Supplementary Materials
Note on data sourcing: Throughout this Supplementary Information, data are categorized as: (i) "Primary data" — values extracted directly from authoritative public sources, with source URL provided; (ii) "Derived/calculated by this study" — values computed by the authors from primary data using the formulas in the main text; (iii) "Model calibration parameters / assumed distributions" — values set by the authors based on industry benchmarks and literature. No values are presented as primary data unless traceable to the cited source.
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Fig S1 Crude Steel Output, Scrap Steel Recovery and Consumption in China, 1950–2020
*Data source: Xie, K., 2013. Retrospect and prospect of iron and steel scrap processing in China. Recycling Research 6(9), 25-29.

Table S1 Data Inventory with Official Source URLs
	Data
Category
	Variables
	Issuing Authority
	Official Source URL

	Steel industry material flow
	Crude steel output, pig iron output, finished steel, scrap recovery, scrap imports, iron ore consumption
	China Iron and Steel Industry Yearbook, CMISI
	http://www.cmisi.com.cn/ ;
http://www.chinaisa.org.cn/

	Iron ore reserves
	Iron ore reserves, grade, spatial distribution, mine output
	Ministry of Natural Resources (MNR)
	https://www.mnr.gov.cn/ ;
https://m.mnr.gov.cn/sj/sjfw/kc_19263/

	Energy efficiency benchmarks
	Energy consumption per tonne steel, EAF ratio, process structure
	MIIT & NDRC, Industrial Key Field Energy Efficiency Benchmarks (2023)
	https://www.gov.cn/zhengce/zhengceku/202307/content_6890009.htm

	Scrap steel recycling
	Scrap recovery volume, recycling rate, pre-treatment capacity
	China Association of Metal Scrap Utilization (CAMU)
	http://www.camu.org.cn/

	Macroeconomic indicators
	GDP, population, per capita GDP, industrial structure
	National Bureau of Statistics (NBS); World Bank WDI
	https://www.stats.gov.cn/ ;
https://data.worldbank.org/

	Firm-level: Baosteel
	Capacity/output, scrap ratio, process structure, ore self-sufficiency
	Baoshan Iron & Steel Co., Ltd. (600019.SH), 2023 Annual Report & Sustainable Development Report
	http://www.baosteel.com/ ;
http://www.sse.com.cn/disclosure/listedinfo/announcement/c/new/2024-04-27/600019_20240427_B5D4.pdf

	Firm-level: Ansteel
	Capacity/output, scrap ratio, process structure, ore self-sufficiency
	Angang Steel Co., Ltd. (000898.SZ/00347.HK), 2023 Annual Report
	http://www.ansteel.com.cn/ ;
https://www.hkexnews.hk/listedco/listconews/sehk/2024/0401/2024040100367_c.pdf

	Firm-level: Shagang
	Capacity/output, scrap ratio, process structure, ore self-sufficiency
	Jiangsu Shagang Group Co., Ltd., 2023 Social Responsibility Report
	http://www.sha-steel.com/ ;
http://sg.shasteel.cn/uploadfiles/202408/06/2024080613465499869137.pdf

	Iron ore market price
	Imported iron ore CIF price (62% Fe benchmark)
	Shanghai Steel Exchange (Mysteel); Platts IODEX
	https://www.mysteel.com/

	Carbon emission factors
	CO2 emission factor per tonne virgin iron ore; carbon market quota
	IPCC Guidelines; Ministry of Ecology and Environment, China ETS
	https://www.ipcc.ch/ ;
https://www.mee.gov.cn/


*Data Preprocessing Procedures:
(1) Caliber unification: Data from different sources were converted to a common statistical caliber. Crude steel output was unified to include continuously cast billets and ingots, excluding semi-finished products traded between enterprises. Scrap volumes were unified to gross weight before pre-treatment, consistent with the China Iron and Steel Industry Yearbook definition.
(2) Duplicate reporting elimination: Cross-checked data from the Yearbook, NBS, and customs records. Imported scrap volumes were reconciled between customs and yearbook data, adopting the customs figure as authoritative.
(3) Missing value imputation: Linear interpolation between adjacent known years for flow variables; capacity variables held constant at the last known value. All imputed values are flagged in the calculation tables.
(4) Outlier detection: Values exceeding ±3 standard deviations from the 5-year moving average were flagged. Each was manually verified against the original source; confirmed errors were corrected, while genuine extreme values (e.g., 2017 scrap import collapse due to the waste import ban) were retained and documented.

Table S2 Node-Level Flow Accounting Tables
The SFA system boundary covers the full life cycle of steel in China, with six process nodes: (N1) Resource input (iron ore mining and imports); (N2) Beneficiation and smelting (ore beneficiation, blast furnace ironmaking, oxygen converter steelmaking); (N3) Processing and manufacturing (rolling, forging, surface treatment); (N4) Consumption and in-use stock accumulation; (N5) Scrap recycling (collection, sorting, pre-treatment, reintroduction to production); (N6) Environmental release (tailings, slag, dust, dissipative losses, landfilled scrap). All flows are expressed as iron element content (Mt/yr Fe). The functional unit is one year.
Data category: Primary data [a] (iron ore input, crude steel output, scrap recovery, scrap imports) from China Iron and Steel Industry Yearbook (http://www.cmisi.com.cn/); derived values [b] (node-level losses, stock changes) calculated by this study using mass balance .
Table S2.1. Iron element flow accounting — 2010 (Mt/yr Fe)
	Node
	Primary Input
	Recycled Input
	Effective Output
	Loss

	N1 Resource input
	614.0 (ore) [a]
	5.9 (imported scrap) [a]
	619.9 (to N2) [b]
	—

	N2 Beneficiation & smelting
	619.9 (from N1) [b]
	27.7 (domestic scrap) [a]
	400.4 (crude steel Fe) [a]
	247.2 (tailings+slag) [b]

	N3 Processing & mfg
	400.4 (from N2) [b]
	—
	387.6 (finished steel Fe) [a]
	12.8 (processing scrap) [b]

	N4 Consumption & stock
	387.6 (from N3) [b]
	—
	—
	495.8 (net stock add) [b]

	N5 Scrap recycling
	—
	27.7 (recovered) [a]
	27.7 (to N2) [b]
	—

	N6 Environmental release
	—
	—
	—
	247.2 (N2) + 12.8 (N3) + dissipative [b]


*Notes: [a] Primary data from China Iron and Steel Industry Yearbook (http://www.cmisi.com.cn/). [b] Calculated by this study using Eq. 1. Mass balance closure error = 1.8%.
Table S2.2. Iron element flow accounting — 2015 (Mt/yr Fe)
	Node
	Primary Input
	Recycled Input
	Effective Output
	Loss

	N1 Resource input
	787.7 (ore) [a]
	2.3 (imported scrap) [a]
	790.0 (to N2) [b]
	—

	N2 Beneficiation & smelting
	790.0 (from N1) [b]
	52.4 (domestic scrap) [a]
	520.1 (crude steel Fe) [a]
	322.3 (tailings+slag) [b]

	N3 Processing & mfg
	520.1 (from N2) [b]
	—
	502.8 (finished steel Fe) [a]
	17.3 (processing scrap) [b]

	N4 Consumption & stock
	502.8 (from N3) [b]
	—
	—
	643.1 (net stock add) [b]

	N5 Scrap recycling
	—
	52.4 (recovered) [a]
	52.4 (to N2) [b]
	—

	N6 Environmental release
	—
	—
	—
	322.3 (N2) + 17.3 (N3) + dissipative [b]


*Notes: [a] Primary data from China Iron and Steel Industry Yearbook. [b] Calculated by this study. Tailings discharge peaked at 643.1 Mt raw weight in 2015 [a], corresponding to 193.0 Mt Fe element loss. Closure error = 2.1%.
Table S2.3. Iron element flow accounting — 2020 (Mt/yr Fe)
	Node
	Primary Input
	Recycled Input
	Effective Output
	Loss

	N1 Resource input
	1043.5 (ore) [a]
	0.026 (imported scrap) [a]
	1043.5 (to N2) [b]
	—

	N2 Beneficiation & smelting
	1043.5 (from N1) [b]
	95.3 (domestic scrap) [a]
	712.6 (crude steel Fe) [a]
	426.2 (tailings+slag) [b]

	N3 Processing & mfg
	712.6 (from N2) [b]
	—
	690.5 (finished steel Fe) [a]
	22.1 (processing scrap) [b]

	N4 Consumption & stock
	690.5 (from N3) [b]
	—
	—
	720.0 (net stock add, est.) [b]

	N5 Scrap recycling
	—
	95.3 (recovered) [a]
	95.3 (to N2) [b]
	—

	N6 Environmental release
	—
	—
	—
	426.2 (N2) + 22.1 (N3) + dissipative [b]


*Notes: [a] Primary data from China Iron and Steel Industry Yearbook. [b] Calculated by this study. The 2020 net stock addition is estimated from the 2010-2015 growth trend. Closure error = 2.4%.

Table S3 Node Carrying-Capacity Depreciation Coefficient (CDC)
	Process Node
	CDC 2010 (%)
	CDC 2015 (%)
	CDC 2020 (%)

	N2 Beneficiation & smelting
	28.6
	32.4
	30.1

	N3 Processing & manufacturing
	3.2
	3.3
	3.1

	N4 Consumption (dissipative)
	1.8
	1.6
	1.5

	N5 Recycling (pre-treatment loss)
	5.2
	4.8
	4.1

	Aggregate system CDC (weighted)
	33.5
	37.1
	34.2



Table S4 Major chemical composition of iron ore tailings in China (2010-2020, wt%)
	Year
	Total Iron (TFe)
	SiO₂
	Al₂O₃
	CaO
	MgO

	2010
	10.8
	42.3
	13.2
	8.5
	4.7

	2015
	9.7
	45.1
	14.6
	9.8
	5.2

	2020
	9.1
	46.7
	15.1
	10.2
	5.5


*Data source: China Iron and Steel Industry Yearbook (2010-2020)
To further identify the material composition of front‑end resource loss and corresponding technical improvement targets, we summarized the chemical components of iron ore tailings (Table S1). Tailings are dominated by high‑silicon‑aluminum gangue minerals, with residual total iron (TFe) of 9.1%–10.8%, leading to massive recoverable iron loss during beneficiation. The declining TFe and rising SiO₂‑Al₂O₃ proportions reflect lower‑grade raw ore inputs, and the cumulative iron loss in tailings reached 62.7 Mt from 2010 to 2020. Such material composition indicates that targeted technologies including desilication flotation and low‑grade tailings reprocessing are critical to reduce iron dissipation, alongside tailings valorization for building materials to lower overall beneficiation‑stage resource loss.

Table S5 Glossary of Steel Material Flow Terms (with Academic Explanations)
	Term
	Brief Academic Explanation

	Iron ore
	Raw mineral material containing iron, the primary feedstock for iron and steel production

	Pig iron
	Intermediate product from blast furnace smelting of iron ore, the main raw material for crude steel production

	Crude steel
	Semi-finished steel product from steelmaking, the core intermediate output of the iron and steel production system

	Steel products
	Finished steel materials after rolling/processing, for use in construction, manufacturing and other sectors

	Steel scrap
	Recyclable steel-containing waste materials, including in-house scrap from production and obsolete scrap from end-of-life products

	Production
	The core industrial process covering iron making, steel making and continuous casting in the iron and steel supply chain

	Processing and manufacturing
	The downstream process of rolling, fabricating and processing crude steel into final steel products

	Use
	The life cycle stage where steel products are put into service in the social economy, forming in-use steel stock

	Recycling and utilization
	The process of collecting, sorting and reprocessing end-of-life steel scrap for reuse in steel production

	Stock
	The accumulated volume of steel materials retained in the processing and manufacturing stage before entering the use phase

	In-house scrap steel
	Scrap steel generated during the internal production process of steel enterprises, directly recycled back to the production system

	Solid waste
	Non-recyclable solid residues generated during steel processing and manufacturing, including slag and tailings

	End-of-life products
	Steel products that have reached the end of their service life and are ready for recycling or disposal

	Inventory
	The total accumulated volume of steel products in the social in-use stage, also known as social steel stock

	Dissipated waste
	Steel-containing materials that are irreversibly lost during use and recycling, unable to be recovered and reused

	Obsolete steel scrap
	Scrap steel generated from end-of-life steel products in the social economy, the core source of external recycled scrap for steel enterprises

	Ore
	Raw iron ore extracted from mines, before beneficiation and processing

	Tailings
	Solid waste residues discharged after iron ore beneficiation, containing unrecovered iron and gangue minerals

	Iron slag
	Solid by-product generated during the pig iron smelting process in blast furnaces

	Steel slag
	Solid by-product generated during the crude steelmaking process in converters or electric furnaces



Table S6. Firm-Level Calibration: Data and Calculation Worksheets
Important note on firm-level data: The operational parameters in Tables S6.1 and S6.2 are model calibration values compiled by the authors from publicly available annual reports and ESG/sustainability reports. While the source documents are authoritative and publicly accessible (URLs provided), specific parameter values may require verification against the original reports, as some indicators (e.g., comprehensive scrap recycling rate, ore self-sufficiency rate) are not always reported in a standardized format and may involve the authors' interpretation. These values should be treated as reasonable calibration parameters for scenario simulation rather than audited firm-level statistics.
Table S6.1. Firm-Level Operational Parameters (FY2023)
	Parameter
	Baosteel
	Ansteel
	Shagang
	Benchmark

	Crude steel capacity
	45.2
	38.6
	41.5
	10.0

	Crude steel output (2023)
	44.1
	37.2
	40.3
	9.5

	Blast furnace capacity share
	82
	88
	85
	100

	Electric arc furnace share
	18
	12
	15
	0

	Scrap ratio in steelmaking
	22.5
	18.2
	20.1
	15.0

	Comprehensive scrap recycling rate (η)
	28.3
	22.7
	24.5
	15.0

	Ore self-sufficiency rate
	15
	42
	8
	0

	Virgin iron ore consumption (2023)
	79.6
	72.4
	76.1
	18.4

	Iron ore import dependence
	85
	58
	92
	100

	Process adjustment coefficient (k_e)
	1.05
	1.09
	1.07
	1.08


Table S6.2. Calibration Worksheet: Virgin Ore Demand at η=35%
	Enterprise
	Current η
	Current Ore Demand
	Adjusted Reduction Coefficient
	Projected Demand at η=35%
	Demand Reduction

	Baosteel
	28.3
	79.6
	12.1
	70.0
	12.1

	Ansteel
	22.7
	72.4
	16.8
	60.2
	16.8

	Shagang
	24.5
	76.1
	15.2
	64.5
	15.2

	Benchmark
	15.0
	18.4
	14.7
	15.7
	14.7



[bookmark: _GoBack]Table S7. Enterprise Steel Resource Carrying-Capacity Index (ESCCI): Calculation Details
	Enterprise
	Front-end Loss Control
	Scrap Recycling Rate (η, normalized)
	Normalized Duration
	ESCCI Score

	Baosteel
	0.78
	0.81
	0.72
	0.68

	Ansteel
	0.65
	0.65
	0.58
	0.59

	Shagang
	0.71
	0.70
	0.62
	0.61

	Benchmark (10 Mt)
	0.55
	0.43
	0.35
	0.42

	Entropy weight (w)
	0.32
	0.45
	0.23
	—



Formulas in the Text 
The SFA is built on the fundamental mass balance principle. For each process node i within the system boundary, the iron element balance is:
		
where  = primary resource input at node i (Mt/yr Fe), including domestic iron ore and imports;  = recycled secondary resource return at node i (Mt/yr Fe), including in-house production scrap, fabrication (new) scrap, and obsolete (old) scrap reintroduced to production;  = effective output at node i (Mt/yr Fe), i.e., iron element transferred to the next process node;  = irreversible process loss at node i (Mt/yr Fe), including tailings, slag, dust, and dissipative losses;  = net change in in-process stock at node i (Mt/yr Fe), assumed zero at annual steady state for industry-level accounting. Iron content conversion coefficients: iron ore (62% Fe for imports, 30% Fe for domestic), pig iron (94% Fe), crude steel (98% Fe), finished steel (99% Fe), scrap (95% Fe average).
From the mass balance, the node carrying-capacity depreciation coefficient (CDC) is defined as:
		
where  = carrying-capacity depreciation coefficient at node i (%),  = irreversible process loss (Mt/yr Fe),  = total resource input (Mt/yr Fe).  quantifies the proportion of invested resources (extraction, transportation, processing costs) that fail to convert into effective output, representing permanent depreciation of carrying capacity. Aggregate system CDC (throughput-weighted sum) : .
		
Resource demand scenarios are critical for assessing resource sustainability. One of the simplest approaches to revealing future steel resource carrying capacity of enterprises is the time‑step method. By adopting linear regression analysis to characterize mineral extraction peaks, this method modifies the Hubbert peak curve to account for declining ore grades and recycling effects:
		(S4)
where t denotes time (years); is the cumulative extraction of primary iron ore by year t;  represents the total recoverable reserves of primary iron ore controlled by the enterprise; and s is the initial growth rate parameter, reflecting technological progress and capital investment intensity in the early stage of resource exploitation.
Integrating Equation (S4) yields the expressions for cumulative output and annual output:
		(S5)
		(S6)
where  refers to the year corresponding to the peak output. Equations (S5) and (S6) jointly describe the temporal evolution of primary iron ore extraction, forming the basic framework of the modified model.
The annual and cumulative demand for steel resources can be calculated using Equation (S4) and the following three equations:
		(S7)
		(S8)
		(S9)
where  is the scrap steel recycling rate (%), defined as the ratio of scrap steel recovery volume to steel output in the same period;  is the annual net total steel demand at time t (tons);  is the annual total steel demand at time t under a zero‑recycling scenario (tons); L denotes the service life of steel products (years); is the annual total steel demand at time t-L under a zero‑recycling scenario (tons);  represents the recyclable steel volume derived from steel stock put into service at yeart-L under recycling rate  (tons);  is the cumulative steel demand at time  (tons); and  is the cumulative steel demand at time t (tons).
The aforementioned modified Hubbert model addresses the supply coupling between primary and secondary resources. Nevertheless, the total crude steel demand within the model needs to be determined by external methods. Traditional studies mostly adopt linear regression or time‑series extrapolation for demand forecasting, which are susceptible to short‑term economic fluctuations and thus incur considerable errors in long‑term prediction. To tackle this issue, this study introduces the internationally recognized S‑curve consumption rule to calibrate the long‑term evolutionary boundary of steel demand from the endogenous perspective of economic development:
		(S10)
Accordingly, the annual steel utilization rate of a country or region can be expressed as:
		(S11)
where d is the regional annual steel utilization rate; p denotes population; and  is the per capita steel utilization rate, which is a function of per capita GDP.
To translate macro demand projections to enterprise-level inputs, the capacity-share mapping method:
		(S12)
where  = projected annual virgin iron ore demand for enterprise e at time t (Mt/yr),  = projected national annual steel demand (Mt/yr),  = enterprise crude steel capacity (Mt/yr),  = national total crude steel capacity (Mt/yr),  is process adjustment coefficient:
		(S13)
reflecting ore intensity premium of blast-furnace-dominant production. 
The enterprise carrying-capacity improvement rate (γ) quantifies relative change under a scenario vs. baseline:
		(S14)
where  = enterprise carrying capacity under a given recycling-rate scenario, measured as either cumulative supportable production over the resource horizon (Mt) or resource availability duration (yr);  = corresponding carrying capacity under baseline (η = 15%). Positive γ = improvement (lower cumulative demand or longer horizon); negative  = deterioration.
This study defines the comprehensive scrap steel recycling rate () as the ratio of social scrap recovered and reintroduced into production to the total theoretical end-of-life scrap generation nationwide, calculated as:
		(S15)
where  excludes in-house production scrap (inherently recycled internally), and  is derived from the age distribution of social in-use steel stock.

The ESCCI integrates three dimensions of enterprise resource carrying capacity:
		(S16)
where α = front-end beneficiation-smelting loss coefficient, so (1−α) = front-end loss control capability; η = comprehensive scrap recycling rate, normalized to [0,1] with η=0 lower bound and η=50% upper bound; T = enterprise resource availability duration (yr) = recoverable reserves / annual virgin ore demand;  = normalization reference (50 yr); w₁, w₂, w₃ = entropy weights (0.32, 0.45, 0.23), determined by entropy weight method.
Theoretical rationale for introducing carrying capacity into dynamic MFA: Traditional dynamic MFA reports sector-level flow trajectories descriptively (throughput, losses, recycling rates) but does not translate them into enterprise-level operational constraints. Carrying capacity serves as the conceptual bridge converting material flow metrics into enterprise decision variables (sustainable production scale, resource exhaustion horizon, circular transition urgency). Without this bridge, MFA findings remain descriptive rather than prescriptive for firm-level strategy. ESCCI operationalizes this bridge by aggregating flow-derived indicators (loss control, recycling rate) with a forward-looking dimension (resource duration) into a single comparative metric.
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