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A B S T R A C T   

Nickel is deemed as one of the critical metals because it is currently essential in making both stainless steel and 
lithium-ion batteries. It is therefore critical to evaluate such impacts so that appropriate mitigation measures can 
be taken. Emergy is an effective evaluation method, which is widely used for environmental accounting. This 
study applies such an emergy-based method to evaluate nickel production in China so that the holistic envi
ronmental performance of nickel production can be examined. Typical products are chosen for different pro
cesses by considering both quantity and the development potential. Results show that nickel production is 
unsustainable and the associated environmental costs are not fully covered in the nickel prices. In addition, we 
find that environmental loading from nickel recycling is less than that from primary nickel production. Several 
policy recommendations are then raised based upon these results to facilitate sustainable nickel management in 
China.   

1. Introduction 

Nickel, one of the iron series elements, is a silvery-white lustrous 
metal. It is an essential ingredient in various products that modern so
ciety relies on, such as stainless steels and other alloys (Giuliodori and 
Rodriguez, 2015). Besides, nickel plays a significant role in the devel
opment of clean energy due to its use in the production of lithium-ion 
batteries, as well as its application in several green power generation 
technologies (Sun et al., 2021; Tian et al., 2021; Xiao et al., 2022; Cai 
et al., 2023; Miao et al., 2023). Driven by the target of “carbon 
neutrality”, electric vehicle is expected to occupy the majority of the 
passenger vehicle markets in the mid-21th century (Crabtree, 2019; 
Mallapaty, 2020). Additionally, green power is widely regarded as one 
effective way to cope with energy issues in the forthcoming decades (Lei 
et al., 2023; Zhao et al., 2023). Both initiatives will result in a soaring 
demand for nickel in the forthcoming decades. Consequently, nickel has 
been considered one of the essential strategic metals in the USA, Japan, 
Canada, European Union and China (Graedel et al., 2022). 

Currently, China consumes over 50 % of the global nickel resource. 
Roughly 60 % of the global stainless steel and 70 % of the global lithium- 
ion batteries are produced in China, implying China’s dominance in 
nickel production and consumption (UN Comtrade, 2023). However, 

nickel production is associated with serious environmental impacts, 
such as air pollution, water and soil contamination, due to its high en
ergy consumption and intensive emissions (Bai et al., 2022; Fukuzawa, 
2012). Besides, China’s total nickel reserve (2.8 million tons) only ac
counts for 3 % of the global total, indicating a high risk of stable nickel 
supply (USGS, 2023). Hence, it is crucial to encourage nickel recycling 
in China. By considering these realities, it is necessary to measure the 
environmental impacts of both primary nickel production and secondary 
nickel production so that valuable insights can be obtained to all the 
stakeholders. Moreover, it is important to identify the key environ
mental issues of nickel production so that appropriate mitigation mea
sures can be taken. 

Material flow analysis is a widely accepted method on tracing one 
element along its life cycle and has been applied to evaluate nickel 
production at global and regional scales so that the features of nickel 
flows can be uncovered across various temporal and spatial scales 
(Huang et al., 2014; Nakajima et al., 2018; Reck et al., 2008; Su et al., 
2023; Zeng et al., 2018). Also, several studies utilized different models 
to estimate future nickel demand and supply (Eckelman, 2010; Yuan 
et al., 2019). Moreover, life cycle assessment (LCA) also is effective to 
evaluate environmental impacts of nickel production. In this regard, 
several studies measure such impacts by focusing on one or two nickel 
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products (Bai et al., 2022; Deng and Gong, 2018; Liu et al., 2016; Ma 
et al., 2019; Wei et al., 2020; Yu, 2006). However, they do not cover 
nickel recycling perspectives. Similarly, environmental impacts of spe
cific nickel-containing products (such as lithium ion batteries and 
stainless steel) are measured between the use of primary nickel and 
secondary nickel, but they do not fully characterize recycling efforts and 
neglect the holistic perspectives of virgin nickel production, such as the 
ecologic benefits and feedback features of recycling nickel (Johnson 
et al., 2008; Majeau-Bettez et al., 2011; Costanza et al., 2017; Sun et al., 
2020). 

Emergy analysis is one method that can address this problem. 
Derived from ecology, thermodynamics, and general systems theory, it 
quantifies the value of natural capital and ecosystem services (Geng 
et al., 2013; Odum, 1996). Emergy helps to assign the correct value to 
ecological and economic products and services, and compares flows 
with various quality by transforming them into a common energy metric 
(usually solar energy) (Rugani and Benetto, 2012). Currently, emergy 
analysis has become a prominent approach for sustainability assessment 
(Geng et al., 2019). In fact, this method has experienced rapid devel
opment and is widely applied across various domains, such as agricul
ture and agroforest production systems (de Oliveira et al., 2018; Tsai and 
Lee, 2024; Zhuang et al., 2021), economic systems (Liu et al., 2022; 
Ohnishi et al., 2017; Tilley and Swank, 2003), international trade (Tian 
et al., 2017; Zhong et al., 2017), and industrial processes (Brown et al., 
2012; Liu et al., 2021; Pan et al., 2016). This method has also been used 
to investigate the production of different minerals. For example, Xue 
et al. (2018) conducted an emergy analysis along the entire life cycle of 
aluminum in China so that the effects of changes in domestic production 
and import policies on aluminum outputs can be measured. By applying 
emergy analysis, Buranakarn (1998) concentrated on the recycling and 
reuse of building materials, including aluminum, so that the costs and 
benefits of recycling can be accounted. Ingwersen (2011) assessed the 
overall sustainability of gold production by conducting an emergy 
analysis. Similarly, Chen et al. (2019) assessed the overall environ
mental performance of gold ingot production by utilizing this emergy 
analysis method, in which the UEVs of production-related flows were 
explicitly stated. Cano Londoño et al. (2019) compared the overall 
environmental performances of two gold production methods (open-pit 
and alluvial gold mining) by integrating emergy analysis with life cycle 
assessment and found that the alluvial gold mining approach is more 
environmentally friendly than the opne-pit aproach. Yang et al. (2017) 
employed emergy analysis to determine the UEVs of both natural 
graphite and spherical graphite and accounted ecological losses and 
public health impacts associated with two graphite production systems. 
Rui et al. (2022) further compared the impacts of both natural graphite 
production and synthetic graphite production through the application of 
emergy analysis and identified the environmental potential of synthetic 
graphite production to replace natural graphite production. However, 
this emergy analysis method has not been used to evaluate nickel 
production. 

In view of these challenges, this study aims to conduct an emergy 
analysis-based environmental accounting for the nickel industrial chain 
in China. Several typical nickel products are selected to represent 
different life cycle stages of nickel production. In this regard, nickel ore 
is selected as a mining product; nickel metal, ferronickel and nickel 
sulphate are selected as the typical products at the smelting and refining 
stage; stainless steel and lithium-ion battery are selected as the typical 
products at the fabrication stage. We expect that research results from 
this study can facilitate sustainable nickel resource management. The 
whole paper is organized as below. After this introduction part, section 2 
describes our research methods and data sources; section 3 presents our 
research results; section 4 discusses these results and proposes policy 
recommendations; finally, section 5 draws research conclusions. 

2. Methods and data 

2.1. Emergy accounting 

Emergy is defined as a method to evaluate the total amount of 
available energy needed directly and indirectly in a certain product or 
service (Odum, 1996). In this study, emergy accounting is conducted for 
nickel production in China based on an emergy system diagram, con
taining flows, storages, components, and products related with nickel 
production. The total emergy (U) used for one product can be calculated 
by using Eq. (1): 

U =
∑n

i=1
Ui =

∑n

i=1
fi × UEVi (1)  

Where i represents an individual flow i associated with the investigated 
system; Ui represents the emergy of the ith flow; fi represents the amount 
of the ith flow in the unit of mass, energy or money; UEVi represents the 
unit emergy value of the ith flow. 

All the flows supporting the investigated system can be classified into 
three types: (1) local renewable resources (R), (2) local non-renewable 
resources (N), (3) purchased resources (F) (Ulgiati and Brown, 2013). 
A set of emergy-based indicators, including Environmental Loading 
Ratio (ELR), Emergy Yield Ratio (EYR), and Emergy Sustainability Index 
(ESI), are applied in this study to evaluate environmental impacts and 
the overall sustainability of nickel production in China. They can be 
calculated based on the quantitative results of all the flows (see Eqs. (2)– 
(4)). 

ELR =
N + F

R
(2)  

EYR =
R + N + F

F
(3)  

ESI =
EYR
ELR

(4) 

Furthermore, the emergy values of primary nickel production in 
China are transformed to monetary equivalents (emergy currency, EMC) 
so that the economic values of nickel products can be accounted from a 
natural contribution perspective (Campbell and Brown, 2012). EMC can 
be calculated by using Eq. (5). 

EMC =
U

EMR
(5)  

Where U represents the total emergy used for one product; EMR repre
sents emergy monetary ratio. The details of EMR accounting are pro
vided in the supporting information (Fig. S1). 

2.2. Emergy flows of nickel production 

In this study, emergy accounting is conducted for China’s nickel 
production along its life cycle. The whole nickel production includes six 
life cycle stages: (1) mining, (2) smelting and refining, (3) fabrication, 
(4) manufacturing, (5) use, and (6) waste management and recycling (Su 
et al., 2023). Nickel metal, ferronickel and nickel sulfate are selected as 
the typical products at the smelting and refining stage because nickel 
metal or ferronickel are major nickel products at this stage, while nickel 
sulfate plays an increasingly important role with the development of 
lithium-ion battery (Nickel Institute, 2023). Stainless steel and lithium- 
ion battery (containing nickel) are selected as the representative prod
ucts in the fabrication phase. In particular, stainless steel dominates 
nickel consumption, while lithium-ion battery is expected to grow 
significantly due to the rapid deployment of new energy vehicles. Other 
products in the fabrication stage occupy smaller shares, indicating their 
marginal roles. Both the manufacture and use stages are not included in 
this study since the majority of nickel exists in the form of semi-finished 
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goods and there is almost no nickel dissipation at the use stage. Nickel 
recycling mainly refers to produce stainless steel from stainless steel 
scraps. Moreover, since lithium-ion battery becomes more important for 
new energy vehicles, nickel recycling from such battery is also consid
ered in this study. There are several recycling routes for such battery, 
including direct recycling, pyrometallurgy, hydrometallurgy, or a 
combination of different methods (Baum et al., 2022). Considering data 
availability, the spatial boundary of this study is the geographical border 
of China’s mainland, while the temporal boundary is the year of 2019. 

Fig. 1 illustrates the emergy system diagram of China’s nickel pro
duction, which is based upon a cradle-to-gate approach. The direct 
renewable sources include sun, rain, wind, and geothermal heat, 
entering this system from the left side of this diagram.Industrial wastes 
from different stages of nickel production exit at the bottom, and nickel 
scraps exit at the right side. Purchased sources include different nickel 
materials, water, energy, chemicals, transport, and labor and services 
(L&S), which are shown as the inflows on the top. 

2.3. Data sources 

Data used in this study were obtained from multiple sources. Data of 
the amounts of different nickel products were taken from Su and her 
colleagues (2023). Material and energy flows associated with China’s 
nickel production were obtained from official statistics (CNIA, 2020), 
international organizations (ISSF, 2023; Nickel Institute, 2023), several 
academic papers (Deng and Gong, 2018; Ma et al., 2019; Wei et al., 
2020; Yu, 2006), market reports and interviews with experts in several 
investigated companies. Most of UEVs adopted in this study were taken 
from international publications, while the UEV values of nickel ores and 
nickel concentrates were calculated and listed in the supporting infor
mation. Based on the updated global emergy baseline with a value of 
12.00E + 24 sej/yr (Brown et al., 2016; Brown and Ulgiati, 2016), we 
calculated all the emergy flows, in which all the UEVs based on other 
baselines were recalculated. 

2.4. Sensitivity analysis 

Since the total emergy input of each nickel product can be affected by 
different input parameters, it is necessary to conduct a sensitivity 
analysis. Impacts of different inputs on the total emergy of all the 
investigated products are measured. Each result is expressed as the 
relative total emergy change when an input parameter is reduced by 1 
%. 

3. Results 

3.1. Emergy accounting results of nickel production in China 

Fig. 2 illustrates emergy inputs at different stages of nickel produc
tion in China, showing that the total emergy has extensively increased 
along the nickel production chain. This can be explained by the fact that 
extra input is required at each life stage, especially for nickel raw ma
terials. Specifically, the domestic nickel mining cannot meet with the 
domestic demand for nickel. Therefore, China has to import a large 
amount of primary nickel. In addition, it is crucial to pay attention on 
other resource inputs. For instance, the total nickel contained in nickel 
sulphate is more than that in the lithium-ion batteries although the total 
emergy of the former is less than the latter. In contrast to other phases of 
nickel production, the total emergy of recycling is marginal. The main 
reason is that the amount of nickel recycling is much smaller than the 
total nickel production. The emergy inputs of different renewable 
sources are also too less than those of non-renewable and purchased 
sources at all stages of nickel production. These detailed emergy ac
counting inventories for nickel production in China are presented in the 
supporting information (from Table S1 to Table S4). 

Fig. 3 illustrates the contributions of different flows to the total 
emergy at different stages of nickel production in China. 

Mining Stage Nickel mining has been limited in China during the 
recent years, with an amount of only 0.12 million tons in 2019. Local 
non-renewable resource (>99 %) is the main input to nickel mining, 
while the contributions of purchased resources and renewable sources 
are very marginal. The UEV of nickel ore is 1.60E + 17 sej/ t Ni in China. 

Smelting & Refining Stage Three major nickel products are produced at 
this stage. Nickel metal is mainly produced from local ores (local non- 
renewable resource) and imported sulphide ores (one of purchased re
sources), accounting for 16.8 % and 46.2 % of the total emergy input. 
Other main emergy inputs include transport (33.1 %) and energy (2.8 
%). Nickel sulphate are assumed to be produced from local ores and 
imported MHPs in this study. The purchased resources dominate the 
emergy input, in which imported MHPs account for 68.6 % and chem
icals account for 16.1 % of the total emergy input. The emergy input of 
local ores is also significant, accounting for 14.0 % of the total emergy 
input. It is assumed that all the ferronickel is produced from imported 
nickel laterite in China, meaning that there is no local non-renewable 
input since all the raw materials are purchased. Imported nickel 
laterite (84.4 %) and energy (11.8 %) are the main emergy inputs. The 
UEV of nickel metal, nickel sulphate and ferronickel is 3.23E + 17 sej/ t 
Ni, 3.86E + 17 sej/ t Ni and 2.78E + 17 sej/ t Ni in China, respectively. 

Fig. 1. Emergy system diagram of China’s nickel production.  
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Fabrication Stage Since most nickel materials are fabricated in other 
places, it is assumed there is no local non-renewable input at this stage. 
Two nickel-contained products are selected as the representative prod
ucts, namely the NCM622 (nickel- cobalt and manganese) battery and 
the 304L stainless steel. Our results show that chemicals accounted for 
70.0 % of the total emergy of NCM622 battery, followed by imported 

nickel materials (25.2 %) and energy (3.8 %), while chemicals and im
ported nickel materials accounted for 56.4 % and 43.3 % of the total 
emergy of 304L stainless steel. The UEV of nickel battery (NCM622) and 
stainless steel (304L) and ferronickel is 1.55E + 18 sej/ t Ni and 5.91E +
17 sej/ t Ni in China, respectively. 

Recycling Only stainless steel scraps are considered at this stage since 

Fig. 2. Emergy inputs at different stages of nickel production in China.  

Fig. 3. Detailed components of the total emergy of (a) nickel ore (mining), (b) nickel metal (S&R-1), (c) nickel sulphate (S&R-2), (d) ferronickel (S&R-3), (e) battery 
NCM622 (Fabrication-1), (f) stainless steel 304L (Fabrication-2) and (g) stainless steel 304L (Recycling). All the results are shown with products containing one 
ton nickel. 

Table 1 
Emergy-based performance indicators of China’s nickel production.  

Emergy indicators Unit Mining Smelting & Refining Fabrication- Recycling 
Nickel ore Nickel metal Nickel sulphate Ferronickel Battery (NCM) Stainless steel Stainless steel 

Local renewable resources, R sej 1.36E + 18 6.98E + 17 4.56E + 17 2.35E + 18 1.94E + 17 5.86E + 17 5.87E + 16 
Local non-renewable resources, N sej 1.74E + 22 1.02E + 22 7.23E + 21 0 0 0 0 
Purchased resources, F sej 3.71E + 19 5.06E + 22 4.44E + 22 1.66E + 23 1.73E + 23 6.54E + 23 1.64E + 21 
Total emergy input sej 1.74E + 22 6.08E + 22 5.16E + 22 1.66E + 23 1.73E + 23 6.54E + 23 1.64E + 21 
Output t Ni 1.09E + 05 1.89E + 05 1.34E + 05 5.98E + 05 1.11E + 05 1.11E + 06 1.11E + 05 
Unit emergy value, UEV sej/t Ni 1.60E + 17 3.23E + 17 3.86E + 17 2.78E + 17 1.55E + 18 5.91E + 17 1.48E + 16 
Environmental loading ratio, ELR  >100 >100 >100 >100 >100 >100 >100 
Emergy yield ratio, EYR  470.09 1.20 1.16 1.00 1.00 1.00 1.00 
Emergy sustainability index, ESI  0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
EMC (in 2019) em$/ t Ni 5.25E + 04 1.06E + 05 1.27E + 05 9.11E + 04 5.09E + 05 1.94E + 05 4.85E + 03 
Sell price (in 2019) $/t Ni 3.00E + 03 1.50E + 04 1.98E + 04 4.78E + 03 1.16E + 05 2.50E + 04 2.50E + 04  
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it accounts for over 80 % of nickel recycling. In addition, the whole 
recycling amount is very small, with a secondary input ratio of only 
about 10 %. Chemicals accounted for 58.0 % of the total emergy, fol
lowed by imported ferronickel (31.1 %), and transport (7.8 %). The UEV 
of recycled stainless steel (304L) is 1.48E + 16 sej/t Ni in China. 

3.2. Emergy-based performance indicators 

Table 1 lists the results of emergy-based indicators at different stages 
of nickel production in China. The values of ELR and ESI show that 
nickel production is nonrenewable resources-based along its entire life 
cycle, leading to serious environmental impacts on the local ecosystem. 
EYR is used to evaluate the efficiency of purchased resources, reflecting 
that nickel mining had a high productivity from the perspective of 
resource efficiency due to its local non-renewable inputs. In other words, 
the use of local non– renewable resources is more efficient than the use 
of purchased resources. 

Emergy Money Ratio (EMR) is 3.05E + 12 sej/$ in China in 2019 
(supporting information). Combined with UEVs of nickel products at all 
the life stages, the Emcurrency (EMC) results show that EMCs for most 
nickel products are higher than their corresponding sale prices in 2019 
(see Table 1). It means that the associated environmental costs at 
different life cycle stages of nickel production are not fully reflected in 
the Chinese markets. However, EMC of recycled stainless steel is 4.85E 
+ 03 em$/t Ni, much lower than the corresponding sale price (2.50E +
04 $/t Ni) in 2019. This is because the unit emergy of recycled stainless 
steel is low when assuming that the UEV of nickel scraps is zero. 

3.3. Recycling perspectives 

Different from bulk metals such as aluminum and copper, nickel is 
mostly recycled in the form of semi-finished products, rather than nickel 
metal (Henckens and Worrell, 2020). Current recycling technology from 
stainless steel scraps is relatively mature. In fact, many Chinese stainless 
steel enterprises began to recycle such nickel-containing stainless steel 
in 2006 (Reck et al., 2010). In addition, it is possible to recycle nickel 
from lithium-ion batteries (Islam et al., 2022). In particular, with the 
rapid development of new energy vehicles, the total amount of lithium- 
ion batteries will increase quickly, indicating a great recycling potential 
from such sources (UNEP, 2024). 

Fig. 4 shows the UEVs and detailed components of stainless steel 
(304L) and nickel battery (NCM622) produced from current raw mate
rials as well as from stainless steel scraps and retired batteries. More 

details are presented in the supporting information (Table S5). Results 
indicate that it is a more sustainable option to produce nickel from 
scraps and retired batteries. For example, nickel recycling from retired 
batteries can reduce 78.1 % of the emergy input, while nickel recycling 
from end-of-life stainless steel can reduce 97.5 % of the total emergy. We 
assume that the emergy inputs of nickel materials in both recycling 
routes are zero, which can reduce corresponding UEVs. Additionally, 
emergy inputs of chemicals in both recycling routes can be greatly 
reduced. 

3.4. Sensitivity analysis results 

The results of sensitivity analysis are shown in Fig. 5. At the mining 
stage, 10 % decrease of local nonrenewable resources lead to 9.98 % 
reduction of the total emergy of nickel ores, indicating the dominance of 
local nonrenewable resources in nickel extraction. At the smelting & 
refining stage, the characteristics of three nickel products are different. 
For nickel metal, 10 % reduction of purchased nickel materials, trans
port and locally non-renewable inputs lead to 4.61 %, 3.30 % and 1.67 % 
reduction of the total emergy, respectively. In terms of nickel sulphate, 
10 % decrease of purchased nickel materials, chemicals and locally non- 
renewable inputs can result in 6.84 %, 1.60 % and 1.40 % reduction of 
the total emergy, respectively. In terms of ferronickel, 10 % reduction of 
purchased nickel materials and energy can lead to 8.42 % and 1.18 % 
reduction of the total emergy, respectively. At the fabrication stage, the 
inputs of chemicals and purchased nickel materials dominate the pro
duction of both stainless steel and lithium-ion battery. To be specific, 10 
% reduction of chemicals and purchased nickel materials can lead to 
7.02 % and 2.52 % reduction of the total emergy of battery respectively, 
while such reduction can cause 5.62 % and 4.31 % decrease of the total 
emergy of stainless steel. At the recycling stage, chemicals play the most 
significant role. To be specific, 10 % reduction of chemicals can lead to 
5.79 % and 8.52 % reduction of the total emergy in stainless steel and 
battery production, respectively. In summary, the changes of major 
dominators for typical products at different stages lead to decreases of 
the total emergy. 

4. Discussions 

4.1. Contributions of individual flows 

With regard to nickel production in China, nickel materials 
(including local non-renewable resources and purchased nickel 

Fig. 4. UEVs of stainless steel (304L) and lithium-ion battery (NCM622) between primary nickel source and secondary nickel source.  
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materials) account for the majority of the total emergy at the mining 
stage (97.8 %) and the S&R stage (63.0 %, 82.6 % and 84.4 % for three 
different products respectively), while chemicals are the main contrib
utors at both fabrication and recycling stages. Nickel is the most 
important output from both mining and S&R stages. More components 
are added to increase nickel contents during both mining and S&R 
stages. For example, nickel concentration in most nickel ores ranges 
from 0.2 % to 2.0 % (Wollschlaeger, 2017). During fabrication and 
recycling stages, more elements are added to the two typical products. 
For instance, a large amount of ferrochrome is added to the stainless 
steel so that the chromium content can reach a certain level in the final 
product. Similarly, many chemicals are added to the lithium-ion battery 
to ensure the quality of such batteries. Both rely on increased emergy 
input of chemicals. 

The contribution of transport is significant in nickel metal produc
tion because the production site locates in Gansu province, which is in 
the western part of China. China’s major nickel reserves are concen
trated in this province, leading to that it is convenient to set up such 
factories near the nickel mining site. However, domestic ores cannot 
meet with the increasing demand for nickel metal production. There
fore, China has to import nickel ores from Australia, Indonesia and 
Philippine, which means that it is necessary to deliver such ores with 

long-distance transport. As such, more nickel processing factories 
operate their businesses in coastal regions so that they can easily get 
such imported ores. 

An unexpected result is that emergy input of energy accounts for a 
relatively small part in all the production stages, ranging from 0.1 % to 
11.8 %. This indicates that the contribution of energy is less. However, it 
does not mean that energy consumption is not important in nickel 
production. Actually, nickel industry is energy intensive. But our study 
emphasizes the importance of other inputs from an emergy perspective. 
It reflects a more comprehensive picture since other inputs, especially 
those non-renewable resources, are embodied with large ecosystem 
contributions in which energy consumption is also associated. The same 
is true for the emergy input of L&S. In terms of renewable resources, 
their contributions to the total emergy are negligible in all the produc
tion stages (less than 0.01 %), meaning that nickel production mainly 
relies on non-renewable inputs and L&S inputs. 

4.2. The selection of nickel raw materials and their prices 

The complete nickel industrial chain is based upon various nickel 
raw materials. Among them, ferronickel is a key component for stainless 
steel fabrication, while nickel sulphate is important for lithium-ion 

Fig. 5. Sensitivity analysis results of emergy inputs of (a) nickel ore (mining), (b) nickel metal (S&R-1), (c) nickel sulphate (S&R-2), (d) ferronickel (S&R-3), (e) 
battery NCM622 (Fabrication-1), (f) stainless steel 304L (Fabrication-2), (g) stainless steel 304L (Recycling) and (h) battery NCM622 (Recycling). 
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battery production. In addition, nickel metal can be used in all the 
application fields, and nickel wastes and scraps can be collected and 
recycled at the fabrication stage. Normally, the selection of such raw 
materials is based upon prices and accessibility. For example, ferronickel 
is always used to make stainless steel since it is cheap and can be easily 
obtained. Stainless steel scraps are sometimes more expensive due to the 
costs of classification, collection and delivery although it is more envi
ronmentally friendly. With regard to lithium-ion battery production, the 
emerging and rapid development of electric vehicles increased the de
mand for nickel-containing batteries. But due to their relatively longer 
life spans, most nickel-containing batteries are still being used, meaning 
that the production for such batteries relies on primary nickel products, 
namely nickel sulphate. In order to meet with such soaring demand, 
even nickel metal is used to produce nickel sulfate, leading to rapidly 
increasing price of nickel sulfate. Details about nickel price are shown in 
the supporting information (Fig. S2). Actually, nickel price is relatively 
low due to its abundant reserves. But its price fluctuated during the past 
three years, with a peak price occurred in 2022 induced by the rapid 
development of nickel-containing batteries. Interestingly, such high 
price encouraged the utilization of nickel wastes and scraps, making 
secondary nickel production more acceptable globally. But there are 
concerns on future market demands, which may restrict further devel
opment of nickel recycling. 

4.3. Policy recommendations 

Nickel is an important metal in both traditional (stainless steel) and 
emerging areas (electric vehicle batteries, various power generations 
and hydrogen production), therefore nickel industry will continue to 
boom in China (UNEP, 2024b). Under such a circumference, associated 
environmental impacts should be measured. Based on the key findings in 
this study, we propose several policy recommendations to facilitate 
sustainable nickel resource management in China. 

Firstly, it is essential to have a national plan on nickel industrial 
development. Currently, most nickel enterprises are located in coastal 
regions due to the geographical advantages of accessing imported pri
mary nickel resources. However, the best nickel metal (electrolytic 
nickel with over 99.99 % nickel content) is produced in a nickel firm in 
Gansu, a landlocked province in Northwest China (Liu and Xu, 2023). In 
fact, this firm is the largest nickel producer in China due to local rich 
nickel reserves (Liu, 1991). But local extraction cannot meet with its 
production demand since it has been extracted for many years. Thus, this 
nickel firm has to import nickel ores from other countries, meaning that 
such ores have to be delivered through long-distance transport. Also, 
this firm is state-owned, its relocation to new sites need to be approved 
by the state council. Therefore, we suggest that the Chinese government 
should prepare a national nickel industrial development plan so that 
reasonable distribution of nickel industries can be achieved. In partic
ular, although China dominates nickel production in the world, most 
low value-added nickel products can be easily produced in other nickel- 
rich countries, such as Philippines and Indonesia (Kurniawan et al., 
2020; Nakajima et al., 2017). This means that the Chinese government 
should upgrade the entire nickel industrial chain so that more value- 
added products can be manufactured in China. 

Secondly, it is critical to improve the overall nickel resource effi
ciency along its industrial chain. The emergy input of chemicals plays an 
important role in nickel production. More efficient nickel mining, 
smelting & refining, fabrication and recycling technologies can greatly 
reduce nickel losses and chemical inputs at each stage of nickel pro
duction. But these measures rely on more advanced technologies and 
management. Therefore, we suggest more university-industrial co
operations so that more innovative nickel production technologies can 
be developed and applied. A round table should be created so that 
different stakeholders can regularly meet and discuss the common 
research needs, share information, data and technologies, and organize 
capacity building activities to make sure such technologies and 

advanced management practices can be promoted. 
Thirdly, it is necessary to address associated environmental costs. 

The EMC values of nickel products produced from primary nickel are all 
higher than their sale prices, indicating that it is necessary to incorpo
rate environmental costs into pricing. Actually, most downstream firms 
are not willing to afford such environmental externalities. But with 
further development of domestic mining, local ecosystem functions may 
be lost, which will influence sustainable development of these mining 
sites. In fact, numerous studies have proved that mining activities cause 
serious environmental disturbances, including environmental pollution 
and ecological degradation (Lei et al., 2016; Li et al., 2024; Ran et al., 
2022). Therefore, an ecological compensation mechanism should be 
created so that necessary funds can be collected for recovering damaged 
ecosystem functions. Our emergy analysis results can provide valuable 
references to determine ecological compensation level through appro
priate pricing of such ores. 

Lastly, it is crucial to encourage nickel recycling. Our results indicate 
that secondary nickel production is more sustainable than primary 
nickel production. There are two different recycling routes, namely 
open-loop recycling and close-loop recycling. The first refers to recycling 
nickel from end-of-life nickel-containing batteries, while the latter refers 
to recycling nickel-containing stainless steel scrapes directly so that 
secondary stainless steel can be resold. Current close-loop recycling 
technologies are relatively mature and have been widely applied. But it 
is difficult to collect adequate nickel-containing stainless steel scraps 
when considering the delivery costs of such stainless steel scraps. In 
addition, inconsistent production requirements may lead to unknown 
nickel concentrations, which technically hinders nickel recycling (Su 
et al., 2023). Therefore, it is necessary to build a transparent and open 
scraps collection system. Another issue is that such scraps are not 
enough to meet with the domestic demand. Therefore, we suggest 
importing such scraps from other countries, especially from those 
developing countries without mature nickel recycling facilities. For 
nickel-containing batteries, the challenge is that recycling efforts for 
such batteries often focus on cobalt and lithium due to their higher 
economic values, rather than nickel. Thus, it is crucial to initiate more 
research efforts to extend the life spans of such batteries or co-recycle 
nickel from such wastes. As such, since most lithium-ion batteries are 
still in their service and will retire in several years, the Chinese gov
ernment may plan the establishment of national end-of-life batteries 
collection platform. At the same time, it is critical to set up national 
standards on collecting such retired batteries so that key information, 
such as the concentrations of nickel and other alloy metals, the amounts 
of such batteries and associated clients, key producers and recyclers, are 
available to all the stakeholders. 

5. Conclusions 

China is the largest nickel producer in the world and has to pay 
attention on associated environmental challenges. This study performs 
an environmental accounting for nickel production in China by 
employing an emergy analysis approach. 

Our results show that the total emergy input has extensively 
increased since additional inputs are added at each life cycle stage of 
nickel production. The UEVs of typical nickel products also increased 
from mining stage to fabrication stage. At the stage of mining and S&R, 
the total emergy inputs of all the selected products are dominated by 
nickel raw materials, including both local nonrenewable resources and 
purchased nickel materials. But the contributions of chemicals become 
the majority at the fabrication stage. Also, transport plays a significant 
role in the total emergy input since a large amount of such resources are 
purchased from other countries and have to be delivered through long 
distance transport. At the recycling stage, the emergy input of nickel 
scraps are defined as zero, leading to both decreased total emergy and 
UEV. Chemicals are the most important input in the total emergy at this 
stage. Moreover, emergy-based performance indicators indicate that 
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nickel industry is unsustainable with a low value of ESI since its pro
duction mainly depends on nonrenewable resources. From an overall 
sustainability point of view, recycling nickel from both stainless steel 
scraps and end-of-life batteries are more sustainable. However, nickel 
scraps are limited, which restricts secondary nickel production. More
over, the EMC of nickel products from primary nickel indicates addi
tional environmental costs although such costs are not fully reflected in 
nickel prices. 

These research results provide valuable insights for preparing 
appropriate nickel resource management policies, such as national plan 
on nickel industrial chain, the improvement of the overall nickel 
resource efficiency, the consideration of associated environmental costs, 
and the wide application of nickel recycling. 

Several research limitations exist in this study. The first one is that 
we only selected several nickel-related products in this study, which 
cannot represent the situations of other nickel industries in China. The 
second one is that UEVs used in this study were obtained from different 
sources, which may result in uncertainties. The third one is that trans
formities for different input items are not always available for the 
investigated firm. We have to rely on those most relevant literatures to 
get more relevant transformities, which may lead to biased results. 
However, this issue does exist for all the emergy-related studies. In 
general, the application of emergy analysis method can help understand 
the nickel production cycle from a donor side so that a more complete 
picture of nickel production can be presented. 
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