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Fig. S1. China’s vanadium steel production as a percentage of crude steel production over time
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Fig. S2. Intermediate Demand Ratio from 2015 to 2022

Fig. S3. Intermediate Input Ratio from 2015 to 2022
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Fig. S4. Influence Coefficient from 2015 to 2022

Fig. S5. Sensitivity Coefficient from 2015 to 2022
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Spatial Correlation Index
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Scenario analysis
Final demand constraint:

� 5,� = �� (s1)

where �� ​ is the final demand in year t.

Production balance (No Rec):

� 1,� = �� / � 12 ⋅ � 23 ⋅ � 34 (s2)

where � 1,� is input from stage 1 (mining), � �� is yield (conversion efficiency)

from stage i→j.

Production balance (With Rec):

� 1,� = �� − � 52 ⋅ � 5,�−1 / � 12 ⋅ � 23 ⋅ � 34 (s3)

Carbon emissions:

�� = �1� 1,� + �2� 2,� + �3� 3,� + �4� 4,� + �5� 5,� (s4)

where �� ​ is the carbon intensity of stage i.

Profit:

Π� = � ⋅ �� − �1� 1,� + �2� 2,� + �3� 3,� + �4� 4,� + �5� 5,� (s5)

where p is the unit price of the final product, and �� ​ is the cost per unit in stage i.

Delivery time (average lead time):

�� = � 12 � 1,� + � 23 � 2,� + � 34 � 3,� + � 45 � 4,� + � 52 � 5,� / �� (s6)

where � �� is the average processing/transportation delay from stage i→j.

Based on the following results, the comparative analysis of the No Recycling
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(No Rec) and With Recycling (With Rec) scenarios (2015-2022) reveals consistent

advantages of incorporating recycling. The With Rec scenario reduces primary ore

demand by approximately 4-5% and lowers carbon emissions by 2-3%, mainly due to

decreased reliance on energy-intensive mining and processing. In addition,

profitability improves by around 3-4%, and production lead times are marginally

shortened. These outcomes demonstrate that recycling generates measurable

environmental and economic benefits across the vanadium supply chain.

Excluding recycling systematically overestimates resource consumption,

emissions, and costs in the China’s vanadium industry. Incorporating recycling

provides a more accurate and comprehensive representation of system dynamics,

highlighting its role in resource conservation, emission reduction, and economic

resilience. Therefore, recycling should be regarded as a core element of vanadium

industry modeling, ensuring scientifically valid and policy-relevant insights for

sustainable development.

Fig. S6. Primary ore requirement under recycling and non-recycling scenarios (2015-2022)
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Fig. S7. Total Emissions under recycling and non-recycling scenarios (2015-2022)

Fig. S8. Supply lead time under recycling and non-recycling scenarios (2015-2022)

Uncertainty Analysis

Methods

To ensure the robustness of the nested input-output (IO) model, a probabilistic

uncertainty analysis was conducted. Key parameters subject to variability include the

technical coefficients of the A matrix, final demand vectors, recycling participation

rates (�� ), stage-specific yields (��� ), carbon intensities (�� ), and cost factors (�� ).

Probability distributions were assigned to each parameter based on empirical data,

literature sources, and expert judgment. Specifically, Beta distributions were adopted
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for rate-type parameters (e.g., recycling rates), lognormal distributions for strictly

positive parameters (e.g., costs and emission intensities), and triangular distributions

for parameters with limited data availability.

Sampling was performed using Latin Hypercube Sampling (LHS) with 5,000

iterations to efficiently explore the uncertainty space. For each sample, the Leontief

inverse (� − �)−1 was recalculated, the nested IO model (including the recycling

feedback loop) was solved, and outcome variables were recorded: primary ore

demand, cumulative carbon emissions, total production cost, and system profitability.

To further assess the contribution of parameter uncertainty, a variance-based

global sensitivity analysis (Sobol indices) was conducted. This method decomposes

the variance of each output into first-order and total effects attributable to individual

parameters, providing insights into both direct and interaction effects.

Uncertainty Outcomes

To ensure the robustness of the nested input-output (IO) framework, we

implemented a probabilistic uncertainty analysis. Key parameters subject to

variability included the technical coefficients of the A matrix, final demand vectors,

recycling participation rates (�� ), stage-specific yields (��� ), carbon intensities (�� ),

and cost factors ( �� ). Probability distributions were assigned to each parameter

following their characteristics: Beta distributions for rate-type parameters (e.g.,

recycling rates), lognormal distributions for strictly positive parameters (e.g., costs

and emission intensities), and triangular distributions for parameters with limited

empirical evidence. Sampling was conducted using Latin Hypercube Sampling (LHS)

with 5,000 iterations, and for each draw the Leontief inverse (� − �)−1 was

recalculated, the nested IO model (including the recycling feedback loop) was solved,

and outcome variables were recorded, namely: primary ore demand, cumulative

carbon emissions, total production cost, and system profitability.

The results show that the extended IO model including the vanadium sector and

its recycling stage consistently produces narrower uncertainty bands and greater

alignment with observed industrial statistics compared with the baseline IO model
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without the vanadium sector. In particular, excluding the vanadium sector leads to

systematic underestimation of system profitability and output (3-7%) and

overestimation of carbon emissions (5-7%), reflecting structural bias. By contrast,

inclusion of the vanadium sector allows the model to capture resource feedback loops,

yielding more stable estimates and a scientifically rigorous representation of

closed-loop production.

To further attribute variability, a variance-based global sensitivity analysis

(Sobol indices) was conducted. The analysis revealed that recycling participation rates

(��) and carbon intensities (��) dominate the variance contribution in output indicators,

underscoring the centrality of explicitly modeling the vanadium recycling stage. The

absence of this stage not only reduces explanatory power but also overlooks critical

parameter interactions that shape the system’s environmental and economic

performance.

In conclusion, the findings confirm that explicitly incorporating the vanadium

sector-particularly the recycling stage-into IO models is both scientifically justified

and practically indispensable. Models omitting this sector yield biased and unstable

results, whereas those including it better capture resource efficiency, carbon reduction,

and profitability dynamics. This validates the scientific rationale for treating the

vanadium sector as an essential structural component of IO-based sustainability

assessments, reinforcing the importance of closed-loop modeling approaches for

strategic and critical minerals.


