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Nickel is an important key resource and plays an increasingly important role in
new energy technologies. The stability of its worldwide supply chain is crucial
for addressing country risks and unforeseen events. To explore the impact
of country risks on the stability of the global nickel supply chain, this study
conducts a complex network analysis and panel regression analysis on nickel
ore, ferro-nickel, and the stainless-steel trade data from 2000 to 2022. The
study reveals the mechanisms by which economic and political risks affect
the trade structure of nickel commodities and identifies the drivers of global
nickel supply chain patterns. The study finds that an increase in economic
risk promotes diversification of supply sources, while political risk hurts export
scale and resource control ability. Industrial structure adjustments and R&D
investments have a significant impact on trade structure, especially on the
stainless-steel trade. China is a major consumer and importer, and occupies
a central position in the global nickel trade network, while Indonesia and the
Philippines’ policy changes have a significant impact on the market. This study
provides an empirical basis for the risk management of the global nickel supply
chain and a scientific basis for policy formulation and strategic planning.

KEYWORDS

nickel supply chain, complex network theory, panel regression model, trade structure,
country risk

1 Introduction

As a critical mineral, nickel has become a new focal point of competition in the global
energy industry due to its scarcity, irreplaceability, and uneven distribution (Hao et al., 2024;
Yang et al., 2015). With the rapid development of the global economy, nickel is widely used
with a continuously increasing of international trade (Stankovic et al., 2022; Chen et al.,
2024). Nickel supply chain (from ore to consumer products) involves many aspects of
complex international trades (Figure 1). In recent years, some countries rich in nickel adopt
policies to ban or restrict the export of nickel ores and concentrates (nickel ores), aiming
to elevate the added value of their products and stimulate their economic development
(Lederer et al., 2016; Wang et al., 2023; Zhu et al., 2023). This leads to increase of the
complexity of nickel supply chain. Compared to nickel ores, nickel consumer commodities
with higher added values can directly meet the needs of manufacturing industry
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FIGURE 1
Nickel industry chain structure.

(Cui and Li, 2023). The uneven distribution of global nickel leads
to the instability in international trade (Figure 2). As a major
producer of nickel commodities in the world, China is scarce in
nickel, with prominent supply and demand contradictions and a
high degree of external dependence (Wang and Xia, 2024). China’s
position in the global nickel value chain is gradually rising, mainly
exporting downstream commodities with higher added value, and
importing upstream nickel with lower added value (Wang and Xia,
2024; Su et al., 2023). Geopolitics has a significant impact on the
nickel industry chain. The key interactions are constructed based on
the “power triangle” among countries with established technology
(e.g., the United States), emerging technology (e.g., China), and
rich resource (e.g., Indonesia). This is promoting profound changes
and complex adjustments in the division of labor, operational
logic, rule system, and competitive paradigm of the global nickel
industry chain (Cui and Li, 2023). The strong release of Indonesia’s
production capacity and the impact of anti-dumping sanctions by
related trading countries produce pressure onChina tomaintain and
expand nickel trade advantages. The game of geopolitics not only
affects the international nickel trade but also poses challenges to the
stability and sustainability of global nickel supply chain (Habib and
Wenzel, 2016). Consequently, the study on how these factors impact
nickel trade, along with the assessment of influence degree on nickel
trade, will provide a scientific basis for the stability of nickel supply.

Previous studies mainly focused on the risk and stability of
critical mineral supply chain, using the complex network theory to
construct model for the global critical mineral resource trade. The
core indicators of complex network theory, such as degree centrality,
clustering coefficient and average path length, provide implications
for the analysis of spatio-temporal evolution characteristics of
network structure and the identification of the countries with a
core role in the network (Zhang et al., 2015; Li and Kim, 2017;
Dong et al., 2020). On this basis, the sudden risk transmission
mechanism is further constructed, and the sudden risk simulation
research of the criticalmineral resources trade network is carried out
(Jiang et al., 2020). These studies simulate the rebalancing process of
the critical mineral resource supply chain network after the original
network stability is disrupted by sudden risks. This method can not

only describe the loss process and scale of various critical mineral
resources trade network nodes in the risk transmission, but also put
forward a new node risk resilience measurement method based on
the simulation results of multi-risk scenarios (Shen et al., 2022). In
the evaluation of node stability, double-logarithmic linear regression
model is used to calculate the sensitivity of node loss scale to risk
source, risk scale and price fluctuation, which is used as an essential
index to evaluate node stability (Zhao et al., 2020).

Most of the studies on the risk and stability of the criticalmineral
supply chain focus on each node country, and the assessment of
stability often stays at the level of qualitative analysis. However,
with the combination of complex network theory and econometrics
methods, quantitative research on the influencing factors of mineral
resource trade has become the mainstream research paradigm. The
application of econometrics in the mineral resource trade has been
transformed from the traditional quantitative analysis (focusing
on the relationship between trade volume, reserves, production,
consumption and market economy conditions) to innovative
research combinedwith complex networkmodels (Shuai et al., 2015;
Zhu et al., 2017). By including the network structure index in the
explanatory variables, they can more deeply analyze the links and
network patterns of mineral resource trade between countries. This
interdisciplinary approach provides a novel analytical framework for
assessing the changing roles of different economies in trade networks
and their impact on GDP and mineral resource prices. An in-depth
understanding of countries’ positions in the trade network helps
to formulate more precise trade policies and strategies, optimize
trade patterns, enhance the secure supply of mineral resources, and
enhance economic resilience (Xi et al., 2020; Zhao et al., 2022).

In addition, previous studies mainly focus on the impact
of geopolitics, economic factors, and the interplay of storage,
production, and consumption on nickel trade volumes, as well
as the influence of trade structure evolution on trade prices.
However, there exists a gap in study concerning the underlying
drivers that propel the evolution of trade structures. This study
combines complex network theorywith panel datamodeling.Unlike
previous studies that used trade volumes, prices, and economic
data as dependent variables, complex network trade data for nickel
ores, ferro-nickel (ferro-alloys; ferro-nickel), and stainless-steel are
introduced as dependent variables to introduce an innovation that
characterizes the trade structure discussed in this paper. Introduce
the country risk (i.e., political risk and economic risk), industrial
structure, and research and development (R&D) investment as
the core independent variables to examine their impact on trade
structure, in order to provide references for nickel trade to reduce
the risk related to national factors and industrial structure changes.

2 Methods and data

2.1 Country risk accounting

A steady stream of global political events, such as the
rise of emerging economies, political turmoil in Ukraine, the
Brexit process in the United Kingdom, and trade frictions
between China and the United States, are reshaping the global
economic structure, increasing political risks, and profoundly
impacting the global economy and commodity markets. In
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FIGURE 2
Global nickel reserves in 2022 (A) and mine production in major countries during 2018–2022 (B).

order to assess these geopolitical risks, we typically refer to
a range of indicators, including the Geopolitical Risk (GPR)
Index (Caldara and Lacoviello, 2021), the Economic Policy
Uncertainty (EPU) Index (Hoang et al., 2023), the Country
Risk Index (CRI) (Li et al., 2024), the Worldwide Governance
Indicators (WGI) (Thomas et al., 2022), and the International
Country Risk Guide (ICRG), respectively. Although indicators
such as GPR, EPU, CRI, and WGI are composed of multiple
sub-indicators, they mostly cover only one aspect of politics or
economics and fail to fully capture the comprehensive picture of
political and economic risks.

ICRG published by the PRSGroup provides a comprehensive set
of country risk assessment indicators that can quantify a country‘s
political, economic and investment risk levels. The sub-indicators of
ICRG can be used alone, or can be used as a comprehensive indicator
according to the weight sum. As one of the commercial resources
for country risk analysis and rating, ICRG monitors the risk profile
of 141 countries and territories. ICRG provides information and
important tools for key decision-making assessment in the field of
global trade (Lee andNing, 2017; Duan et al., 2018; Iqbal et al., 2020;
Zhang et al., 2021). In the field of energy and mineral resources
trade, ICRG is widely used in the study of investment risk and
mineral resources price. It mainly discusses how global conflicts

affect country risks and the spillover effects of international financial
andminingmarkets, which is of great significance to the formulation
of investment strategies and risk mitigation policies (Dong et al.,
2024; Duan et al., 2018; Tang et al., 2021; Chen et al., 2016).

ICRG includes three types of national risks, which are political
risk, economic risk, and financial risk, respectively. Financial
risk is an assessment of the uncertainty surrounding a country’s
ability to repay debts, including exchange rate, interest rate, and
financing risks, and is commonly used in corporate investment
risk assessment. Therefore, this article only selects the political and
economic risks from the ICRG. The political risk index is composed
of 12 indicators, and the economic risk index is made up of five
indicators (detailed in Supplementary Tables S1, S2). Each index
is scaled from 0 to its maximum possible value, with a higher
score indicating a lower level of country risk. This indicator can be
expressed as Zhang et al. (2021):

Polriski =
12

∑
j=1
(maxPolriskj − Polriskij) (1)

Ecoriski =
5

∑
j=1
(maxEcoriskj −Ecoriskij) (2)

where Polriskij represents the political risk classification index j for
country i, and max Polriskj is the maximum value of the political
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risk classification index j. Ecoriskij represents the economic risk
classification index j for country i, andmax Ecoriskj is themaximum
value of the economic risk classification index j.

2.2 Complex network analysis

Countries are nodes in the network, their trade relationships
serve as the connecting edges, and the volume of trade acts as the
weight of these edges, thereby constructing a comprehensive nickel
trade network. By utilizing data from complex network models,
detailed information on the scale, globalization level, efficiency, and
stability of nickel trade can be obtained. These indicators can infer
the trends in international trade of mineral commodities and the
status of mineral trading countries within the network. The network
is represented as follows (Wang et al., 2020; Sun et al., 2024):

G = (V,E,W) (3)

whereG represents a complex network.V denotes the set of nodes in
the network, n denotes the number of countries. E denotes the set of
edges in the network.W represents the set of weights in the network.

2.2.1 Global trade network model for nickel
commodities

(1) Average degree (Trade scale)

In the international mineral trade network, “degree” refers to the
number of countries engaged in mineral trade with that country.
Within the framework of the constructed complex network, a higher
average degree signifies a more extensive trade scope, indicating a
wider engagement in trade activities. Conversely, a lower average
degree denotes a more limited trade scope, suggesting fewer trade
connections (Zhong, 2016).

<k>= 1
N

N

∑
i=1

ki (4)

where <k> represents average degree. N is the total number of
nodes (countries or regions), and ki is the degree of node i,
representing the number of trade relationships each importing
country has. This metric offers a quantitative measure of the breadth
of trade engagement for the countries involved in the bulk mineral
trade network.

(2) Modularity (The degree of trade globalization)

In the mineral trade network, the degree of globalization of
mineral is represented by modularityQ. The smaller the modularity,
the weaker the trade structure, the less differentiation between
countries, the fewer trade cliques, and the higher the degree of
globalization. The equation is as follows (Blondel et al., 2008):

Q = 1
2m
∑
ij
[Aij −

ki ∗ kj
2m
] (5)

where m represents the number of edges in the network structure,
Aij represents the number of edges between node i and node j, and
ki
∗kj
2m

represents the expected value of Aij under random conditions.

(3) Average path length (Trade efficiency)

The average path length L is the average edge length between
trading partners, which can represent trade efficiency. In the trade
network, the smaller the average path length, the higher the
transmission efficiency, and the trading countries have relatively
closer partnerships (Zhong, 2016).

L = 1
N∗ (N− 1)

∑
i,j
d(i, j) (6)

where d(i,j) represents the shortest path distance fromnode i to node
j in an undirected network.

(4) Standardized Interaction Index (NMI)

Normalized Mutual Information Coefficient (NMI) is a
commonly used metric in cluster analysis to measure the similarity
between two clustering results (Cavalett and Ortega, 2009; Zhong,
2016).The higher the NMI value, the greater the degree of similarity,
indicating a higher level of consistency in classification or grouping.
In the context of this study, NMI is used to calculate the similarity
of trade network structures between adjacent years. This calculation
can serve as an indicator to assess the stability of the evolution of
trade networks.

NMI(ya,yb) =

k(a)

∑
h=1

k(b)

∑
l=1

nh,l log(
n∗nh,l
n(a)h n(b)l
)

√(
k(a)

∑
h=1

n(a)h log n(a)h
n
)(

k(b)

∑
l=1

n(b)l log n(b)h
n
)

(7)

where n(a)h is the number of nodes in community h for year a, n(b)l is
the number of nodes in community l for year b. nh,l is the number of
nodes that are the same in community h for year aa and community
l for year b, and n is the total number of nodes.

2.2.2 Nickel product trade structure
The global nickel supply chain has complex and diverse

trade factors, involving multiple levels of supply side, demand
side and consumer side (Gereffi and Lee, 2012). On the supply
side, factors such as resource endowment, production technology,
political and economic situation, policy adjustment, environment
and sustainability have a significant impact on global nickel
supply (Bai et al., 2022). For example, nickel ores export bans
in Indonesia and Tanzania have directly affected supply in
international markets (Yu et al., 2023). On the demand side,
factors such as global economic conditions, industrial policies, and
international trade environments play a significant role. With the
development of the new energy and electric vehicle industries,
the demand for nickel has increased significantly. As the main
consumption field of nickel, stainless-steel industry prosperity
directly affects the consumption of nickel. At the same time, with the
development of electric vehicles and renewable energy industries,
the demand for nickel-ion batteries is also growing. These factors
together shape the trade pattern of the global nickel supply chain.

This study attempts to explore the driving factors affecting the
trade pattern of the nickel supply chain from four dimensions
(e.g., economic risk and political risk, technology, and industrial
structure). In the nickel supply chain, imports and exports have
different trade strategies and roles. In order to identify the main
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TABLE 1 Trade structure and interpretation.

Indicators Meaning

Complex network indicators Trade structure
(independent variables)

Imports

In-degree
(ID)

Import scale The in-degree represents the number of import
channels, directly reflecting the trade relations
with other countries (Garlaschelli and Loffredo,
2004). Clearly, if a country has a high in-degree

value, it may have more alternative supply
channels, which could further reduce dependence

on specific countries

Closeness centrality (CC) Resource counter-control capability Closeness centrality measures the average path
length of a country’s connections with other

countries, reflecting whether a country is at the
center of the network (Geng et al., 2014). In
practice, this indicator reflects the resource
counter-control capability of the global trade
network. Countries with a high closeness

centrality value are more likely to access resources,
which may reduce the risk of nickel product

imports for that country

Eigen centrality (IEC) National status It reflects whether a country has a sufficient
number of important trade partners (Chen, 2023).
In the nickel product trade network, only a few

countries control the nickel product trade market;
therefore, it is necessary to establish stable

relations with major nickel product suppliers and
major nickel product demanders. This indicator

suggests that if a country is connected with
countries that have a central position in the

network, the value of eigenvector centrality will
increase

Exports

Out-degree (OD) Export scale The out-degree represents the number of export
channels, directly reflecting the trade relations
with other countries (Garlaschelli and Loffredo,
2005). Increasing the diversity of export channels

may lead to stable nickel exports

Betweenness centrality (BC) Resource control capability The centrality of a trading country reflects the
export efficiency of various countries. The lower
the closeness centrality of a country, the more

direct its export relationship with its export trade
partners, thereby improving the trade efficiency of

resource-exporting countries

Eigen centrality (EEC) National status The explanation is the same as for the national
status of importing countries

trade patterns of specific countries, this study selects the centrality
value of the country in the global trade network, which represents
the trade structure of the importing and exporting countries,
namely, trade scale, resource control ability and national status.
Six indicators of major trading countries are selected during the
period from 2000 to 2022 as the dependent variables in the panel
regression model (Table 1).

2.2.3 Panel regression model
This study uses data of nickel product trade structure (e.g., trade

scale, resource control ability and national status) as dependent
variables, political risk, economic risk, R&D input and industrial

structure adjustment as the core independent variables of themodel,
the import and export panel datamodel are established. Considering
the differences in trade strategies between importers and exporters
respectively. The influence of political risk, economic risk, R&D
investment and industrial structure on the trade structure of nickel
ores, ferro-nickel and stainless-steel is emphatically studied. Table 2
is descriptive statistics of all variables (Zheng et al., 2022).

Yit,im\ex = β1Polriskit + β2Ecoriskit + β3R&Dit + β4ISit + αi + εit (8)

where subscript i represents the country; t represents the
time; Y refers to the dependent variable composed of trade
structure indicators; im represents import trade; ex represents
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TABLE 2 Descriptive statistics of the variables.

Variables Obs. Min. Max. Mean. SD

Dependent variable

Nickel ores

In-Degree 460 0.00 29.00 5.02 5.22

Closeness-Centrality 460 0.00 1.00 0.34 0.21

Eigen centrality 460 0.00 1.00 0.30 0.27

Out-Degree 460 0.00 27.00 4.95 3.85

Betweenness Centrality 460 0.00 0.32 0.03 0.05

Ferro-nickel

In-Degree 460 0.00 111.00 12.17 9.35

Closeness-Centrality 460 0.00 1.00 0.43 0.16

Eigen centrality 460 0.00 1.00 0.51 0.29

Out-Degree 460 1.00 20.00 8.47 4.06

Betweenness Centrality 460 0.00 0.27 0.03 0.05

Stainless-steel

In-Degree 460 22.00 81.00 44.20 9.18

Closeness-Centrality 460 0.43 0.98 0.65 0.10

Eigen centrality 460 0.40 1.00 0.75 0.12

Out-Degree 460 6.00 160.00 72.72 32.24

Betweenness Centrality 460 0.00 0.08 0.02 0.01

Independent variable

Political risks 460 43.00 96.08 74.81 10.14

Economic risk 460 20.00 48.54 38.07 4.18

R &D investment 460 0.04 4.81 1.51 1.02

Industrial structure 460 0.11 0.85 0.56 0.16

export trade. ISit is industrial structure. β is the regression
coefficient; α is the constant term related to the country; ε is a
random variable.

Three methods are used to test the stationarity of all variables,
and all three methods pass, indicating that all variable series are
stationary (Supplementary Table S4), and these variables can be
used directly for regression.

2.3 Data source

This study analyzes all stages of the nickel supply chain (Figure 1).
At the upstream stage of the nickel supply chain, there are two
types of ores, which are laterite nickel ores (60%) and nickel
sulfide ore (40%). Ferro-nickel is the primary product in the
midstream stage. The downstream stage is dominated by stainless-
steel overwhelmingly, taking percentage of 67%. Noteworthily, we

did not select nickel battery as the research object, because the
consumption of nickel in nickel battery is very small compared
with stainless-steel. Therefore, this article chooses nickel ores,
ferro-nickel, and stainless-steel as the research object.

The trade data of three nickel commodities are obtained
from UN Comtrade through HS codes, including nickel ores
(nickel ores and concentrates) (260,400), ferro-nickel (ferro-
alloys; ferro-nickel) (720,260), and stainless-steel (7,218, 7,219,
7,220, 7,221, 7,222, and 7,223) (Nickel metal conversion factors
are shown in Supplementary Table S3). These codes facilitate the
conversion of trade data into a uniform metric using different
conversion coefficients, the details of which are presented in the
supplementary file.

The R&D investment and industrial structure data of each
country come from the World Bank. R&D investment is expressed
as a proportion of R&D expenditure in GDP, offering an insight
into the innovation capacity of the countries involved. The
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TABLE 3 Data source.

Index Time Original data source

Consumption structure 2022 Using nickel consumption structure data from the Shanghai Non-Ferrous Metals Network platform (SMM, https://hq.
smm.cn), select main nickel commodities for analysis

Reserves, Production Consumption 2022 United States Geological Survey (USGS, https://www.usgs.gov/)

Trade Volume 2000–2022 Constructed nickel product trade network using data from the UN Comtrade platform (https://comtradeplus.un.org/)

Country Risk 2000–2022 Using political and economic risk data from the PRS platform’s ICRG reports as the core independent variables in the
panel analysis mode (https://www.prsgroup.com/explore-our-products/icrg/)

Industrial Structure 2000–2022
Using R&D investment and industrial structure data from the World Bank platform as independent variables in the

panel analysis model (https://data.worldbank.org.cn/)
R&D investment 2000–2022

industrial structure is gauged by the export share of medium-
high-tech industries within the manufacturing sector, highlighting
the technological orientation and complexity of the exporting
economies. The data and the sources involved in this study
are listed in Table 3.

This article includes all countries involved in the global trade
of three nickel commodities when building a global trade network.
When constructing the panel data model, we focus on the top 20
countries in the global nickel import and export, accounting for
more than 90% of the total trade volume.

3 Results

3.1 The trade pattern and structure of
nickel commodities

3.1.1 Global trade pattern
The major global nickel-producing and exporting countries are

Indonesia, the Philippines, New Caledonia, and Russia (Yang et al.,
2021). China is the leading consumer country, accounting for
more than 43% of global consumption (Zeng et al., 2018;
Warner et al., 2007). However, as primary producers, Indonesia
and the Philippines are not the core of the nickel trade network.
Developed countries such as the United States, Britain, and Canada
occupy the core position in the nickel trade network (Yu et al., 2023;
Ma et al., 2022; Chen et al., 2024) (Figure 3).

Based on the complex network model, a comparative analysis
of the evolution in nickel trade is conducted by examining
scale, efficiency, community, and stability. This study identifies the
transformations in the trade structure of key countries within the
nickel supply chain. The assessment is primarily focused on the
scale of trade, the capacity for resource control, and the national
status in trade (Equation 4).

Figure 4A illustrates the changes in the global trade average
degree of the nickel supply chain from 2000 to 2022. The average
degrees of the import and export trade networks for nickel ores,
ferro-nickel, and stainless-steel generally showed an upward trend.
There was a stable upward trend from 2000 to 2007 and fluctuations
occurred during 2008–2014. After 2014, the average degrees of
nickel ores and ferro-nickel continued to rise steadily, while the

trade scale of stainless-steel began to decline in 2020. The rise of
newly industrialized countries and the rapid development of high
technology were the main reasons for the expanding scale of global
trade in emerging minerals. Influenced by the global economic
crisis in 2008 and the COVID-19 during 2020–2022, there was a
slight decrease in the trade scale of nickel ores, ferro-nickel, and
stainless-steel in both 2009 and 2020.

The average path length of the global import and export network
exhibited fluctuations, with no significant overall downward trend,
indicating that the global trade efficiency of the nickel supply
chain was unstable (Figure 4B) (Equation 6). There was an intense
fluctuation with an overall trend that first increased and then
decreased in the average path length from 2000 to 2007. From
2008 to 2014, the average path length was relatively low and
remained stable. After 2014, the average path length of nickel
ores, ferro-nickel, and stainless-steel tended toward stability. In
2005, the average path length of the nickel supply chain peaked,
indicating a decline in global trade efficiency, which was attributed
to two primary factors. Nickel prices were at a relatively high level,
which suppressed consumer demand, especially in the stainless-
steel industry. Secondly, the Indian Ocean tsunami 2004 caused
severe damage to regions such as Sumatra Island. Although the
exploitation of natural resources like oil, copper, and nickel was
minimally affected, the increased financial and economic strain on
Indonesia due to reconstruction efforts in 2005 impacted its mineral
resource trade (Ke, 2006). In early 2014, Indonesia declared a ban on
nickel ores exports, aiming to enhance the added value of domestic
ore smelting. This ban disrupted the nickel supply-demand pattern,
causing short-term price increases. Yet, the overall trend remained
downward, which in turn led to changes in the trade efficiency of
ferro-nickel.

Modularity is an indicator used to measure the degree of
network division. The higher the modularity, the more pronounced
the network division. The modularity of the nickel supply chain
showed an overall downward trend, indicating an increase in the
concentration degree of global trade (Figure 4C) (Equation 5).There
was a stable state from 2000 to 2007 and frequent fluctuations
from 2008 to 2014. From 2014 to 2022, there were still minor
fluctuations. However, overall, the situation remained stable at
a low level, with a slight decrease in modularity and a gradual
increase in concentration. From 2014 to 2022, there were still minor
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FIGURE 3
Trade pattern of nickel ores, ferro-nickel and stainless-steel in 2022.
(A) Nickel ores, (B) Ferro-nickel, (C) Stainless-steel.

fluctuations. It remained in a stable low state, with a slight decrease
in modularity and a gradual increase in concentration degree.

NMI of the nickel supply chain was relatively low and essentially
ranging from 0.1 to 0.4. The curves of the NMI fluctuated greatly,

generally showing a state of first decreasing and then increasing,
indicating that the stability of the global trade structure of the nickel
supply chain was relatively poor (Figure 4D) (Equation 7).

3.1.2 Evolution of the trade structure of the major
trading countries of nickel commodities

Countries which have high level of reserves and productions
occupy the primary status in the global nickel trade.

From the perspective of global trade trends and the development
and utilization of nickel, the nickel trade is divided into three
stages. (1) From 2000 to 2007, sulfide nickel ores were the primary
commodities in the upstream stage, which were predominantly
used for the production of electrolytic nickel and stainless-steel
(Henckens and Worrel, 2020; Chen et al., 2024). The global demand
for nickel was driven by the growth in the stainless-steel industry,
and the supply of nickel from sulfide ores struggled to keep
pace with the increasing demand. This led to a situation where
the inventory levels of nickel, particularly on the London Metal
Exchange (LME), remained low, which in turn drove the prices of
nickel upwards (Hong et al., 2023).The reliance on sulfide nickel ores
was significant, setting the stage for the nickel market dynamics that
followed in the subsequent years (Gereffi and Lee, 2012). (2) From
2007 to 2016, with the advancement of smelting technology, laterite
nickel ores gradually replaced sulfide nickel ores, establishing their
dominant position in the nickel industry (König, 2021; Keskinkilic,
2019; Zevgolis and Daskalakis, 2022). Countries with large laterite
nickel reserves, such as Indonesia and the Philippines, became more
prominent suppliers. (3) Since 2017, the demand for nickel sulfate,
a key ingredient in ternary batteries, has skyrocketed, particularly
due to the rapid growth of the electric vehicle (EV) industry (Chen
et al., 2021). This upsurge in demand propels nickel prices higher,
indicating the metal’s importance in the clean energy transition.
Concurrently, the stockpiles of nickel at the LondonMetal Exchange
(LME), a benchmark for global metal trading, have seen a consistent
decline, reaching historically low levels (Hong et al., 2023). This
tightening supply situation was exacerbated by Indonesia’s two
mining export bans in 2014 and 2020, which not only disrupted
the global nickel market but also amplified the price volatility. The
bans were part of Indonesia’s strategy to boost domestic processing
and add value to its nickel commodities, thereby impacting the
international market and highlighting the country’s influence on the
global nickel trade (Pubudi et al., 2024). From the perspective of
global trade trends and the development and utilization of nickel,
the nickel trade is divided into three stages. (1) From 2000 to
2007, sulfide nickel ores were the primary commodities in the
upstream stage, which was predominantly used for the production
of electrolytic nickel and stainless-steel (Henckens andWorrel, 2020;
Chen et al., 2024). The global demand for nickel was driven by the
growth in the stainless-steel industry, and the supply of nickel from
sulfide ores struggled to keep pace with the increasing demand. This
led to a situation where the inventory levels of nickel, particularly
on the London Metal Exchange (LME), remained low, which in turn
drove the prices of nickel upwards (Hong et al., 2023). The reliance
on sulfide nickel ores was significant, setting the stage for the nickel
market dynamics that follow in the subsequent years (Gereffi and
Lee, 2012). (2) From 2007 to 2016, with the advancement of smelting
technology, laterite nickel ores gradually replaced sulfide nickel
ores, establishing their dominant position in the nickel industry
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FIGURE 4
The evolution of the global nickel trade pattern, including average degree (A), average path length (B), modularity (C) and stability (D).

(König, 2021; Keskinkilic, 2019; Zevgolis and Daskalakis, 2022).
Countries with large laterite nickel reserves, such as Indonesia and
the Philippines, became more prominent suppliers. (3) Since 2017,
the demand for nickel sulfate, a key ingredient in ternary batteries,
has skyrocketed, particularly due to the rapid growth of the electric
vehicle (EV) industry (Chen et al., 2021). This upsurge in demand
propels nickel prices higher, indicating the metal’s importance in
the clean energy transition. Concurrently, the stockpiles of nickel
at the London Metal Exchange (LME), a benchmark for global
metal trading, have seen a consistent decline, reaching historically
low levels (Hong et al., 2023). This tightening supply situation was
exacerbated by Indonesia’s twomining export bans in 2014 and 2020,
which not only disrupted the global nickel market but also amplified
the price volatility. The bans were part of Indonesia’s strategy to
boost domestic processing and add value to its nickel commodities,
thereby impacting the international market and highlighting the
country’s influence on the global nickel trade (Pubudi et al., 2024).

Compared with ferro-nickel and stainless-steel, the trade
of nickel ores was relatively concentrated (Figures 5–7). The
Philippines was the main exporting country, with increasing export
volumes year by year, while Indonesia’s export of nickel ores
showed a downward trend. China, Japan, and South Korea were
the central importing countries, with China showing an upward

trend. In 2017, Indonesia became the main exporting country
of ferro-nickel, and the trade of ferro-nickel showed a trend of
gathering. By 2022, more than 85% of Indonesia’s ferro-nickel
exported to China accounted for the global total. Stainless-steel
trade was the most widely covered in terms of countries and
trade scale in the nickel supply chain trade, with China being the
main importing country, but the proportion was not more than
20%. Indonesia’s ban on the export of nickel ores and industrial
development policies had provided support for the trade of ferro-
nickel and stainless-steel in Indonesia. Compared with nickel ores,
the trade of ferro-nickel and stainless-steel in Indonesia showed an
upward trend.

In the statistical analysis of panel data, the study identified
countries that occupy a core position in nickel trade, including
major exporters of nickel such as Indonesia, the Philippines, New
Caledonia, and Russia, as well as major consumers such as China,
South Korea, Japan, and India, as well as developed countries such
as the United States, Canada, the United Kingdom, the Netherlands,
and Italy. Therefore, in the analysis of trade structure, this study did
not analyze each of the top 20 countries in trade volume separately
but selected the top ten countries in trade structure for in-depth
analysis according to the three key stages of the development trend
of the nickel supply chain. This approach aims to gain a more
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FIGURE 5
Major trading countries and trade volumes in the nickel ores for the years 2000, 2007, 2017, and 2022.

accurate grasp of the key dynamics and trends in the global nickel
trade. For the five structural parameters (in-degree, out-degree,
closeness centrality, betweenness centrality, and eigen centrality) of
importers and exporters from 2000 to 2022, this study calculated the
average values for the three stages and ranked countries based on
these indicators (Figure 8). The trade structure of the main trading
countries in the three stages of the nickel supply chain had changed,
but the main trading countries did not. Compared with nickel ores
and ferro-nickel, the scale of stainless-steel trade, the ease of resource
availability, and the association with exporting countries were the
highest. The main countries for import nickel ores and ferro-
nickel are mainly concentrated in East Asian, such as China, Japan
and, South Korea. Meanwhile the main importing countries for
stainless-steel were relatively dispersed. Besides China, the United
States and various European countries constituted significant import
hubs, indicating a diverse and widespread demand for stainless-steel
across these regions. Since 2000, the proportion of China’s imports
of nickel ores and ferro-nickel began to increase rapidly, and by
2022, China’s imports of nickel ores and ferro-nickel accounted for

86% and 92% of the global total imports, respectively (Figures 5–7).
In the trade of nickel commodities, although the United States
was not the largest in trade scale and the association with major
exporting countries in the trade of nickel commodities was not
high, its resource counter-control ability was the highest, which was
related to its overseas resource control layout. Although China had
a huge trade scale, it mainly relied on the Philippines for nickel
ores and Indonesia for ferro-nickel, and had a very high association
with major resource-exporting countries, but the resource counter-
control ability was insufficient, and it was easily affected by policy
and economic changes in major resource-exporting countries.
In addition, among the main importing countries, economically
developed countries occupied an advantageous position, which
could better promote the evolution of the nickel industry chain trade
pattern (Figure 8).

In terms of trade commodities, similar to the import trade
structure, compared with nickel ores and ferro-nickel, the scale
of stainless-steel trade was more extensive. In terms of trading
countries, the United States, China, South Africa, Germany, and
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FIGURE 6
Major trading countries and trade volumes in the ferro-nickel for the years 2000, 2007, 2017, and 2022.

Canada played a key role in the export trade market of nickel
commodities; among them, the United States and European
countries had a high resource control ability and occupied
an important trade position, playing an important role in the
export trade of nickel commodities. The global nickel reserves
and production were relatively concentrated, mainly distributed
in Australia, South Africa, Canada, Russia, Indonesia, and the
Philippines. South Africa and Canada were strong global exporters
of nickel and had advantages in weighted degree, betweenness
centrality, and eigen centrality, to a certain extent, they could control
the trade of nickel ores. However, the main exporting countries,
such as Indonesia, and the Philippines had relatively single export
channels. After Indonesia restricted the export of nickel ores in 2014,
the Philippines became the country for China’s import of nickel ores,
accounting for more than 80% of the country’s total export of nickel
ores to China. In addition, the resource control ability and trade
status of the main exporting countries of nickel ores were relatively
low. Indonesia had very rich nickel ores, but the development mode
of simply exporting metal resources could not give full play to

Indonesia’s resource advantages. In order to improve the added value
of metal mining commodities, Indonesia first banned the export
of nickel ores in 2014, but it was not until 2020 that Indonesia’s
nickel pig iron output exceeded that of China, becoming the world’s
largest supplier of nickel. The proportion of Indonesia’s import
volume of nickel pig iron in China reached as high as 84%. To cope
with policy changes in Indonesia, foreign investment-built nickel
smelting plants in Indonesia, which improved the added value of
Indonesia’s nickel commodities but also exposed the shortcomings
of its resource control.The Indonesian government began to impose
export tariffs on ferro-nickel and nickel pig iron in 2022, and policy
uncertainty had a greater impact on the supply of ferro-nickel and
stainless-steel in China.

In summary, Chinawas amajor importer of nickel commodities,
with a significant trade center status. In recent years, the import
volume always ranked first in the world, and the proportion
of imported nickel ores and ferro-nickel was even as high as
more than 80%, respectively, depending on the Philippines and
Indonesia, with a single import channel and insufficient resource

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1487521
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jia et al. 10.3389/feart.2024.1487521

FIGURE 7
Major trading countries and trade volumes in the stainless-steel for the years 2000, 2007, 2017, and 2022.

counter-control ability. Once there was a political and economic
crisis in the exporting countries, it would put great pressure on
China’s trade in nickel commodities. On the other hand, the main
exporting countries, such as the Philippines and Indonesia, were
not significant in terms of export channel diversity, resource control
ability, and trade status. Trade was subject to market demand and
changes in industrial structure, domestic policy changes, increased
investment risks by foreign capital, and thus affected the stability
of the trade market. However, developed countries such as the
United States and the European Union, although the import and
export trade volumes were small, had a higher degree of resource
balance due to their priority in the development process, resulting
in a relatively high diversity of trade channels, resource control and
counter-control ability, and trade center status during the research
period. The policies and economic crises of major importing
and exporting countries had a relatively small impact on such
countries, but changes in the industrial structure of high-tech
affect the trade of such countries, such as the high-nickel matte
from Russia.

3.2 Impact of country risks on nickel supply
chain trade structure

This study established two types of regression models. The first
model pertains to import trade within the nickel supply chain, while
the second model relates to export trade within the same chain.
These models correspond to six scenarios that explore the impact
of country risk (economic and political), industrial structure, and
R&D investment on the import scale of importing countries (ID),
their resource counter-control capability (CC), and the national
status in import trade (IEC), as well as the export scale of major
exporting countries (OD), their resource control capabilities (BC),
and national status in export trade (EEC).

3.2.1 The impact of country risk on the trade
structure of major importing countries in the
nickel supply chain

Table 4 shows the regression results of the effect of country
risk on the import trade structure of the nickel supply chain.

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2024.1487521
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Jia et al. 10.3389/feart.2024.1487521

FIGURE 8
The main trade structure of the nickel supply chain. (A) Nickel ores, (B) Ferro-nickel, (C) Stainless-steel.

From the perspective of importing countries, economic risk was
significantly and positively correlated with the trade structures of
three types of nickel commodities. The impact of economic risk on
nickel ores was particularly substantial. When importing countries
faced economic risks, their trade scale for nickel ores, counter-
control capabilities over resources, and influence in trade were all
subject to change. To a certain extent, countries that imported nickel
could increase their import channels, diversifying the pressures and
uncertainties associated with concentrated resource imports. This
diversification could ensure the stability and security of resource
imports, thereby reducing the impact of economic risk on the trade
of critical minerals. Consequently, this led to an enhanced ability to

counter-control resources, strengthened connections with countries
engaged in resource trade, and a corresponding elevation in their
trade status. However, when economic risk increased by one unit,
the counter-control capability for nickel ores only improved by
0.013 units. The trade advantages brought about by economic risk,
while significant, resulted in minimal changes. Compared to the
import of nickel ores, the impact of economic risk on the trade
of ferro-nickel and stainless-steel was relatively lower. There was
a significant positive correlation between economic risk and the
eigenvector centrality of ferro-nickel, and it significantly affected the
eigenvector centrality and closeness centrality of stainless-steel, with
both showing positive influences.
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TABLE 4 Regression results for the role of countries in the nickel product (Equations 1, 2, 8).

Nickel
product

Flow
direction

Trade
structure

Economic
risk

Political risk Industrial
structure

Investment
input

con

Nickel ores

Import

ID 0.966∗∗∗(0.152) 0.291
∗∗∗

(0.066) 11.157
∗∗∗

(3.563) 2.036
∗∗∗

(0.961) −8.234 (5.917)

CC 0.013∗∗∗(0.004) 0.001 (0.002) −0.048 (0.091) 0.06
∗∗
(0.024) 0.352

∗∗
(0.15)

EC 0.048∗∗∗(0.007) −0.007 (0.003) 0.546
∗∗∗

(0.167) 0.175
∗∗∗

(0.045) 0.962
∗∗∗

(0.277)

Export

OD −0.768 (0.509) 1.272
∗∗∗

(0.61) 0.509
∗∗
(0.24) 0.079

∗
(0.043) 9.274

∗∗∗
(2.863)

BC 0.315 (0.900) 0.101 (0.933) 0.852
∗∗∗

(0.303) 0.225
∗
(0.131) −3.679 (2.894)

EC −0.247 (0.625) 1.039 (0.649) 0.773
∗∗∗

(0.211) 0.027 (0.091) 4.16
∗∗
(2.011)

Ferro-nickel

Import

ID 0.291 (0.219) 0.632
∗∗∗

(0.167) 30.548
∗∗
(14.696) 2.44

∗
(1.279) 26.148

∗
(14.569)

CC −0.005 (0.004) 0.00 (0.002) −0.155 (0.131) −0.025 (0.017) 0.643
∗∗∗

(0.134)

EC 0.032
∗∗∗

(0.006) 0.004 (0.002) 0.683
∗∗∗

(0.212) 0.001404 0.507
∗∗
(0.216)

Export

OD −0.055 (0.066) −0.039 (0.039) 11.448
∗∗∗

(3.95) 1.717
∗∗∗

(0.507) 16.038
∗∗∗

(3.241)

BC 0.001
∗
(0.001) 0.002

∗∗∗
(0.000) 0.012 (0.048) 0.014

∗∗∗
(0.005) 0.073

∗
(0.04)

EC 0.02
∗∗∗

(0.003) 0.000 (0.002) 0.684
∗∗∗

(0.165) 0.00135 0.728
∗∗∗

(0.106)

Stainless-steel

Import

ID 0.016 (0.065) 0.199
∗∗∗

(0.055) 6.856
∗
(3.538) 6.914

∗∗∗
(0.675) 43.855

∗∗∗
(4.934)

CC 0.001
∗
(0.000) 0.001

∗∗∗
(0.000) 0.151

∗∗∗
(0.019) 0.051

∗∗∗
(0.004) 0.566

∗∗∗
(0.026)

EC 0.002
∗∗
(0.001) 0.000 (0.001) 0.091

∗∗
(0.046) 0.047

∗∗∗
(0.009) 0.525

∗∗∗
(0.064)

Export

OD 0.466
∗∗∗

(0.106) 0.6
∗∗∗

(0.095) 42.114
∗∗∗

(6.279) 11.873
∗∗∗

(1.148) 58.635
∗∗∗

(8.508)

BC 0.000 (0.000) 0.000
∗∗∗

(0.000) 0.020
∗∗∗

(0.004) 0.003
∗∗∗

(0.001) 0.017
∗∗∗

(0.005)

EC 0.002
∗∗
(0.001) −0.001 (0.001) 0.134

∗∗∗
(0.051) 0.029

∗∗∗
(0.009) 0.629

∗∗∗
(0.069)

Note: The coefficients, significance and standard errors of panel regression results are included in the table;∗∗∗,∗∗,∗represent the significance level of 1%, 5% and 10% respectively; Standard error
in parentheses.

Political risk had a significant impact on the trade scale of
the three types of nickel commodities and exhibited a negative
correlation. Specifically, political risk had a notably negative
impact on the counter-control ability of resources for stainless-
steel. When the of an importing country increased by one unit,
the trade scale of nickel ores, ferro-nickel, and stainless-steel
in the importing country correspondingly decreased by 0.3, 0.6,
and 0.2 units, respectively, while the resource counter-control
ability for stainless-steel decreased by 0.1%. Nickel is primarily
distributed in areas such as the Philippines and Indonesia, with
a relatively concentrated distribution. At the current stage, the
global trade pricing mechanism for nickel mainly relies on futures
pricing, and nickel consumers tend to use futures contract prices
to purchase nickel. Under these circumstances, although it may
seem that nickel-importing countries have an import advantage,
in reality, exporters who sign futures trade with countries with
lower political risks can obtain more stable profits. Therefore,
on this basis, political risk has a significant negative correlation
impact on the import trade structure of the three types of
nickel commodities.

Changes in the industrial structure had a significant impact on
the scale of trade and the national status in trade for nickel ores,
ferro-nickel, and stainless-steel, with the degree of impact decreasing
in that order.When the industrial structure changed by one unit, the
trade scale of the three commodities moved in the same direction by
11, 30, and 7 units, respectively. Changes in the industrial structure
altered the demand for nickel in different industries, leading to
fluctuations in the volume of resource imports. As the industrial
structure adjusted, the rise of emerging industries or the decline
of old ones caused importing countries to seek new trade partners
or adjust existing trade relations, thereby increasing the scale of
import trade. Additionally, the adjustment of the industrial structure
showed a significant negative correlation with the national status of
ferro-nickel importing countries at the significance level of 1%. An
optimized industrial structure reduced dependence on rawmaterials
such as ferro-nickel, leading to a declining trend in its position in
import trade.

The R&D investment had a more pronounced impact on the
trade structure, with significant correlations at the significance level
of 1% for both the import trade of nickel ores and stainless-steel,
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while its impact on the import trade structure of ferro-nickel was
relatively smaller. Unlike the positive impact of R&D investment
on the national status in stainless-steel import trade, the R&D
investment had a negative impact on the trade status of nickel ores.
The negative impact may have been due to technological innovation
leading to increased production efficiency, which reduced import
demand and thus lowered the import volume of nickel ores. In
contrast, in the stainless-steel industry, the positive impact was
because technological innovation promoted product quality and
innovation, enhancing competitiveness in the international market.

3.2.2 The impact of country risk on the trade
structure of major exporting countries in the
nickel supply chain

The economic risk did not significantly affect the trade
scale, resource control capabilities, or national status in trade for
countries that exported nickel ores. However, it demonstrated a
significant positive correlation with the trade status of countries
exporting ferro-nickel and the trade scale of stainless-steel at the
significance level of 1%. As high-value-added commodities, ferro-
nickel and stainless-steel had high demand and competitiveness
in the international market. The economic risk could have caused
fluctuations in demand, which might have significantly impacted
the export volumes of commodities such as ferro-nickel and
stainless-steel.Therefore, an increase in economic riskwas positively
correlated with the trade status of countries exporting ferro-nickel
and the trade scale of stainless-steel. Compared to nickel ores, the
trade of ferro-nickel and stainless-steel was more dependent on a
stable market environment and supply chain, and an increase in
economic risk could have had a more pronounced impact on their
trade status and scale.

Political risk exhibited a significant negative correlation with
the trade scale of nickel ores and stainless-steel and a significant
negative relationship with the resource control capabilities of
ferro-nickel at the significance level of 1%, albeit with a small
change coefficient. Political instability led to interruptions, delays,
or political interventions in resource extraction, thereby reducing
the export of nickel ores. Moreover, importing countries, aiming
to ensure the stability of resource supply, preferred to trade with
countries that had higher political stability.

The optimization of the industrial structure significantly affected
the trade structure of all three commodities. It had a negative impact
on the trade scale of nickel ores and ferro-nickel and a positive
impact on the export trade scale of stainless-steel. As the industrial
structure changed, substitutes or emerging industries emerged,
leading to a decrease in demand for nickel ores and ferro-nickel,
thus affecting the trade scale.Theoptimization and adjustment of the
industrial structure intensified market competition, and exporting
countries faced greater competitive pressure, leading to a decrease
in the trade scale of nickel ores and ferro-nickel. However, the
optimization of the industrial structure reduced the production cost
of stainless-steel, thereby increasing its trade scope.

The R&D investment significantly affected the export trade
structure of nickel commodities. Higher R&D investment typically
promoted technological innovation and improvement in product
quality, thereby enhancing the competitiveness and market share
of exported commodities and affecting the export trade structure.
Regarding the industrial structure and R&D investment, when

changes occurred in both, the import and export trade structure
of the three types of nickel commodities was significantly affected.
Before 2007, the production of stainless-steel from sulfide nickel
ores was dominant, during which Indonesia was the main exporter
of nickel ores. From 2007 to 2016, smelting of laterite nickel
ores for ferro-nickel and processing into stainless-steel took the
dominant position, during which the Philippines’ nickel ores export
was dominant. During this period, China’s product processing
advantages became evident, becoming the main producer of ferro-
nickel. Additionally, Indonesia’s export ban on nickel ores in 2014
led to frequent changes in the global nickel trade market during this
period. After 2016, the demand for ternary batteries, mainlymade of
nickel sulfate, kept growing rapidly.The increase inR&D investment,
to some extent, increased the utilization rate of nickel ores, and with
the reduction of processed product costs, the scale of nickel ores
imports relatively decreased.

4 Discussions

4.1 The evolution trend of global nickel
trade networks

Thetradestructureofdifferentnickelcommoditiesvaries.Between
2000 and 2022, the average degree of stainless-steel has increased
significantly, and the trade scale of stainless-steel has expanded
significantly. In contrast, the volume of nickel ores and ferro-nickel
trade has changed little (Figure 3A). During this period, changes
in industrial structure, fluctuations in the global economy, and the
implementation of the Indonesian ban have adversely affected the
efficiency of nickel ores trade. In contrast, the average path length
of stainless-steel has remained relatively stable over the same period
(Figure 3B). Compared with nickel ores and ferro-nickel, stainless-
steel has the least concentration (Figure 3C) and less fluctuation in
stability (Figure 3D), both reflecting the relatively high degree of
stabilitywithinthestainless-steel tradenetwork,underliningthestrong
resilience of its trade network to economic and political uncertainties
(Chen et al., 2024; Olafsdottir and Sverdrup, 2019).

Since 2000, the growth in global nickel demand has been closely
linked to the industrialization of emerging market countries and
the development of high-tech industries (Elshkaki et al., 2017). This
surge in demand has led to a significant increase in the trading
volume and the number of trading countries for nickel ores, ferro-
nickel, and stainless-steel, particularly in the stainless-steel industry
(Olafsdottir and Sverdrup, 2021). However, the efficiency of the
global nickel supply chain did not improve in tandem with the
increase in trade volume (Figure 4B). Despite closer connections
among trading partners, the overall trade transmission efficiency did
not see a marked enhancement. This could be attributed to global
supply anddemand imbalances, economic andmarket uncertainties,
shifts in policy, and the complexity of the nickel supply chain
(Wang and Xia, 2024; Cristina et al., 2019). For instance, The
global economic crisis in 2008 led to a decline in demand, while
the COVID-19 pandemic in 2020 caused disruptions in supply
chains and drastic changes in demand (Hassan et al., 2023), with
corresponding changes in trade efficiency. It illustrates that changes
in economy and policy can impact the structure of nickel trade.
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Theconcentrationof the global nickel tradenetworkhas increased
significantly in recent years (Figure 4C). China, the United States,
Indonesia, and 17 other core countries make up 74% of the global
nickel trade, highlighting the concentration of production and trade
activities (Sun et al., 2024). In addition, geopolitical factors are
increasingly affecting the global nickel trade,with countries preferring
to trade with politically aligned trading partners, a phenomenon
known as “friend-shoring,” further driving the increase in trade
concentration(Maetal., 2022).Therearedifferences in theaddedvalue
of different commodities in the nickel supply chain, and developed
countries usually dominate the high-value-added links, which is also
an important factor leading to the increase in the concentration of
traded commodities (Sun et al., 2024).

The fluctuation of supply and demand in the nickel trademarket
is one of themain factors that lead to the decline of the stability of the
nickel supply chain. The global nickel supply and demand situation
has shifted from a previous tight state to a surplus. In particular,
between 2021 and 2022, the global supply and demand balance of
metal nickel has gradually been broken, showing a trend of excess,
and this excess state is expected to continue. The oversupply of
the market and the weak demand have put double pressure on
the price and trade stability of nickel. This change in supply and
demand patterns could lead to less stability in trade as markets
adjust to new supply and demand relationships. In addition, the
rapid development of technology and the dramatic expansion of
production capacity have had a profound impact on the stability of
the global trade in nickel commodities. In 2007, for example, laterite
nickel ores entered the historical stage, which greatly promoted
the surge in nickel-iron production capacity in China and other
countries, thus reshaping the structure of nickel trade on a global
scale and bringing significant changes to its stability.

Tosumup,although the tradingvolumeofnickel commoditieshas
increasedinrecentyears,andthenumberofcountries involvedintrade
has also increased, factors such as supply and demand imbalances,
political risks, economic fluctuations, technological progress, and
industrial structure adjustment have had a significant impact on the
trade structure of the global nickel supply chain. The combination
of these complex and changeable factors makes the global trade
structure of the nickel supply chain face many challenges, and its
stability and predictability are tested (Song et al., 2023). There was
a need to focus on how to strengthen a country’s competitiveness
and risk resistance in the global nickel industry through diversifying
import sources, optimizing industrial structure, and increasing R&D
investment (Ali et al., 2019; Tilton et al., 2018).

4.2 Different effects of country risk on the
import and export trade structures

Economic risks exerted a more pronounced influence on the
import trade structure of the nickel supply chain, while political risks
had a more significant bearing on the export trade structure, aligning
with the findings of other scholars regarding the impact of country
risks in the energy sector (Zhang et al., 2021).Thehigher the economic
risk, the shakier the economic foundation, which failed to offer
solid guarantees for the returns and security of foreign investments
in the nickel industry. A downturn in foreign direct investment in
domestic nickel production and exploration due to elevated economic

risks severely compromised the regular supply of domestic nickel.
Consequently, countries grappling with higher economic risks were
compelled to broaden their import channels to satisfy their nickel
consumption demands. However, an increase in import sources did
not automatically translate to an increased volume of nickel resource
imports. For instance, during the economic crisis, while the overall
trade volume for global nickel ores, ferro-nickel, and stainless-steel
declined, the trade scale for major importing countries like China
and Japan actually registered a slight uptick. With the escalation of
economic risks, these countries exhibited vulnerabilities in their nickel
supply, prompting them to diversify their nickel supply channels to
mitigate reliance on imports, drawing a parallel with their broader
mineral resource trade strategies (Chalvatzis and Ioannidis, 2017). It
became evident that countries with higher economic risks also face
repercussions on their domestic nickel production. As a result, their
reliance on external nickel supplies intensified, leaving them with the
option to import nickel from a more diverse array of countries to
alleviate their dependency.

In contrast to the energy trade, an uptick in national political
risk did not confer a short-term boon to the nickel trade (Kitamura
and Managi, 2017). Given the concentrated distribution of nickel,
escalating political risks emerged as a significant threat to the
supply capabilities of exporting countries. Importers focused on the
geopolitical landscape of their exporting counterparts. To safeguard
the security of the nickel supplies, importing countries were more
inclined to source resources from countries with a stable political
climate (Yu et al., 2023).There existed a negative correlation between
the export scale of exporting countries and the level of political
risks. In terms of resource control capacity, increased political and
economic risks may lead to a weakening of resource control capacity
in exporting countries. The core trade countries that have the
right to speak control the trade of nickel commodities (Gorman
and Dzombak, 2018; Yu et al., 2023). This suggests that increased
political and economic risks for exporting countries, especially in
the face of international pressure, could weaken their ability to
control nickel. Resource-rich countries can influence the global
nickel trade structure through policy adjustments. Indonesia plans
to impose an export ban or tax on nickel, which limits exports
of nickel commodities containing less than 40 percent. As the
world’s largest nickel producer, Indonesia wants to upgrade its
supply chain and become a global battery manufacturing hub
(NBR). Such a policy change could weaken the ability of exporting
countries to control nickel, as they may be affected by international
market and policy changes. The impact of country risk on the
national status of trading countries is not significant. For individual
exporting countries, while the increase in political risk implies an
unstable political environment in nickel producing countries, which
increases the risk of foreign investment and may have an impact on
their resource output and the fiscal spending of trading partners, this
change has not materially altered their linkages with key countries
(Zhou et al., 2023; Chen et al., 2024). In the short term, trade
links with key countries appear solid and resilient to fluctuations in
political and economic risks.

The optimization of industrial structure and the upsurge in R&D
investment notably influenced the export trade structure of the
nickel supply chain. As the industrial structure was refined and R&D
investment grew, shifts in the composition of nickel ores production
occurred, leading to a weakened market demand for nickel ores and
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a bolstered domestic capacity for production and processing, which
in turn led to a decrease in export volume and scale (Ma et al.,
2022). The adjustment of industrial structure has stimulated the
increase in the added value of nickel commodities, thus expanding
the production of nickel commodities to meet the different needs of
differentmarkets.This shifthas changed the trade structure of export
mineral commodities, making it more biased towards high-value-
added commodities. This is the driving force behind the increased
demand for ferro nickel and stainless-steel and the corresponding
expansion in the scale of exports. At the same time, resource control
capacity has increased proportionally, and trade links with other
countries have also increased.

4.3 The impact of country risks on nickel
supply chain and its particularity

4.3.1 Economic risk and political risk on nickel
trade

Country risks, industrial structures, and R&D investments have
differential impacts on the import and export trade structures
within the nickel industry chain. The extent of country risk
influence on the nickel industry chain is notably distinct. The
economic risk correlated significantly with the import scale of
nickel ores at the significance level of 1%, demonstrating a
substantial positive relationship (Table 4). Compared with nickel-
iron and stainless-steel, nickel ores trade concentration is higher
(Figure 4C), nickel ores as the upstream raw material of the
supply chain, its price and trade scale are more sensitive to
macroeconomic changes (Zhou et al., 2024). As a result, economic
risks have a more significant impact on the scale of raw ore trade.

Processed mineral commodities often occupy the middle to
high tiers of the value chain, possessing a certain level of added
value. The influence of technological factors on these commodities
may outweigh the direct impact of economic risks, which is also
reflective of the varying degrees of impact that R&D investments
have on the export trade structure of nickel ores, ferro-nickel,
and stainless-steel as illustrated in the panel data in Table 4. The
diversified markets and product structures for these resource-based
processing commodities conferred a higher resilience to risks,
thereby diminishing the significance of economic risks on them.
Furthermore, the adjustment of the industrial structure exerted
a more pronounced influence on the export trade of stainless-
steel compared to that of nickel ores and ferro-nickel. This finding
is consistent with the notion that a more optimized industrial
structure can enhance the competitiveness and added value of
exports, making them less susceptible to economic volatility (Wong
and Liu, 2011; Umer et al., 2022).

Political risks exert their influence on the nickel trade
primarily through shifts in policy, geopolitical tensions, and
the stability of governance. Elevated political risks can often
result in heightened policy uncertainty within resource-rich
countries, manifesting as export bans on mineral resources
or abrupt alterations in fiscal policies. Such developments can
impede the continuity and reliability of resource production and
exports, culminating in a reduced scale of export trade. A case
in point is Indonesia’s prohibition on nickel ores exports, which
sent shockwaves through the global nickel supply chain. These

policy shifts compelled countries reliant on Indonesian nickel to
recalibrate their import strategies to maintain an uninterrupted
flow of supply (Blondel et al., 2008).

4.3.2 Particularity of nickel supply chain
The production and consumption of nickel are notably

concentrated. The principal nickel-producing countries, such as
Indonesia, the Philippines, Russia, andAustralia, supply a significant
portion of the world’s nickel, while the major consumer base is
predominantly in China, the United States, and the European
Union. This level of concentration renders the international trade
in nickel more vulnerable to the risks emanating from specific
countries than is the case with other minerals like copper and
aluminum. For example, policy changes in Indonesia and the
Philippines exert a considerable influence on the global nickel supply
chain, a level of impact not as pronounced in the trade of other
minerals (Umer et al., 2022). Although lithium and copper are also
produced predominantly in certain countries, their geographical
distribution of resources might be broader (Hafner, 2020). Lithium
is significantly present in the South American “Lithium Triangle”
of Chile, Argentina, and Bolivia, as well as in Australia and China.
Even if the trade of lithium and copper exhibits some concentration,
their application sectors and demand dynamics differ from those
of nickel, which may, in turn, affect trade structures and their
sensitivity to country risks.

Nickel’s application spectrum is both broad and critical,
particularly in high-value industries such as stainless-steel and
battery manufacturing. The burgeoning electric vehicle industry
has led to a marked increase in demand for high-quality nickel,
thereby amplifying the influence of country risks on the nickel
supply chain (Zheng et al., 2022). Economic and political risks
significantly impact the trade structure of high-value commodities
like ferro-nickel and stainless-steel, underscoring their acute
sensitivity to market demands and policy environments. While
lithium is predominantly utilized in the battery sector, particularly
in new energy batteries, and copper has widespread applications in
electrical engineering and electronics, eachmineral product, despite
its different application areas, shares similarities in how their added
value and trade patterns are shaped by industrial structures and
R&D investments (Wang et al., 2018).

Themanagementofcountry risks in thenickel trade is significantly
more complex.Theglobal commerce of nickel is swayednotmerely by
theunderpinningsof supply anddemandbut alsoby theunpredictable
currents of future markets and the ebbs and flows of financial capital.
Although financial elements are recognized for their influence across
the trade of diversemineral resources, their effect on the nickelmarket
stands out as exceptionally pronounced. This heightened sensitivity
is attributed to a confluence of critical factors, including the metal’s
pivotal role in key industries, the concentration of production within
specific geopolitical regions, and the metal’s pronounced reaction to
speculative trading and financial market maneuvers. This intricate
interplay of elements underscores the need for a nuanced and
vigilant approach to risk management within the nickel trade. The
sharp volatility in the nickel futures market on the LME in 2022
was a case in point, highlighting the financial market’s exposure to
uncertainty and risk in the nickel trade (Wang et al., 2023). Hedging
activities by companies in the nickel supply chain are common and
can influence market dynamics. The influx of capital from index
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investments in commodities, including nickel, can drive prices away
from supply and demand fundamentals. Exchange rate fluctuations,
which affect the global trade of nickel, can have a more immediate
impact on this metal than on others. Geopolitical events, such
as tensions in the South China Sea affecting nickel ores exports,
can lead to increased risk premiums in the nickel trade. Shifts in
economic policies, such as the implementation of export taxes or
bans by major producers, can instantly alter the supply scenario
and significantly affect nickel prices (Zheng et al., 2022). These
underscore the unique sensitivity of the nickel market to financial
influences, highlighting the necessity for a sophisticated approach to
risk management in this sector.

In summary, the influence of economic and political risks on the
nickel trade operates throughdistinct channels, and the concentration
of nickel production coupled with its use in high-value applications
increases its susceptibility to country risks.Compared toothermineral
resources, the distinctive and intricate dynamics of nickel in the global
supplychaincall foramoresophisticatedapproachtoriskmanagement
and the development of key policies. This nuanced strategy must
account for the unique sensitivities and complexities inherent in
the nickel trade, ensuring a balanced and effective response to the
multifaceted challenges it faces.

4.4 Limitation and future work

The study on the impact of country risk on trade structure
has been relatively comprehensive. However, the study is based on
past data, nickel trade patterns, and country risks are dynamic,
so it may not be possible to fully predict future trade trends and
risks. Countries’ trade policies change from time to time, which can
affect the pattern and efficiency of nickel trade, and studies may
not reflect these changes in a timely manner. In the subsequent
research, a comprehensive summary of nickel mining, production,
consumption, trade, and each stage of the influencing factors, the
establishment of nickel industry chain adaptive system, and nickel
supply security research has a very important significance.

5 Conclusion

This study employs a comprehensive approach, integrating
complex network theory with panel regression models, to dissect
the profound influence of country risk on the trade structure of
the nickel supply chain represented by nickel ores, ferro-nickel,
and stainless-steel. The findings unveil the pivotal role that country
risk factors, particularly political and economic risks, play in
sculpting the global nickel trade network. The main conclusions are
summarized as follows:

(1) The scale of global nickel trade is growing, but the trade
efficiency has not been improved simultaneously, the import
and export channels are concentrated, and the stability is
poor. Developed economies dominate the nickel trade, with
the United States playing a key role in the global nickel
trade network, with close relationships with major trading
partners such as China. China occupies a central position in
nickel resource import trade, but has no obvious advantage in

exports. Overall, economically developed countries maintain
an advantage in the global nickel trading network.The increase
in import channels can effectively spread the risk. On the basis
of stabilizing the existing trade links with Russia, Australia,
Canada, China should strengthen nickel trade with New
Caledonia, Indonesia, South Africa, and other countries to
achieve multi-dimensional development of import channels.

(2) Country risks have a significant impact on trade within the
nickel supply chain. The increase in economic risks promotes
the diversification of import channels and strengthens
the resource counter-control ability and trade position of
importing countries. However, in the short term, economic
risks will not significantly alter the trading relationships
of major trading countries. In order to ensure the supply
security of nickel, importing countries are more willing to
cooperate with countries with stable political environments,
which may lead to the weakening of the intermediary role
of nickel-exporting countries. It is suggested to invest in the
development of overseas nickel mineral resources, promote
the construction of regional supply chains, and hedge the risks
caused by China’s large imports of upstream commodities
from these countries by strengthening the dependence of
major upstream product importing countries (regions) on
the downstream commodities of China’s nickel industry chain.

(3) Compared with nickel commodities, national risk has a greater
impact on nickel ores trade, and industrial structure and R&D
investment have a significant positive impact on nickel product
trade. It is recommended that industrial structure adjustment
and research and development investment be increased in
order to expand the scale of trade in nickel processing
commodities, enhance the resource control capacity of trading
countries, and enhance their national status in the global trade
hierarchy.
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