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a b s t r a c t 

Ensuring a stable and sustainable supply of chromium (Cr) has become an important global issue, as many coun- 

tries rely on imports to meet their demands and Cr plays a vital role in industrial production. This study aims to 

address such concerns by tracing the Cr flows and stocks along its life cycle in China for the period of 2020–2023 

through a dynamic material flow analysis. Scenario analysis is then conducted to project future Cr supply and 

demand until 2050 under various circular economy strategies. Results indicate that the total Cr flows and stocks 

increased slightly from 2020 to 2023 due to the stable growth of stainless-steel industry. The demand for Cr is 

projected to peak in 2024 as both per capita in-use stock and population approach their maximum levels. Under 

a combined policy scenario, China’s reliance on Cr imports could decrease to 8% by 2050 if the domestic EoL 

recycling rate reaches the global leading level (95%) and the primary Cr resource efficiency is improved across 

all stages of the Cr industrial chain. Furthermore, under a technology breakthrough scenario, demand reduction 

and material substitution strategies could reduce import reliance to 3% by 2050. These findings highlight the crit- 

ical role of circular economy strategies, including recycling, substitution, and resource efficiency improvement, 

in enhancing national Cr supply security. Finally, several policy recommendations are proposed to improve Cr 

resource efficiency. 
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. Introduction 

The growing demand for critical minerals and the current geopo-

itical conflicts have led to global concerns about how to secure a sta-

le supply of such critical minerals [ 1 , 2 ]. Many studies have mainly

ddressed this issue by focusing on price fluctuations and the supply-

emand relation of primary resources [ 3 , 4 ]. But less attention has been

aid to the importance of secondary resources. Such efforts are not only

ssential for achieving Sustainable Development Goal 12 (sustainable

onsumption and production), but also play a vital role in mitigating

upply risks [ 5 , 6 ]. 

Chromium (Cr) is listed as one of the key critical minerals in many

ations due to its irreplaceability in economic development, and the in-

erent vulnerabilities in its supply chains [ 7 , 8 ]. Stainless steel and alloy

teels are the most important Cr applications since it is used to enhance

orrosion resistance and strength. These applications accounted for ap-

roximately 89% of total Cr consumption in China from 2000 to 2019

 Fig. 1 ) [ 9 ]. Other applications include chemicals, refractory materi-

ls, and various chromium-based alloys, which are critical for advanced

anufacturing and clean energy technologies [ 10 , 11 ]. The durability,

trength, and oxidation resistance provided by Cr-containing materials
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ontribute significantly to the reliability and lifetime of renewable en-

rgy infrastructure [ 12 ]. 

In terms of resource endowment, primary Cr resources are mainly

oncentrated in a few countries, particularly South Africa and Kaza-

hstan, where political instability and export restrictions pose signifi-

ant risks to the stable supply of such resources [ 13 ]. China is the world’s

argest Cr consumer, accounting for over 45% of global Cr consumption

nd 45% Cr-contained finished products [ 14 ]. However, due to limited

omestic reserves, it heavily relies on imports from other countries to

eet its demand [ 9 , 15 ]. Meanwhile, significant Cr resources are em-

odied in different products currently in use, indicating a great recy-

ling potential of Cr. Exploring this potential requires a comprehensive

nderstanding of Cr metabolism and accurate predictions on future Cr

upply and demand. 

To address the sustainability of material supply chains, researchers

ave developed diverse analytical frameworks, such as sociometabolic

odels that map material stocks and flows across socioeconomic

ystems [ 16 , 17 ], and life cycle analysis that assesses environmental

mpacts from extraction to disposal [ 18 ]. Among these methods,

aterial flow analysis (MFA) has been widely adopted to measure the

etabolism of critical minerals such as gold [ 19 ], gallium [ 20 ], germa-
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Fig. 1. Sectoral breakdown of chromium consumption in China during 

2000–2019 [ 9 ] . 
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1 The chemical sector and other metallurgical uses consume only 2− 3% of the 

total chromium resources, with dispersed applications. Their demand is pro- 

jected using a linear regression model extrapolated to 2030, after which it is 

assumed to remain at that level. 
ium [ 21 ] and tantalum [ 22 ], offering insights into circular economy

pportunities for mitigating supply risks. Within this circular economy

ontext, increasing attention has been given to the role of secondary

esource supply from end-of-life (EoL) products, especially for materials

ssential to renewable energy technologies. For instance, Ren et al.

 23 ] projected that by 2050, 26–30% of cumulative metal demand

n China’s wind sector could be met through recycling of EoL flows.

imilarly, in the solar domain, Rao et al. [ 24 ] found that repurposing

f EoL photovoltaic panels as a building material can contribute to

roader sustainability goals. Complementary studies further highlight

hat while secondary resources from EoL recycling may play a limited

ole during the rapid expansion phase of renewable energy, they are

ritical for ensuring the long-term sustainability of a low-carbon energy

ystem [ 25 , 26 ]. 

In the case of Cr, MFA studies have been conducted at the na-

ional [ 9 , 27 ], global [ 11 , 14 , 28 ] and product levels [ 29 , 30 ]. Unfortu-

ately, most of these studies focus on the periods before 2020, fail-

ng to evaluate the impacts of the COVID-19 pandemic. Recent studies

ave shown that the COVID-19 pandemic significantly disrupted global

esource supply chains by affecting mining operations, delaying inter-

ational logistics [ 31 ], and reducing the diversity of recyclable mate-

ials [ 32 ]. It is therefore urgent to ensure a sustainable resource sup-

ly in the future. Furthermore, existing MFA studies on Cr are largely

etrospective. Few of them have projected how circular economy mea-

ures [ 6 ], such as EoL recycling, resource conservation and demand re-

uction, might contribute to ensuring the sustainable Cr supply in the

uture. 

In order to address these research gaps, this study pursues two main

bjectives. First, it aims to uncover the key features of Cr flows and

tocks along its life cycle in China from 2020 to 2023 by using the

ost recent data and employing a dynamic MFA method. This retro-

pective analysis not only captures recent changes following the COVID-

9 pandemic but also provides a critical empirical basis for subsequent

rojections. Second, based on the historical material flows, a scenarios-

ased modeling framework is developed to project future Cr supply and

emand until 2050, with a focus on evaluating how different circular

conomy strategies can mitigate import dependence. Together, we ex-

ect these efforts to address the Cr supply security issue from a life cycle

erspective so that valuable insights can be obtained to support sustain-

ble Cr resource management. 

The remainder of this paper is organized as follows: Section 2 details

he research methods and data used for tracing Cr flows and stocks, as

ell as the modeling framework for Cr supply and demand projections.

ection 3 presents the research results. Section 4 discusses the uncer-

ainties and limitations of this study and proposes policy recommen-

ations. Finally, Section 5 summarizes the research conclusions of this

tudy. 
3341
. Methods and data 

.1. System boundary for retrospective material flow analysis 

Based on the mass balance principle, MFA is a systematic approach

o quantify the flows and stocks of a certain material in a system [ 33 ].

t enables a structured assessment of resource use, accumulation and

osses across time and space, providing insights into the sustainability

nd circularity of material systems [ 5 , 34 ]. This study adopts MFA to

etrospectively quantify Cr flows and stocks across five key stages of its

nthropogenic life cycle in China: production, fabrication, manufacture,

se, and waste management ( Fig. 2 ). The overall framework builds upon

ur previous work on the Cr life cycle [ 9 , 14 ], which established a solid

oundation for defining system boundaries and segmenting life cycle

tages. The spatial boundary of this study is China’s mainland, while the

emporal boundary is from 2020 to 2023, which reflects the very recent

eatures of Cr metabolism. All the flows and stocks are measured in Cr

etallic equivalent. The accounting method of such flows and stocks

ollows the mass balance principle and is shown in Eq. (1) : 

𝑖𝑛𝑝𝑢𝑡 

𝑖,𝑗 
+ 𝐹

𝑖𝑚𝑝𝑜𝑟𝑡 

𝑖,𝑗 
+ 𝐹

𝑟𝑒𝑐 𝑦𝑐 𝑙𝑖𝑛𝑔 

𝑖,𝑗 
= 𝐹

𝑜𝑢𝑡𝑝𝑢𝑡 

𝑖,𝑗 
+ 𝐹

𝑒𝑥𝑝𝑜𝑟𝑡 

𝑖,𝑗 
+ 𝐹 𝑙𝑜𝑠𝑠 

𝑖,𝑗 
+ Δ𝑆𝑖,𝑗 (1)

here i denotes the i th life cycle stage, j denotes the j th year during this

tudy period, 𝐹
𝑖𝑛𝑝𝑢𝑡 

𝑖,𝑗 
is the Cr contained in domestic feed-in flows from

 th life stage in year j , 𝐹
𝑖𝑚𝑝𝑜𝑟𝑡 

𝑖,𝑗 
represents the Cr embedded in imported

roducts from the i th life stage in year j , 𝐹
𝑟𝑒𝑐 𝑦𝑐 𝑙𝑖𝑛𝑔 

𝑖,𝑗 
represents the recy-

led Cr amount in i th life stage in year j , and 𝐹
𝑜𝑢𝑡𝑝𝑢𝑡 

𝑖,𝑗 
represents the Cr

ontained in products consumed by domestic demand from the i th life

tage in year j , 𝐹
𝑒𝑥𝑝𝑜𝑟𝑡 

𝑖,𝑗 
represents the Cr embedded in exported products

n year j , 𝐹 𝑙𝑜𝑠𝑠 
𝑖,𝑗 

is the Cr loss during the i th life stage in year j , Δ𝑆𝑖,𝑗 is

he net Cr addition to the Cr stock in the i th life cycle in year j . 

.2. Modeling framework for Cr supply and demand projections 

To estimate the future Cr supply and demand in China, a scenarios-

ased modeling approach is employed. Fig. 3 illustrates this estimation

ramework. The forecasting period is from 2024 to 2050. Two models

re used to project the demand for Cr. The first one is a stock-driven

odel for the steel sector, and the second one is a material intensity

odel for the renewable energy sector. As illustrated in Fig. 2 , the main

r application fields include stainless steel, other alloy steels, refractory

aterials, and chemicals. Specifically, the demand for Cr in those refrac-

ory materials closely reflects the trend of the steel industry since these

aterials are primarily utilized in steelmaking, such as open-hearth fur-

aces and electric arc furnaces [ 35 ]. Due to this close correlation, Cr

ows contained in stainless steel, alloy steels, and refractory materials

re grouped into this “steel sector ” for the purpose of Cr demand projec-

ion. The demands for chemical materials and other metallurgical appli-

ations, such as aerospace alloys and high-performance superalloys, are

ot further discussed due to their relatively small contributions to the

verall demand. 1 

Additionally, although renewable energy is included in the “Others ”

nd-use sector in retrospective MFA, it is considered separately in this

rojection analysis because its technological development and large-

cale application have significant impacts on the demands for critical

etals [ 36 ]. Cr is widely used in the renewable energy sector, including

olar panels, thermal storage materials for geothermal energy, struc-

ural materials for wind turbines, and nuclear reactors [ 10 ]. Thus, this

tudy uses the material intensity of Cr across different renewable energy

echnologies and the projected installed capacity targets to estimate the

uture demand for Cr in this sector. 
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Fig. 2. Material flow analysis framework for the anthropogenic Cr cycle . 

Fig. 3. Modeling framework for projecting future Cr supply and demand . 
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In terms of Cr supply projection, this study developed six scenarios

o simulate the potential impacts of different circular economy strate-

ies on the allocation of primary and secondary Cr resources. These

trategies include resource conservation, recycling, demand reduction

nd substitution. 

.2.1. Stock-driven model for the steel sector 

Since most steel products typically have longer lifespans (15–20

ears), their in-use stocks are relatively stable [ 37 ]. This study uses a

tock-driven model to estimate the future demand for Cr in the steel

ector. This model assumes that such demand is primarily driven by the

n-use stock within the socio-economic system. By following the prin-

iple of mass conservation, we account the future Cr inflows by using

q. 2 . 

𝑖𝑛,𝑡 = 𝐹𝑜𝑢𝑡,𝑡 + 𝑆𝑡 − 𝑆𝑡 −1 (2)
3342
here 𝐹𝑖𝑛,𝑡 represents the Cr inflow during the use phase in year t , 𝐹𝑜𝑢𝑡,𝑡 

epresents the Cr outflow during the use phase in year t , which is esti-

ated using a Weibull distribution model calibrated with sector-specific

mpirical data (see Appendix Table A1), 𝑆𝑡 and 𝑆𝑡 −1 represent the in-

se Cr stock in year t and t-1 respectively. The trajectory of the future Cr

tock is projected by considering the dynamics of per capita stock and

opulation. 

The per capita stock of bulk metal resources (such as copper and

teel) typically follows an S-shaped growth curve [ 38 , 39 ]. Normally,

uch a stock first increases slowly and then rapidly increases during the

ndustrialization period and eventually saturates when the local econ-

my reaches a certain level. Such a trend has been observed in the

nited States, Japan, the United Kingdom, South Korea and Sweden

 40 , 41 ]. Since over 90% of Cr used in the steel sector is for stainless-

teel production, we assume that China’s future per capita Cr stock in

he steel sector follows such a trend that industrialized countries expe-
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Table 1 

Saturation levels of per capita Cr in-use stock under three scenarios (Unit: kg/person). 

Sector Infrastructure Mechanical equipment Electronic equipment Metal products Transportation Other uses Total 

Low-saturation scenario (LS) 3.8 5.5 4.0 10.4 3.5 2.8 30.0 

Medium-saturation scenario (MS) 4.0 6.0 4.5 10.5 4.0 3.0 32.0 

High-saturation scenario (HS) 4.2 6.2 4.7 10.8 4.3 3.3 33.5 

Table 2 

Cr material intensities for different renewable energy types [ 12 , 49 ]. 

Types of renewable energy Material intensity Unit 

Solar 6 kg/MW 

Wind 400 kg/MW 

Nuclear 2190 kg/MW 

Geothermal 65,000 kg/MW 
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ienced [ 42 ]. The per capita Cr stock can be calculated by using the

ogistic equation [ 43 ], which is shown in Eqs. 3–5 . 

 𝑆( 𝑡) =
𝑃 𝑆𝑎 (

1 + 𝑎 ∗ exp 
(
− 𝑟 ∗ 𝑃 𝑆𝑎 ∗ 𝑡 

)) (3)

 =
𝑃 𝑆𝑎 

𝑃 𝑆0 
− 1 (4)

 =
𝑃 𝑆0 

′

𝑃 𝑆0 ∗ 
(
𝑃 𝑆𝑎 − 𝑃 𝑆0 

) (5)

here 𝑃 𝑆( 𝑡 ) represents the per capita Cr stock in year t , 𝑃 𝑆𝑎 represents

he saturation level of per capita Cr stock, 𝑃 𝑆0 is the per capita stock

n the initial year 2023, 𝑃 𝑆0 
′ is the initial growth rate of per capita Cr

tock in 2023, 𝑎 is a parameter derived from the initial and saturated

tock levels, and 𝑟 is a constant representing the intrinsic growth rate of

he per capita stock 

This study designs high, medium and low scenarios to reflect differ-

nt per capita stock saturation levels for each end-use sector ( Table 1 ).

he saturation values are set based on the development patterns ob-

erved in those developed countries and the sectoral development plans

n China [ 41 , 44–47 ]. The detailed reference basis and numerical data

upporting scenario settings are provided in the Appendix. 

.2.2. Material intensity model for the energy sector 

The demands for metals in renewable energy are primarily shaped

y material intensity and capacity expansion plans [ 48 ]. In this material

ntensity model, a bottom-up approach is employed to estimate future

r demand in renewable energy sector, which is shown in the following

quation: 

𝑛,𝑡 = 𝑀𝐼𝑛 ∗ 𝐶𝐴𝑛,𝑡 (6)

here 𝑃𝑛,𝑡 represents the demand for Cr in renewable energy type n in

ear t , 𝑀𝐼𝑛 is the material intensity of Cr for renewable energy type n

as shown in Table 2 ), and 𝐶𝐴𝑛,𝑡 represents the newly installed capacity

f renewable energy type n in year t . 

This study assumes a consistent growth rate for installed renewable

nergy capacity within each five-year plan period. Consequently, the an-

ual newly installed capacity is considered unchanged within any given

ve-year period ( Table 3 ). The target for the total installed power gen-

ration capacity from 2021 to 2050 is based on a scenario with a high

enewable energy penetration, which aligns with the global vision of

dvancing renewable energy development and minimizing the use of

ossil fuels [ 50 ]. In this context, China is committed to maximizing its

enewable energy development to achieve its ambitious carbon neutral-

ty targets. 
3343
.2.3. Scenarios development 

From a supply chain perspective, several measures can be taken to

nsure future Cr resource supply, including resource expansion, conser-

ation, recycling, substitution (including both resource substitution and

unctional substitution) and circular design [ 51 ]. However, China has

ery limited Cr resources, making it difficult to increase its domestic

rimary Cr resource extraction [ 14 ]. Also, the irreplaceability of Cr in

pecific applications, such as stainless steel and alloy steels, makes Cr re-

ource substitution impossible under current technological and market

onditions [ 30 ]. Therefore, this study primarily evaluates the impacts of

esource conservation and recycling measures on the future Cr supply

n the steel sector (Scenario S1–S5). Additionally, it explores the poten-

ial contributions of functional substitution and circular design strate-

ies on future Cr demand and supply by incorporating two represen-

ative breakthrough technologies, namely additive manufacturing and

ydrogen-based metallurgy, through a dedicated technology disruption

cenario (S6). This scenario highlights additive manufacturing to reduce

he total Cr demand by significantly enhancing material efficiency and

nabling lightweight design [ 52 ], while hydrogen-based steelmaking, as

 form of functional substitution, lowers the Cr alloying requirements

or low- and medium-grade steels through improved baseline material

roperties [ 53 ]. The assumptions and parameters of these different sce-

arios are listed in Table 4 . 

In the steel sector, primary Cr sources can be replaced by secondary

r resources. Such secondary resources can be continually sent back

nto the M&F (manufacturing and fabrication) stage through closed-loop

ecycling [ 58 ]. Eqs. (7) –(10) show how to calculate primary and sec-

ndary Cr supply. 

𝑡 = 𝑄𝑡 − 𝑅𝑡 (7)

𝑗,𝑡 =
𝐹𝑗,𝑡 

∏3 
𝑖 =1 𝑌𝑖,𝑗 

(8) 

𝑡 =
3 ∑

𝑗=1 
𝑄𝑗,𝑡 (9) 

𝑡 =
𝐹𝑜𝑢𝑡,𝑡 

𝑟𝑡 
(10) 

here 𝑆𝑡 represents the supply of primary Cr resources in year t, in-

luding both domestic production and imports; 𝑄𝑡 represents the total

emand for Cr resources in year t ; 𝑅𝑡 represents the supply of secondary

esources; 𝑄𝑗,𝑡 represents the demand for Cr resources in product type

 , including stainless steel, other alloy steels, and refractories; 𝑌𝑖,𝑗 repre-

ents the resource utilization rate for Cr product type j at life cycle stage

 , including chromite mining, ferrochrome smelting and F&M stages;

𝑜𝑢𝑡,𝑡 represents the amount of Cr resources scrapped in year t and 𝑟𝑡 
epresents the EoL recycling rate of Cr products in year t . 

.3. Data sources 

The historical data sources for Cr flows and stocks are consistent with

ur previous studies [ 9 ]. Specifically, the estimation of new scrap gen-

rated during the manufacturing stage is based on our field investiga-

ions at several leading recycling and stainless-steel production facilities

n China. The obtained new scrap ratios were also cross-validated with
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Table 3 

Installed capacity for electricity generation in the high proportion renewable energy scenario (Unit: Megawatts). 

Types of renewable energy 2020 2025 2030 2035 2040 2045 2050 

Solar 253,430 500,235 1,048,858 1,657,055 2,206,333 2,678,200 2,696,164 

Wind 281,530 632,176 1,103,944 1,663,348 2,092,248 2,287,630 2,396,591 

Geothermal 50 1230 2460 3750 11,250 11,250 11,250 

Nuclear 49,890 64,000 66,000 69,000 78,000 85,000 100,000 

Table 4 

Basic assumptions and parameter settings for various supply and demand scenarios. 

Scenarios Basic assumptions and parameter settings 

Baseline scenario (S1) Resource use and recycling rates in the Cr industry will remain at 2020 levels without significant improvement (business as usual). 

Resource conservation 

scenario (S2) 

Resource utilization efficiency across all stages of the life cycle is expected to increase by 10% annually until reaching industry-leading standards. 

The target efficiencies are set as: 90% for chromite mining and refining [ 54 ], 93% for ferrochrome smelting [ 55 ], 95% for stainless-steel fabrication 

[ 56 ], and 95% for refractories and chemical products manufacturing [ 57 ]. 

High recycling growth 

scenario (S3) 

The recycling rates for end-of-life products will increase 10% annually until they reach the international leading level of 95% [ 58 ]. 

Peak recycling efficiency 

scenario (S4) 

The EoL recycling rate will rapidly increase to a peak level of 95% in 2024. 

Combined policy 

scenario (S5) 

This scenario integrates the advancements from both scenarios S2 and S4: Cr resource efficiency will increase by 10% annually, and the end-of-life 

recycling rate will increase to a peak level of 95 % since 2024. 

Technology disruption 

scenario (S6) 

The per capita Cr stock saturation levels will decline by 5% for infrastructure and mechanical equipment, 10% for electronic equipment and 

transportation, 3% for metal products and 12% for other uses across the baseline demand scenarios (LS, MS, HS) without additive manufacturing 

adoption [ 52 , 59 ]. Meanwhile, the material efficiency of ferrochrome and stainless-steel production will linearly increase to 98% by 2035 [ 60 ], and 

the Cr alloying ratio in other alloy steels (excluding stainless-steel and high-end alloys) will decrease linearly by 70% by 2035 [ 53 ]. Recycling 

assumptions in this scenario remain consistent with those in Scenario S3. 

Under the low-saturation scenario (LS), the adoption of additive manufacturing will lead to a reduction in per capita Cr stock saturation levels to values (28.1 

kg/person) below the 2023 baseline. Therefore, an inverse logistic function was employed, consistent with logistic-based approaches used in material stock dynamics 

[50] . 
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alues reported in the literature [ 58 ], and the differences were gener-

lly within an acceptable range (less than ± 5%). For the stock-driven

odel, the stock saturation levels for different demand scenarios are

ased on several relevant studies [ 41 , 46 , 47 ] and governmental docu-

ents [ 61 , 62 ]. Population data are obtained from the China Statistical

earbook [ 63 ], while future population forecasts are taken from the

nited Nations World Population Prospects 2022 [ 64 ]. Renewable en-

rgy capacities and material intensities are based on relevant reports

nd related studies [ 10 , 12 ]. Moreover, we interviewed some Cr experts

orking in several key Cr firms. They provided valuable and timely in-

ormation and data and helped us fill some data gaps. 

.4. Uncertainty analysis 

The uncertainties of this study are subject to statistical errors of in-

ut variables and the subjective nature of our assumptions. To assess the

mpacts of these uncertainties on MFA results, a Monte Carlo simulation

as performed with 10,000 iterations to account such uncertainties by

sing a normal distribution [ 65 ]. Based on previous studies [ 19 , 66 ], we

ssume that uncertainties in statistical data (production, consumption

nd trade) are lower than those in model assumptions (Cr content and

roduct lifespan). Thus, we set the standard deviations at 2% for statis-

ical data and 5 % for model assumptions [ 67 ]. Results are listed in Fig.

1 of the Appendix. 

. Results 

.1. Overview of historical Cr flows and stocks 

China’s Cr flows experienced a modest increase due to the stable

rowth of the stainless-steel industry during 2020–2023 ( Fig. 4 ). The

otal imported Cr resource in the production stage increased by 20%,

rom 5102 Gg in 2020 (1655 Gg of FeCr and 3447 Gg of chromite ores)

o 6145 Gg in 2023 (1853 Gg of FeCr and 4292 Gg of chromite ores). In

he fabrication and manufacturing stage, > 84% of Cr was consumed by

he stainless-steel industry in 2023, followed by other alloy steels (6%),

efractory materials (4%), other metallurgical uses (4%) and chemical
3344
aterials (2%). It is worth noting that the stainless-steel manufacturing

rocess is characterized by the generation of substantial amounts of new

craps (e.g., production offcuts and machining remnants) and the recy-

led old scraps (e.g., discarded automotive parts and decommissioned

onstruction materials from those EoL flows). Our estimates show that

86 Gg of Cr was recycled from old scraps in 2023, which can contribute

o mitigating the demand for primary Cr resources. 

The structure of Cr flows has remained relatively stable in China

hroughout this study period. But a persistent and significant mismatch

xists between the domestic mineral supply and the production capacity

f downstream products, such as ferrochrome and stainless steel, which

esults in more concerns about Cr supply security. Approximately 50

g of Cr was annually supplied from domestic chromite, accounting for

 1% of the imported Cr resources. The total domestic Cr supply (both

rimary and secondary Cr) accounted for only 14% of the national total

r consumption in 2023. International trade also played a critical role on

he export side. In 2023, the net export of Cr embedded in semi-finished

nd finished products reached 1214 Gg, representing a 67% increase

rom 2020 and indicating a strong post-pandemic economic recovery.

his imbalance suggests that China’s Cr supply could greatly disrupt the

lobal Cr supply chain and affect those countries with rich Cr resources.

China consumed 5291 Gg of Cr in various sectors in 2023, making it

he world’s largest Cr consumer. The largest end-use category is metal

roducts (42%), followed by industrial machinery (17%), household

ppliances and electronics (15%), building and infrastructure (12%),

thers (10%), and transportation (9%). Additionally, the EoL flows in-

reased dramatically from 1531 Gg in 2020 to 2226 Gg in 2023, rep-

esenting an increase of 45%. Such growth was primarily attributed to

he retirement of stainless-steel products. Many Cr-containing products

eached the ends of their service years during this period (typically 10–

5 years) [ 14 ]. 

.2. Projections of future Cr in-use stocks, inflows and EoL flows 

Fig. 5 illustrates the historical trends of Cr in-use stocks in the steel

ndustry from 2000 to 2023, along with projected trajectories under dif-

erent scenarios for the period of 2024–2050. The in-use stocks initially
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Fig. 4. Cr flows and stocks in China for the years 2020 and 2023. The width of each flow is proportional to its corresponding value (Unit: Gg). SS, stainless-steel; 

OA, other alloy steel; RF, refractor materials; OM, other metallurgical uses; CM, chemical materials; IW, industry wastes; HW, hazardous wastes. BI, building and 

infrastructure; TP, transportation; HAE, household appliance and electronics; IM, industrial machinery; MG, metal goods; OT, others. 

e  

a  

t  

b  

C  

i  

i  

f  

e  

g  

m  

g  

i  

n

 

d  

h  

4  

t  

t  

s  

i  

E  

c  

s

 

(  

t  

s  

t  

c  

S  

2  

T  

l  

c

 

c  

fl  

t  

t  

s  

a  

t

xperienced rapid growth (acceleration phase), followed by a deceler-

tion (stabilization phase), and then gradually declined after reaching

he peak (decline phase). The in-use stocks experienced rapid growth

efore 2013, with an annual growth rate of > 16%. This trend echoed

hina’s rapid industrialization and urbanization, which induced higher

ndustrial output and infrastructure expansion. In addition, the increas-

ng demand for household appliances, such as air conditioners and re-

rigerators, further accelerated the accumulation of Cr within the socio-

conomic system [ 68 ]. However, the growth rate of Cr in-use stock be-

an to decelerate since China entered its economic New Normal in 2013,

arked by a shift from high-speed growth to more sustainable, moderate

rowth [ 69 ], reaching approximately 8% in 2023. The forecast results

ndicate that the growth rate is expected to further decrease over the

ext 4–6 years until the in-use stock peaks. 

Our projection results indicate various peak levels of in-use stock un-

er three scenarios: low-saturation (LS), medium-saturation (MS), and

igh-saturation scenarios (HS). The in-use stock is projected to peak at

5,872 Gg in 2027, 45,865 Gg in 2028, and 47,974 Gg in 2029 under

hese three scenarios, respectively. The anticipated population decline is

he primary reason for the reduction of Cr stock [ 70 ]. When the in-use

tock peaks, the annual EoL flow will exceed the annual inflow dur-

ng the in-use stage, implying that the total secondary Cr resource from
3345
oL products will surpass the total demand for Cr. This means that cir-

ular economy measures should be taken to make sure that adequate

econdary Cr resources can be collected [ 6 ]. 

Fig. 6 illustrates the trends of Cr inflows (demands) and outflows

EoL flows) during the in-use phase under three scenarios from 2024

o 2050. It is evident that the demand for Cr in all sectors will decline

harply during 2024–2027 as both per capita in-use stock and popula-

ion reach their peak levels. After the peak of in-use stock, Cr inflows

ould be gradually replaced by the recycled Cr from those EoL products.

pecifically, the inflow for the metal goods sector will fluctuate after

026, which can be explained by their average lifespans of 10 years.

hose metal products made in 2016–2024 will reach the ends of their

ifespans, meaning that the demand for Cr in this niche market will in-

rease during 2026–2034. 

Meanwhile, the total EoL flow will increase from 2024 to 2034, indi-

ating great pressure to effectively collect these EoL products. Such EoL

ow will be twice the size of the 2021 level, reaching 3592 Gg under

he LS scenario and 3947 Gg under the HS scenario, respectively. The

otal EoL flow will peak in 2043, ranging from 3574 Gg (under the LS

cenario) to 4188 Gg (under the HS scenario). Such EoL flow will gradu-

lly decline until 2050 and remain stable, ranging from 3060 Gg (under

he LS scenario) to 3427 Gg (under the HS scenario) in 2050. 



Z. Gao, Y. Geng and W. Cai Fundamental Research 6 (2026) 3340–3351

Fig. 5. Trends in Cr in-use stock in the steel industry across different scenarios (2000–2050) . 

Fig. 6. Trends of Cr inflows (demands) and outflows (EoL flows) of the in-use stage under three different scenarios (2024–2050): (a) inflow under LS, (b) 

inflow under MS, (c) inflow under HS, (d) outflow under LS, (e) outflow under MS, (f) outflow under HS. 
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and such demand will fluctuate until 2050. 
Fig. 7 illustrates the projected demand for Cr in various renewable

nergy fields from 2021 to 2050. The results indicate that the highest

emand for Cr will take place in wind power, except for the period of

036–2040. From 2021 to 2035, the Cr demand for Cr in wind power

s projected to increase steadily. Another interesting finding is that the

emand for Cr in geothermal power will greatly increase during 2036–

040, with an annual demand of 97 Gg. This jump is mainly due to

ncreasing geothermal power installation and its higher material inten-

ity. The geothermal development is expected to surge during 2036–

040 [ 50 ]. However, after 2040, the growth of geothermal installations

s projected to stabilize due to resource constraints and increased compe-

ition from more cost-competitive renewable sources such as wind and

olar power [ 71 ]. The total annual demand for Cr in these renewable

nergy sources will peak at 136 Gg during 2036–2040, but accounting
3346
or only 1/20 to 1/30 of the demand for Cr in the steel sector during the

ame period. 

Fig. 8 shows the total demand for Cr from 2024 to 2050, which com-

ines the demands for Cr in the steel, chemical, other metallurgical, and

enewable energy sectors. The results show that the total Cr demand

nder all three scenarios mirrors the trend observed in the steel sector

ince the combined demand for Cr from chemical, other metallurgical,

nd renewable energy sectors is significantly lower than that of the steel

ector. Due to the reduced per capita stock growth in this steel sector

nd the reduced total population growth, the demand for Cr will experi-

nce the most volatile period during 2024–2026. Both per capita stock

nd the total population will peak in 2026, implying that the demand

or Cr will mainly be driven by the replacement of obsolete products,
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Fig. 7. Cr demand in the renewable energy sector from 2021 to 2050 . 

Figs. 8. Total demand for Cr under different scenarios from 2000 to 2050 . 
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2 Import reliance is defined as the proportion of imported chromium resources 

relative to the total chromium supply. 
.3. Future Cr supply and demand pathways under different scenarios 

Fig. 8 shows the supply pathways of both primary and secondary

r resources in the steel sector under different scenarios, reflecting the

ffects of different circular economy strategies. Under the Baseline sce-

ario (S1), resource use and recycling rates of Cr will remain at 2020 lev-

ls, which is a business-as-usual reference. In contrast, the Resource con-

ervation scenario (S2) assumes improved resource efficiency through-

ut the life cycle. Under this scenario, China’s total demand for Cr is ex-

ected to decline due to reduced losses during various life cycle stages.

s a result, the cumulative demand for primary Cr resources would de-

rease by 11% between 2021 and 2050. However, this relatively limited

eduction underscores that conservation alone will be insufficient to re-

uce China’s heavy reliance on primary resources. 

Under a high recycling growth scenario (S3), which assumes a 10%

nnual increase in the EoL recycling rate until reaching 95%, the sup-

ly of secondary Cr resources would significantly increase during 2024–

032, leading to a gradual decoupling between primary Cr resources

upply and the total demand for Cr. The supply of secondary Cr re-

ources will surpass the supply of primary resources for the first time

n 2028 and then stabilize at 3188–3489 Gg by 2050. Meanwhile, the

upply of primary Cr resources would decline to 720–780 Gg by 2050,

epresenting approximately 11% of China’s total primary Cr consump-

ion in 2023. The peak recycling efficiency scenario (S4) accelerates this

ransition. With the EoL recycling rate reaching 95% by 2024, secondary

r overtakes primary supply as early as 2026. Compared to S3, China’s

eliance on primary Cr resources may be sharply reduced to 26− 33%

ithin a short period, demonstrating a significant short-term impact of

apid recycling improvements. These results highlight the critical role of
3347
ecycling in reducing dependence on primary resources and enhancing

he sustainability of China’s Cr supply. 

The combined policy scenario (S5) recognizes the significant effects

f integrating the efforts of improving resource efficiency (as in S2) and

oL recycling on the future Cr supply (as in S4). Secondary Cr resources

ill play a dominant role in meeting the domestic demand after 2026

nder this scenario. The consumption of primary Cr resources will fur-

her decline compared to scenarios S2 and S3, stabilizing at 315–337 Gg

y 2050. Assuming domestic chromite supply remains at 2023 levels,

hina’s import reliance 2 on Cr resources is expected to decrease to 8%

y 2050. This scenario reflects the most ambitious outcome of supply-

ide circular economy strategies in reducing dependence on imported

r. 

The technology disruption scenario (S6) represents a combined strat-

gy integrating demand-side interventions with enhanced recycling

erformance and resource utilization rate. Under this scenario, the

idespread adoption of additive manufacturing and hydrogen-based

teelmaking will further decrease the primary Cr supply in all saturation

athways compared to the improvements achieved through enhanced

ecycling alone (S3). This reduction is largely driven by lightweight

roduct design enabled by additive manufacturing, which lowers the

verall demand for Cr-intensive inputs. As a result, primary Cr supply

ould decrease to merely 129–158 Gg by 2050, which is approximately

ne-fifth of the 2023 level. At that point, the dependence on imported

esources would drop to as low as 3%, indicating the formation of a

early self-sufficient domestic resource loop. Among all scenarios, S6

chieves the most balanced and effective transition toward circularity. 

. Discussion 

.1. Uncertainties and limitations 

Results indicate that the uncertainties of statistical data and model

ssumptions are acceptable, which would not significantly affect the key

ndings of this study (Fig. A1). The uncertainties of recycled old scraps

re relatively higher, ranging from − 13.5% to 12.1%. In this study, the

ecycling flows are estimated by measuring the gap between the primary

nput of FeCr and the output of stainless steel. Based on the principle

f mass conservation, this assumption is influenced by technical param-

ters related to production, trade, stock and consumption. The uncer-

ainties of recycling flows could be reduced in the future when more

omprehensive statistical data on these flows are available. 

The scenario analysis results in this study further help measure the

mpacts of potential variables on Cr metabolism. By referring to the

urrent patterns of resource utilization in developed countries and the

merging demand for Cr from renewable energy, this study addresses

he main uncertainties in the future Cr supply and demand under mul-

iple scenarios. Although these scenarios can facilitate the estimation of

ifferent pathways, it will be necessary to consider other scenarios that

ncorporate other emerging technologies (such as blockchain technology

or supply chain transparency and resource management) so that more

r supply and demand dynamics can be projected. In addition, due to

he lack of some relevant data, we had to use some data collected from

ur site visits, which are based on one individual firm and the estima-

ion of relevant experts. We expect that future studies may collect more

eliable and accurate data for their analysis. 

In addition to technological and sectoral demand dynamics, the

lobal Cr supply chain is vulnerable to geopolitical and market uncer-

ainties, particularly given the concentration of Cr mining production

n countries such as South Africa and Kazakhstan [ 14 ]. Export restric-

ions or political instability in these regions may result in significant

upply disruptions and price volatility. While such factors are not mod-



Z. Gao, Y. Geng and W. Cai Fundamental Research 6 (2026) 3340–3351

e  

t  

F  

m  

a

4

 

i  

r  

p  

r  

i  

Y  

y  

a  

c  

t  

w  

p  

t  

t  

a  

s  

p  

p  

s

 

J  

r  

j  

$  

J  

b  

t  

c  

d  

f  

h

 

d  

s  

d  

C  

l  

t  

i  

t  

a  

i  

o  

r  

p  

o  

t  

g  

t  

g  

w  

m  

t  

t  

o  

p  

t  

a

 

e  

c  

m  

l  

o  

b  

i  

e  

e  

i  

t

4

 

s  

s  

r  

h  

(  

s  

s  

r  

h  

s

 

i  

E  

a  

s  

m  

h  

g  

t  

C  

o  

s  

s  

b  

p  

c

 

o  

n  

t  

e  

h  

m  

j  

m  

C  

t  

h  

b  

A  

d  

e  

m

 

C  

a  

a  

t  
led in this study, our scenario-based approach offers practical pathways

o reduce dependence on external sources and enhance supply security.

uture research could further enrich this analysis by incorporating a

arket equilibrium framework to simulate price feedback effects and

ssess the implications of potential trade policy shocks [ 72 ]. 

.2. Strengthening governance on chromium demand 

According to our results, the per capita in-use Cr stock significantly

ncreased from 0.2 Gg in 2000 to 29.3 Gg in 2023, which is a 140-fold

ise (Fig. A2). Such a stock peaked in 2023, which is higher than the

eak value of 26 Gg in the United States in 1992, which serves as the

eference point for the low saturation (LS) scenario. The rapid growth

n Cr demand prior to 2023 is further supported by recent findings from

ang et al. [ 30 ], who conducted a product-level substance flow anal-

sis of chromium in China’s stainless-steel supply chain between 2012

nd 2022. Actually, after the demand for Cr saturates, such a stock will

ontinue to rise and peak at 30 Gg in 2050. This long-term growth trajec-

ory and saturation pattern are consistent with previous studies [ 44 , 45 ],

hich forecasted sustained growth in Cr demand before entering a stable

hase. A sharp Cr demand decline may result in Cr oversupply, leading

o price volatility and reduced incentives for Cr mining and refining ac-

ivities. This pattern has been observed for other critical resources, such

s lithium, where rapid demand fluctuations triggered significant price

wings and supply chain disruptions [ 67 ]. In response to such an issue,

olicymakers should prepare appropriate measures to balance Cr sup-

ly and demand, such as adjusting production capacities or initiating

trategic reserves that can adapt to dynamic demand. 

The demand for Cr began to decrease in both the United States and

apan after their per capita GDP reached $25,000 [ 44 ]. China will not

each this threshold until 2025, the year in which Cr demand is pro-

ected to approach its peak, given that its GDP per capita was around

12,000 in 2023. In developed countries, such as the United States,

apan, Germany, France, and the United Kingdom, the shift to service-

ased economies has resulted in their lower Cr demand [ 45 , 73 ]. In con-

rast, the scales of China’s stainless-steel and ferrochromium industries

ontribute significantly to the global production, leading to its higher

emand for Cr [ 14 , 68 ]. These structural differences underscore a need

or differentiated national strategies in resource governance. Yet, such

eterogeneity is often overlooked in the global assessments [ 74 ]. 

This disparity highlights an urgent need for China to adopt targeted

emand-side strategies to manage its growing Cr demand. Beyond con-

ervation and recycling, other circular economy approaches, such as re-

uction and substitution, should be supported to reshape the national

r demand structure. Although Cr remains irreplaceable in core sectors

ike stainless steel and alloy steels under current technological condi-

ions, policy support for advancing emerging technologies and facilitat-

ng substitution could contribute to demand reduction. As indicated by

echnology disruption scenario (S6), the lightweight product design en-

bled by the widespread adoption of additive manufacturing would mit-

gate the overall demand in all end-use sectors, leading to less reliance

n primary Cr supply ( Fig. 9 ). In comparison, the gains from improved

esource efficiency through additive manufacturing and the substitution

otential of hydrogen-based steelmaking are smaller. Nevertheless, they

ffer supplementary benefits by reducing material losses and lowering

he Cr alloying intensity required in low- and medium-grade steels. To-

ether, these upstream interventions demonstrate the potential of reduc-

ion and substitution strategies to decouple Cr demand from economic

rowth. This finding reinforces the argument made by Liang et al. [ 74 ],

ho emphasized the importance of integrating technological advance-

ents and evolving material intensities into scenario analysis, an aspect

hat is often overlooked in traditional demand projections. However,

he realization of such a transition depends on the timely deployment

f enabling technologies by 2035. To that end, coordinated industrial

olicies, sustained investment in research and development, and sys-
3348
emic upgrades to production systems and supply chains are essential to

ccelerate the implementation of circular economy strategies. 

Furthermore, although the absolute demand for Cr from renewable

nergy remains small compared to that of steel sector, the temporal con-

entration of demand in high-intensity technologies such as geother-

al still warrants attention. This is particularly relevant when planning

ong-term decarbonization strategies that may involve rapid deployment

f multiple renewable energy technologies simultaneously. As noted

y relevant studies [ 75 , 76 ], small individual demands can accumulate

nto significant resource pressures when upscaled globally. Therefore,

ven for metals that are not typically classified as “critical ” in the en-

rgy transition context such as Cr, it is still important to include them

n scenario-based material assessments to avoid overlooking niche but

ime-sensitive demand surges. 

.3. Improving chromium recycling 

It is essential to improve chromium recycling along the entire Cr

upply chain so that the sustainable supply of Cr can be ensured. In this

tudy, an optimistic EoL recycling rate of 95% is assumed under the peak

ecycling efficiency scenario (S4), and set as the final target for both the

igh recycling growth scenario (S3) and the combined policy scenario

S5). This target can only be achieved when those discarded stainless-

teel products are fully recycled and mature recycling technologies are

ufficiently applied. However, it is challenging to achieve such an ideal

ate in a short time. Our results indicate that the EoL recycling rate

as been only slightly improved from 33% in 2020 to 34% in 2023,

ignificantly lower than those in developed countries [ 14 , 58 ]. 

One barrier that restricted the EoL recycling is the prevalence of

nformal recycling in China. Our results shows that over 60% of the

oL flows were originated from retired metal products and electronic

ppliances, many of which came from households. Currently, most of

uch EoL products are collected by unregulated entities, such as infor-

al scavengers and small recycling companies. These entities do not

ave mature and effective recycling technologies and are not under the

overnmental governance [ 77 ]. The potential increase of EoL flow, par-

icularly between 2024 and 2034, may lead to more available secondary

r resources. Although the Chinese government reduced the tax burden

n formal recycling enterprises in 2021 [ 78 ], more supportive policies

hould be released to fully support the growth of such formal recycling

ector so that the higher recycling rates under scenarios S3 and S5 can

e achieved, such as the strict enforcement of relevant regulations, the

haseout of recycling firms without official licenses, the national Cr re-

ycling standards, and necessary capacity-building efforts. 

Another barrier that restricts Cr recycling is the relatively low share

f Electric Arc Furnace (EAF) in the steelmaking industry. Such fur-

aces can deal with secondary Cr resources in the stainless-steel sec-

or, but there are still few industrial applications. Although this share is

xpected to rise to 30% by 2030 [ 79 ], it is still impossible to meet the

igh recycling demand under scenario S3, where secondary Cr resources

ay play a dominant role in Cr supply. Consequently, it is urgent to ad-

ust this share by encouraging more investment in this specific field and

ore research & development activities to further improve the overall

r recycling efficiency. Importantly, our scenario analysis also suggests

hat the effectiveness of EAF-based recycling can be substantially en-

anced when coupled with breakthrough technologies (e.g., hydrogen-

ased steelmaking) modeled in the technology disruption scenario (S6).

s a low-carbon alternative to conventional blast furnace processes, hy-

rogen metallurgy not only reduces greenhouse gas emissions but also

nables functional substitution by enhancing baseline material perfor-

ance, thereby lowering chromium alloying requirements [ 53 ]. 

The significance of recycling also has broader relevance beyond

hina. As highlighted by Baldassarre [ 80 ], circular economy approaches

re increasingly recognized not only for their environmental benefits but

lso as strategic tools to improve material security under the contexts of

he global supply chain disruptions. For instance, many European coun-
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Fig. 9. Supply pathways of primary and secondary Cr resources under different scenarios (2024–2050) . 
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ries having reached their demand saturation and now possess substan-

ial EoL flows. However, these countries are facing declining domestic

xtraction and rely on importing Cr resource [ 81 ]. Our scenario analysis

esults offer valuable insights to such Cr resource-dependent economies

o that they can strengthen their supply resilience through domestic re-

ycling. 

. Conclusions 

As one of the critical minerals, chromium (Cr) is widely used in met-

llurgical, chemical and renewable energy sectors in China. However,

hina currently relies on importing such resources and has to face a sup-

ly risk. It is essential for China to consider both primary and secondary

r resources to enhance its supply, which should be based upon a full un-

erstanding on the current status of Cr resource efficiency and its future

upply-demand dynamics. This study fills this research gap by examin-

ng the Cr metabolism features along its supply chain in China for the

eriod of 2020–2023. Also, future Cr supply and demand pathways are

rojected for the period of 2024–2050 through scenario analysis. Results

ndicate that the total Cr flows and stocks increased slightly from 2020

o 2023. Domestic Cr supply (including both primary and secondary Cr

upply) accounted for 14% of the total Cr consumption in 2023, while

he EoL flow increased dramatically from 1531 Gg in 2020 to 2226 Gg in

023. Unfortunately, few secondary Cr resources were recovered from

hese EoL products. 

A major finding in this study is that traditional sectors, such as stain-

ess steel and other alloy steels, will influence the future Cr demand and

upply. The demand for Cr in the steel sector will peak in 2024 since

oth per capita in-use stock and the total population peak in the same

ear. Such demand will remain stable between 3060 Gg and 3427 Gg

uring 2024–2050. This demand reduction may disrupt the future Cr

upply chain. It is therefore critical to establish a robust monitoring and

arly warning system so that the associated supply risk can be mitigated.

Another significant finding is that the total EoL flow is expected to

ontinuously increase from 2024 to 2034 and surpass the inflow of in-

se stage between 2028 and 2030. This secondary Cr supply and demand

ynamics has been neglected in previous studies and implies a potential

upply security. Scenario analysis results further show that China’s re-

iance on importing Cr would decrease to 8% by 2050 if its EoL recycling
3349
ate can reach the global leading level of 95% and the primary Cr re-

ource efficiency can be improved across various stages of the entire Cr

ndustrial chain. The demand reduction and substitution strategies could

urther reduce China’s net import dependence to just 3% by 2050. These

ndings highlight an urgent need for an integrated circular economy ap-

roach that combines improved recycling, enhanced resource efficiency,

nd demand-side reduction strategies to ensure the long-term security

f China’s Cr supply. These insights provide valuable policy implications

o all the resource-dependent economies so that they can prepare their

esource management policies to ensure their Cr supply. 

RediT authorship contribution statement 

Ziyan Gao: Writing – original draft, Visualization, Validation, Soft-

are, Methodology, Investigation, Formal analysis, Data curation, Con-

eptualization. Yong Geng: Writing – review & editing, Writing – orig-

nal draft, Validation, Supervision, Resources, Project administration,

ethodology, Funding acquisition, Formal analysis, Data curation, Con-

eptualization. Wenqiu Cai: Writing – review & editing, Writing – orig-

nal draft, Formal analysis, Data curation. 

eclaration of competing interest 

The authors declare that they have no conflicts of interest in this

ork. 

cknowledgments 

This work is financially supported by the National Natural Science

oundation of China ( 72561147302 , 72088101 ), Postdoctoral Fellow-

hip Program of CPSF ( GZC20250207 ), Shanghai Philosophy and Social

cience Planning Program ( 2025EGL002 ). 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi:10.1016/j.fmre.2025.11.010 . 

https://doi.org/10.13039/501100001809
https://doi.org/10.13039/100011040
https://doi.org/10.13039/501100014991
https://doi.org/10.1016/j.fmre.2025.11.010


Z. Gao, Y. Geng and W. Cai Fundamental Research 6 (2026) 3340–3351

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

[  

[  

 

[  

[  

[  

[  

[  

[  

 

[  

 

[  

[  

 

[  

 

[  

 

[  

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

[  

 

[  

[  

[  

[  

 

[  

[  

[  

[

[  

[  

 

[  

 

[  

[  

 

[  

[  

 

[  

[  

[  

[  

[  

 

[  

 

 

[  

 

 

[

[  

 

 

[  
eferences 

[1] D. Eheliyagoda, X. Zeng, J. Li, A method to assess national metal criticality: The

environment as a foremost measurement, Humanit. Soc. Sci. Commun. 7 (1) (2020)

43 . 

[2] European Commission, Critical raw materials resilience: Charting a path to-

wards greater security and sustainability, 2020. https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri = CELEX:52020DC0474&from = EN (accessed 9 December

2025). 

[3] X. Zhu, Y. Geng, D. Wu, et al., Evaluating the security of China’s zirconium industry,

Resour. Conserv. Recycl. 199 (2023) 107277 . 

[4] Z. Zuo, J. Cheng, H. Guo, et al., Knowledge mapping of research on strategic min-

eral resource security: A visual analysis using CiteSpace, Resour. Policy 74 (2021)

102372 . 

[5] X. Zeng, J. Li, Emerging anthropogenic circularity science: Principles, practices, and

challenges, iScience 24 (3) (2021) 102237 . 

[6] J. Li, D. Eheliyagoda, Y. Geng, et al., Examining the influence of copper recycling on

prospective resource supply and carbon emission reduction, Fund. Res. 2 (5) (2022)

740–747 . 

[7] C. Helbig, D. Schrijvers, A. Hool, Selecting and prioritizing material resources by

criticality assessments, One Earth 4 (3) (2021) 339–345 . 

[8] T.E. Graedel, E.M. Harper, N.T. Nassar, et al., Criticality of metals and metalloids,

Proc. Natl. Acad. Sci. U.S.A. 112 (14) (2015) 4257–4262 . 

[9] Z. Gao, Y. Geng, X. Zeng, et al., Evolution of the anthropogenic chromium cycle in

China, J. Ind. Ecol. 26 (2) (2022) 592–608 . 

10] International Energy Agency. The role of critical minerals in clean energy transi-

tions, 2021. https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-

52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf (accessed 

13 October 2024). 

11] J. Johnson, L. Schewel, T.E. Graedel, The contemporary anthropogenic chromium

cycle, Environ. Sci. Technol. 40 (22) (2006) 7060–7069 . 

12] E. Pihl, D. Kushnir, B. Sandén, et al., Material constraints for concentrating solar

thermal power, Energy 44 (1) (2012) 944–954 . 

13] Z. Yu, Y. Wang, X. Ma, et al., How critical mineral supply security affects China NEVs

industry? Based on a prediction for chromium and cobalt in 2030, Resour. Policy 85

(2023) 103861 . 

14] Z. Gao, Y. Geng, S. Xiao, et al., Mapping the global anthropogenic chromium cycle:

Implications for resource efficiency and potential supply risk, Environ. Sci. Technol.

56 (15) (2022) 10904–10915 . 

15] X. Li, H. Zhang, X. Zhou, Research on the evolution of the global import and ex-

port competition network of chromium resources from the perspective of the whole

industrial chain, Resour. Policy 79 (2022) 102987 . 

16] A. Schaffartzik, A. Mayer, S. Gingrich, et al., The global metabolic transition: Re-

gional patterns and trends of global material flows, 1950-2010, Glob. Environ.

Change 26 (2014) 87–97 . 

17] F. Krausmann, D. Wiedenhofer, C. Lauk, et al., Global socioeconomic material stocks

rise 23-fold over the 20th century and require half of annual resource use, Proc. Natl.

Acad. Sci. U.S.A. 114 (8) (2017) 1880–1885 . 

18] L. Sun, H. Dong, Y. Dai, et al., Environmental benefit of recycling plastics from waste

electrical & electronic equipment, Resour. Conserv. Recycl. 211 (2024) 107855 . 

19] S. Liu, Y. Geng, Z. Gao, et al., Uncovering the key features of gold flows and stocks

in China, Resour. Policy 82 (2023) 103584 . 

20] Z. Gao, Y. Geng, M. Li, et al., Tracking the global anthropogenic gallium cycle dur-

ing 2000-2020: A trade-linked multiregional material flow analysis, Glob. Environ.

Change 87 (2024) 102859 . 

21] Y. Mei, Y. Geng, Z. Chen, et al., Ensuring the sustainable supply of semiconductor

material: A case of germanium in China, Int. J. Prod. Econ. 271 (2024) 109231 . 

22] Z. Gao, Y. Geng, Z. Gao, et al., Tracking tantalum stocks and flows in China from

2000 to 2021: A material flow analysis, Heliyon 10 (16) (2024) e36336 . 

23] K. Ren, X. Tang, P. Wang, et al., Bridging energy and metal sustainability: Insights

from China’s wind power development up to 2050, Energy 227 (2021) 120524 . 

24] R. Rao, S. Priyadarshani, M. Mani, Examining the use of End-of-life (EoL) PV panels

in housing and sustainability, Sol. Energy 257 (2023) 210–220 . 

25] S. Davidsson, M. Hook, Material requirements and availability for multi-terawatt

deployment of photovoltaics, Energy Policy 108 (2017) 574–582 . 

26] S. Davidsson, L. Grandell, H. Wachtmeister, et al., Growth curves and sustained com-

missioning modelling of renewable energy: Investigating resource constraints for

wind energy, Energy Policy 73 (2014) 767–776 . 

27] I. Daigo, Y. Matsuno, Y. Adachi, Substance flow analysis of chromium and nickel in

the material flow of stainless steel in Japan, Resour. Conserv. Recycl. 54 (11) (2010)

851–863 . 

28] B.K. Reck, R.B. Gordon, Nickel and chromium cycles: Stocks and flows project part

IV, JOM 60 (7) (2008) 55–59 . 

29] K. Nakajima, H. Ohno, Y. Kondo, et al., Simultaneous material flow analysis of nickel,

chromium, and molybdenum used in alloy steel by means of input-output analysis,

Environ. Sci. Technol. 47 (9) (2013) 4653–4660 . 

30] L. Yang, J. Liu, X. Hua, et al., Mapping chromium flows in China’s stainless-steel

product chain: A product-level substance flow analysis, Resour. Conserv. Recycl.

209 (2024) 107816 . 

31] K. Habib, B. Sprecher, S.B. Young, COVID-19 impacts on metal supply: How does

2020 differ from previous supply chain disruptions? Resour. Conserv. Recycl. 165

(2021) 105229 . 

32] X. Li, X. Chen, J. Zhu, et al., Resilience of the circular economy to global disruptions

in scrap recycling, iScience 28 (2) (2025) 111713 . 

33] P.H. Brunner, H. Rechberger, Handbook of Material Flow analysis: For environmen-

tal, Resource, and Waste Engineers (2017) . 
3350
34] J. Blumenthal, M.L. Diamond, Sustainability of the internet of things requires un-

derstanding of mineral demands and supplies, Environ. Sci. Technol. 56 (2022)

7980–7982 . 

35] X. Rui, Y. Geng, X. Sun, et al., Dynamic material flow analysis of natural graphite in

China for 2001-2018, Resour. Conserv. Recycl. 173 (2021) 105732 . 

36] P. Wang, L.-Y. Chen, J.-P. Ge, et al., Incorporating critical material cycles into met-

al-energy nexus of China’s 2050 renewable transition, Appl. Energy 253 (2019)

113612 . 

37] F. Gu, Y. Zhang, Z. Su, et al., Recovery of chromium from chromium-bearing

slags produced in the stainless-steel smelting: A review, J. Clean. Prod. 296 (2021)

126467 . 

38] D. Wiedenhofer, T. Fishman, B. Plank, et al., Prospects for a saturation of humanity’s

resource use? An analysis of material stocks and flows in nine world regions from

1900 to 2035, Glob. Environ. Change 71 (2021) 102410 . 

39] H. Hatayama, I. Daigo, Y. Matsuno, et al., Outlook of the world steel cycle based on

the stock and flow dynamics, Environ. Sci. Technol. 44 (16) (2010) 6457–6463 . 

40] USGS National Minerals Information Center, Chromium statistics and informa-

tion, minerals yearbook 2000-2023, 2001-2024. https://www.usgs.gov/centers/

national-minerals-information-center/chromium-statistics-and-information (ac- 

cessed 9 December 2025). 

41] Y. Matsuno, M. Kimura, Dynamic material flow analysis of stainless steels in Japan,

J. Iron Steel Inst. Jpn. 102 (11) (2016) 653–659 . 

42] A. Wang, X. Gao, China’s energy and important mineral resources demand perspec-

tive, Bull. Chin. Acad. Sci. 35 (3) (2020) 338–344 . 

43] S. Pauliuk, T. Wang, D.B. Müller, Moving toward the circular economy: The role of

stocks in the Chinese steel cycle, Environ. Sci. Technol. 46 (1) (2012) 148–154 . 

44] Z. Zhang, Z. Pan, D. Che, et al., Chromite ore resources characteristic and analysis of

supply and demand situation from 2021 to 2035 in China, Geol. China 49 (5) (2022)

1191–1209 . 

45] X. Liu, Q. Chen, Y. Zhang, et al., Chinese chromium demand forecasting and resource

supply security, Resour. Sci. 37 (5) (2015) 933–943 . 

46] B.K. Reck, V.S. Rotter, Comparing growth rates of nickel and stainless steel use in

the early 2000s, J. Ind. Ecol. 16 (4) (2012) 518–528 . 

47] N. Lu, Forecast of stainless-steel production in China in 2020 and 2025, Metall. Econ.

Manag. (3) (2018) 43–48 . 

48] H. Hao, Y. Geng, J.E. Tate, et al., Securing platinum-group metals for transport low–

carbon transition, One Earth 1 (1) (2019) 117–125 . 

49] T. Henckens, Scarce mineral resources: Extraction, consumption and limits of sus-

tainability, Resour. Conserv. Recycl. 169 (2021) 105511 . 

50] Energy Foundation, China 2050 high renewable energy penetration scenario

and roadmap study. 2015. https://www.efchina.org/Attachments/Report/report-

20150420/%E4%B8%AD%E5%9B%BD2050%E9%AB%98%E6%AF%94%E4%BE% 

8B%E5%8F%AF%E5%86%8D%E7%94%9F%E8%83%BD%E6%BA%90%E5%8F% 

91%E5%B1%95%E6%83%85%E6%99%AF%E6%9A%A8%E9%80%94%E5%BE% 

84%E7%A0%94%E7%A9%B6-%E6%91%98%E8%A6%81%E6%8A%A5%E5%91% 

8A.pdf/at_download/file (accessed 13 October 2024). 

51] Z. Hu, B. Yu, I. Daigo, et al., Circular economy strategies for mitigating metals short-

ages in electric vehicle batteries under China’s carbon-neutral target, J. Environ.

Manage. 352 (2024) 120079 . 

52] S. Ford, M. Despeisse, Additive manufacturing and sustainability: An exploratory

study of the advantages and challenges, J. Clean. Prod. 137 (2016) 1573–1587 . 

53] J. Shen, Q. Zhang, S. Tian, et al., The role of hydrogen in iron and steel produc-

tion: Development trends, decarbonization potentials, and economic impacts, Int. J.

Hydrogen Energy 92 (2024) 1409–1422 . 

54] Y. Yang, L. Zeng, F. Deng, et al., Geological characteristics and mineralization po-

tential of chromite resources in China, Earth Sci. Front. 25 (3) (2018) 138–147 . 

55] C. Lu, Z. Chen, J. Zhang, Research and development on the standard of recycling for

stainless steel scrap, Proceedings 27th National Symposium on Ferroalloys, 2019, pp.

388–391. https://www.10.26914/c.cnkihy.2019.059665 (accessed 13 May 2025). 

56] H. Zhang, X. Hong, An overview for the utilization of wastes from stainless steel

industries, Resour. Conserv. Recycl. 55 (8) (2011) 745–754 . 

57] CBC Metal. Segmentation of chromium industry consumption by metal equivalent.

http://en.cbcie.com/ (accessed 13 October 2024). 

58] Team Stainless. The global life cycle of stainless steels, 2023. https://www.

worldstainless.org/files/issf/non-image-files/PDF/Team_Stainless/The_Global_Life_ 

Cycle_of_Stainless_Steels.pdf (accessed 13 October 2024). 

59] M. Gebler, A.J. Schoot Uiterkamp, C. Visser, A global sustainability perspective on

3D printing technologies, Energy Policy 74 (2014) 158–167 . 

60] S.K. Sharma, A.K. Singh, R.K. Mishra, et al., Processing techniques, microstructural

and mechanical properties of Additive manufactured 316L stainless steel: Review,

J. Inst. Eng. India Ser. D 105 (2) (2024) 1305–1318 . 

61] State Council of the People’s Republic of China. Notice of the state council on

issuing the action plan for carbon peaking before 2030. 2021. https://www.

gov.cn/zhengce/content/2021-10/26/content_5644984.htm (accessed 13 May

2025). 

62] Xinhua News Agency. Outline of the 14th five-year plan for National economic

and social development and long-range objectives through the year 2035. 2021.

https://www.gov.cn/xinwen/2021-03/13/content_5592681.htm (accessed 13 May

2025). 

63] National Bureau Statistics of China China statistical yearbook, 2023 . 

64] United Nations, Department of Economic and Social Affairs, Population Divi-

sion. World population prospects 2022: data sources, 2022. https://population.

un.org/wpp/Publications/Files/WPP2022_Data_Sources.pdf (accessed 13 October

2024). 

65] H. Rechberger, O. Cencic, R. Frühwirth, Uncertainty in material flow analysis, J.

Ind. Ecol. 18 (2) (2014) 159–160 . 

http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0001
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52020DC0474\046from=EN
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0003
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0004
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0005
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0006
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0007
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0008
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0009
https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0011
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0012
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0013
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0014
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0015
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0016
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0017
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0018
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0019
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0020
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0021
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0022
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0023
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0024
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0025
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0026
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0027
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0028
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0029
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0030
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0031
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0032
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0033
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0034
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0035
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0037
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0038
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0039
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0040
https://www.usgs.gov/centers/national-minerals-information-center/chromium-statistics-and-information
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0042
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0043
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0044
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0036
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0045
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0046
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0047
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0048
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0049
https://www.efchina.org/Attachments/Report/report-20150420/\045E4\045B8\045AD\045E5\0459B\045BD2050\045E9\045AB\04598\045E6\045AF\04594\045E4\045BE\0458B\045E5\0458F\045AF\045E5\04586\0458D\045E7\04594\0459F\045E8\04583\045BD\045E6\045BA\04590\045E5\0458F\04591\045E5\045B1\04595\045E6\04583\04585\045E6\04599\045AF\045E6\0459A\045A8\045E9\04580\04594\045E5\045BE\04584\045E7\045A0\04594\045E7\045A9\045B6-\045E6\04591\04598\045E8\045A6\04581\045E6\0458A\045A5\045E5\04591\0458A.pdf/at_download/file
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0051
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0052
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0053
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0054
https://www.10.26914/c.cnkihy.2019.059665
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0056
http://en.cbcie.com/
https://www.worldstainless.org/files/issf/non-image-files/PDF/Team_Stainless/The_Global_Life_Cycle_of_Stainless_Steels.pdf
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0060
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0061
https://www.gov.cn/zhengce/content/2021-10/26/content_5644984.htm
https://www.gov.cn/xinwen/2021-03/13/content_5592681.htm
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0064
https://population.un.org/wpp/Publications/Files/WPP2022_Data_Sources.pdf
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0066


Z. Gao, Y. Geng and W. Cai Fundamental Research 6 (2026) 3340–3351

[  

[  

 

[  

 

[

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

 

[  

 

[  

 

[  

A

Z  

S  

M  

U  

r

Y  

E  

a  

t  

S  

U  

T  

C  

m  

j  

m  

R  

f

66] X. Zeng, H. Zheng, R. Gong, et al., Uncovering the evolution of substance flow anal-

ysis of nickel in China, Resour. Conserv. Recycl. 135 (2018) 210–215 . 

67] X. Sun, H. Hao, Y. Geng, et al., Exploring the potential for improving material uti-

lization efficiency to secure lithium supply for China’s battery supply chain, Fund.

Res. 4 (1) (2024) 167–177 . 

68] B.K. Reck, M. Chambon, S. Hashimoto, et al., Global stainless steel cycle exemplifies

China’s rise to metal dominance, Environ. Sci. Technol. 44 (10) (2010) 3940–3946 .

69] X. Xu, X. Xu, Q. Chen, et al., The research on generalized regional “resource curse ”

in China’s new normal stage, Resour. Policy 49 (2016) 12–19 . 

70] X. Yin, W. Chen, Trends and development of steel demand in China: A bottom-up

analysis, Resour. Policy 38 (4) (2013) 407–415 . 

71] National Development and Reform Commission. Geothermal energy is ex-

pected to “heat up ”. 2023. www.ndrc.gov.cn/fggz/hjyzy/jnhnx/202303/t2023

0302_1350588.html (accessed 13 May 2025). 

72] Y. Xiang, X. Li, W. Liu, et al., Enhancing chromium supply chain security through re-

silience strategies: Decision support based on system dynamics simulations, J. Clean.

Prod. 493 (2025) 144981 . 

73] R. Bleischwitz, V. Nechifor, M. Winning, et al., Extrapolation or saturation-revisit-

ing growth patterns, development stages and decoupling, Glob. Environ. Change 48

(2018) 86–96 . 

74] Y. Liang, R. Kleijn, A. Tukker, et al., Material requirements for low-carbon en-

ergy technologies: A quantitative review, Renew. Sustain. Energy Rev. 161 (2022)

112334 . 

75] K. Tokimatsu, M. Hook, B. McLellan, et al., Energy modeling approach to the global

energy-mineral nexus: Exploring metal requirements and the well-below 2 °C target

with 100 percent renewable energy, Appl. Energy 225 (2018) 1158–1175 . 

76] K. Tokimatsu, H. Wachtmeister, B. McLellan, et al., Energy modeling approach to

the global energy-mineral nexus: A first look at metal requirements and the 2 °C

target, Appl. Energy 207 (2017) 494–509 . 

77] B. Steuer, R. Ramusch, F. Part, et al., Analysis of the value chain and network struc-

ture of informal waste recycling in Beijing, China, Resour. Conserv. Recycl. 117

(2017) 137–150 . 

78] The Ministry of Finance. The announcement on improving the value-added

tax (VAT) policy for comprehensive resource utilization. https://www.gov.cn/

zhengce/zhengceku/2022-02/28/content_5676109.htm (accessed 13 October

2024). 
3351
79] China Iron and Steel Association, Research on the development of electric arc fur-

nace (EAF) short process steelmaking in China, China Steel Focus 20 (2023) 4–20

https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode = CJFD&tableName 

= CJFDTOTAL&fileName = YJGL202320002&fileSourceType = 1&invoice = kqfpgTx0 

KCCAlmakGbIpx0%2f6g7dIf7y6GJCgd0JqoHpNih%2bVUhxeOXmKtRo0NJMfBCb 

w1CaPm1B6kW%2fv8sS5siWXCfN8oivcZm4QuL76QvT%2fyuAorKCXr52JgdRome 

RhmJ2SdayL1tzB0nNPjKjM7HqlSXesiaYZGzs5Lk6AZ8w%3d&appId = KNS_BASIC_ 

PSMC . 

80] B. Baldassarre, Circular economy for resource security in the European Union (EU):

Case study, research framework, and future directions, Ecol. Econ. 227 (2025)

108345 . 

81] V.R. Troll, N.T. Amdt, European raw materials resilience-turning a blind eye, Earth

Sci. Syst. Soc. 2 (1) (2022) 10058 . 

uthor profile 

iyan Gao ( BRID: 03311.00.63013 ) is a postdoc researcher at School of Environmental

cience and Engineering, Shanghai Jiao Tong University. He holds a Ph.D. degree of Public

anagement at the School of International and Public Administration, Shanghai Jiao Tong

niversity. His research focuses on the metabolism and sustainability of critical mineral

esources. 

ong Geng ( BRID: 09729.00.17536 ) is a chair professor and the Dean of the School of

nvironmental Science and Engineering and the SJTU-UNIDO Joint Institute of Inclusive

nd Sustainable Industrial Development, Shanghai Jiao Tong University, Deputy Dean of

he School of International and Public Affairs and Research Institute of Carbon Neutrality,

hanghai Jiao Tong University. He holds a Ph.D. in Chemical Engineering from Dalhousie

niversity in Canada, a M.S. in Environmental Management from Dalian University of

echnology in China, and a B.E. in Mechanical Engineering from Southeast University in

hina. He focuses on researches of circular economy, industrial ecology, environmental

anagement, climate change policy, and so on. He has published > 300 papers in academic

ournals such as Science , Nature , Science Advances , Nature Climate Change , and Nature Com-

unications . He has undertaken several national key projects, such as the National Key

esearch and Development Program of China. He was awarded the National Science Fund

or Distinguished Young Scholars of the National Natural Science Foundation of China. 

http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0067
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0068
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0069
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0070
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0071
http://www.ndrc.gov.cn/fggz/hjyzy/jnhnx/202303/t20230302_1350588.html
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0073
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0074
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0075
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0076
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0077
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0078
https://www.gov.cn/zhengce/zhengceku/2022-02/28/content_5676109.htm
https://kns.cnki.net/nzkhtml/xmlRead/trialRead.html?dbCode=CJFD13tableName=CJFDTOTAL13fileName=YJGL20232000213fileSourceType=113invoice=kqfpgTx0KCCAlmakGbIpx0\0452f6g7dIf7y6GJCgd0JqoHpNih\0452bVUhxeOXmKtRo0NJMfBCbw1CaPm1B6kW\0452fv8sS5siWXCfN8oivcZm4QuL76QvT\0452fyuAorKCXr52JgdRomeRhmJ2SdayL1tzB0nNPjKjM7HqlSXesiaYZGzs5Lk6AZ8w\0453d13appId=KNS_BASIC_PSMC
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0081
http://refhub.elsevier.com/S2667-3258(25)00626-0/sbref0082
https://cstr.cn/BRID-03311.00.63013
https://cstr.cn/BRID-09729.00.17536

	Securing China’s chromium supply through circular economy
	1 Introduction
	2 Methods and data
	2.1 System boundary for retrospective material flow analysis
	2.2 Modeling framework for Cr supply and demand projections
	2.2.1 Stock-driven model for the steel sector
	2.2.2 Material intensity model for the energy sector
	2.2.3 Scenarios development

	2.3 Data sources
	2.4 Uncertainty analysis

	3 Results
	3.1 Overview of historical Cr flows and stocks
	3.2 Projections of future Cr in-use stocks, inflows and EoL flows
	3.3 Future Cr supply and demand pathways under different scenarios

	4 Discussion
	4.1 Uncertainties and limitations
	4.2 Strengthening governance on chromium demand
	4.3 Improving chromium recycling

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References
	Author profile


