOC by pursuing secondary production of nickel
through the recycling of batteries.

4 Conclusion

The development and use of lithium-ion batteries (LiBs) to
support vehicle electrification has been rapidly growing. It is
estimated LiBs technologies will dominate mobility applications
globally by 2030. However, most of the LiBs producers, e.g.,
European countries are largely dependent on imported raw
materials such as nickel for manufacturing of lithium nickel cobalt
aluminum oxide (NCA) and lithium nickel manganese cobalt oxide
(NMC). Therefore, sustainability of the supply chain of nickel is
essential to mitigate the supply risk related to materials required
for LiBs production. Also, to ensure sustainability of the entire
value chain of LiBs we need a comprehensive description and
analysis of the nickel supply chain in a long-term perspective that
would take account of environmental policies striving to reduce energy
and water consumption and decrease emissions.

This paper seeks to provide a comprehensive assessment of the
sustainability of the global supply chain of nickel by quantifying the
key environmental concerns across its life cycle. The results show the
possible availability of primary and secondary nickel required for
sustainable mobility transition until 2030. The results suggest it is
possible to reduce emissions such as GHG, PM2.5, BC, CH,, CO, CO,,
N,O, NO,, PM10, POC, SO, and VOC from the secondary
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production of nickel through the recycling of batteries and by
improving its circularity. However, an identical growth rate of
energy consumption and water use compared to nickel mass flows
means no technical progress has been made in different stages of the
nickel supply chain towards sustainability over the period 2010-2030.
Therefore, an essential improvement in technology is still required to
save energy and water through nickel production processes. Findings
of this study highlight the necessity to improve the technological
efficiency of recycling processes including the collection and recovery
of nickel to ensure environmental sustainability.

We need to bear in mind that due to the ever-changing dynamics
of material flows, further research will be needed in the near future to
update the findings of this study and consider the technological
progress made in every stage of the supply chain of nickel.
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