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Abstract

In today’s increasingly fierce global competition in science and technology, China’s chip
industry is facing a global technology blockade and market containment. Against this
backdrop, research on the resilience of China’s chip industrial chain is of great significance
to improve the survival and recovery ability of the chip industry under extreme conditions.
Therefore, this study uses the system dynamics method to build a simulation model for
the resilience of China’s chip industry. The model examines four regulatory scenarios:
enhancing R&D intensity, elevating innovation development, promoting resource recycling
and utilization, and expanding the depth of policy promotion. The simulation results of
China’s chip industrial chain from 2014 to 2024 show the following: First, the resilience
level of China’s chip industrial chain initially decreases but then subsequently increases.
Second, all four regulatory scenarios improve the simulated resilience value of the industrial
chain to varying degrees. Among them, the regulatory scenario of elevating innovation
development has the most pronounced effect. However, while the improvement from
promoting resource recycling and utilization is relatively limited, it helps to continuously
improve the safety level of the chip industrial chain. Third, moderately increasing the total
intensity of R&D and expanding the depth of policy promotion are conducive to regulation
of the current chip industrial chain’s elasticity.

Keywords: chip industrial chain; resilience; system dynamics; global competition

1. Introduction
The growing intensity of global techno-scientific competition is profoundly reshaping

the international political and economic landscape, with rivalry among nations in high-
technology sectors becoming especially pronounced [1]. The chip industry has emerged as
the central arena of global competition. As a strategic emerging sector, the chip industry
holds critical importance for advancements in information technology, national information
security, and ultimately, economic security [2]. Against this backdrop, a deeper understand-
ing and enhancement of the resilience of China’s chip industrial chain and an effective
response to the severe challenges posed by dependence on US technology and supply chain
disruptions are of significant theoretical and practical importance for overcoming export
restrictions, enhancing self-reliance, and ensuring the security and stability of the domestic
industrial chain.
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In recent years, despite progress in the design and manufacturing capabilities of
China’s chip industry, improvements across the industrial chain, and continuously growing
market demand in 2023, the sector continues to face intricate challenges both at home and
abroad: internationally, the rise of technological protectionism has restricted access to high-
end chip technologies and equipment [3]. Domestically, there remains a gap between high-
end chip design and manufacturing, as well as key materials, and internationally leading
standards, with risks to industrial chain security becoming increasingly prominent [4].
Hence, bolstering independent research and development and enhancing autonomous and
controllable capabilities within the industrial chain have become pivotal development priorities.

Current studies on the resilience of the chip industrial chain focus primarily on
three dimensions: analyzing risk factors affecting industrial chain security and risk
prevention—such as the recycling of waste chips, the security of critical mineral supplies,
and gaps in core technologies [5,6]. The pursuit of independent technological innovation
coupled with collaborative development entails exploring pathways for domestic substitu-
tion while emphasizing the role of industry–academia–research partnerships in building
robust innovation networks [7,8]. This study analyzes the construction of the industrial
chain ecosystem and policy support, examining the shaping influence of policy tools, fi-
nancial assistance, and international collaboration—particularly in response to unilateral
sanctions—and the development of sustainable supply chains in industrial ecology [9–11].

In summary, while scholars have undertaken preliminary research on the resilience of
chip industrial chains, several shortcomings remain. First, existing studies on identifying
and assessing the factors influencing resilience are predominantly static and fragmented,
failing to comprehensively account for interactions between the internal and external
factors that shape the resilience of the system. Second, the current literature on enhancing
resilience tends to rely on qualitative analysis, with a lack of quantitative research in this
area, thereby limiting its ability to offer comprehensive and effective theoretical guidance
for strengthening the resilience of the chip industry. To address these issues, this study
identifies and analyzes the key factors affecting the resilience of China’s chip industrial
chain within the context of global technological competition. Using system dynamics, a
risk management model is constructed to simulate and analyze changes in the supply
chain’s resilience level between 2014 and 2023. Furthermore, the mechanisms and effects of
various regulatory measures are investigated, providing decision-making references for
enhancing the resilience of the chip industrial chain. The main contributions of this paper
are as follows: First, from the perspective of global technological competition, a system
dynamics model is established to depict the interactions among key internal and external
influencing factors through systematic analysis and causal relationship analysis. Second,
regulatory scenarios are designed on the basis of chip industry development plans and
related policies, and the effects of various regulatory measures on the implementation and
resilience level of the chip industrial chain are examined through simulation.

2. System Dynamics Model of the Chip Industrial Chain
2.1. System Boundary Definition

System dynamics is a discipline that examines the behavior and dynamic changes of
complex systems and was established by Jay W. Forrester of the Massachusetts Institute of
Technology in the 1950s. It seeks to understand and simulate the dynamic behavior of such
systems by analyzing internal feedback loops, stocks, and flows, as well as time delays. A
crucial step in the system dynamics modeling approach is the appropriate determination
of system boundaries. To achieve the research objectives and emphasize the key foci of
the study, this article simplifies the model around the essential upstream and downstream
nodes of the chip industrial chain, along with external influencing factors. Furthermore, on
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the basis of the development timeline of the chip industry and data availability, the period
from 2014 to 2023 was selected as the temporal boundary of the system.

The application of system dynamics has expanded from industrial management to
a diverse range of disciplines. In management [12–15] and management science [16,17],
it has become a classic approach for analyzing supply chains, developing strategies, and
evaluating policies. Modeling complex feedback structures offers managers a deeper
systemic understanding and supports decision-making.

Moreover, the methodology has been extensively applied across seven other cutting-
edge domains: engineering [18,19], computer science [20], environmental science and
ecology [21,22], earth science [23], medicine [24–26], psychology [27], and artificial intel-
ligence [28]. In these disciplines, system dynamics furnish a unified, interdisciplinary
methodological framework for comprehending and simulating the long-term behavior of
diverse complex systems, as well as for evaluating intervention strategies, thereby attesting
to its universal applicability and effectiveness in tackling complex challenges.

2.2. Risks and Challenges Faced in Improving the Resilience of the Industrial Chain

The resilience of the chip supply chain refers to the ability of the supply chain to restore
its original operational capacity after being impacted and disrupted by various uncertainties
and shocks, which would otherwise lead to disruption in the chip supply. Resilience theory
emphasizes the dynamic interplay between risk and development, necessitating a profound
understanding of both internal and external influencing factors to ensure that the system
maintains safety, stability, and sustainable development capabilities when confronted with
disturbances. The level of resilience in the chip supply chain is characterized by multi-
dimensionality, complexity, and pervasiveness, and the risk of compromised resilience not
only exists within each segment of the supply chain itself but also arises from external
environmental factors affecting the supply chain.

Therefore, within the context of global technological competition, analyzing the key
factors influencing China’s chip industry from both internal and external perspectives is
essential. In terms of raw material supply and technological innovation, certain countries
leverage political influence and public opinion to disrupt the critical mineral supply chains
of competitors, which significantly undermines the upstream resilience of China’s high-end
chip industry [29,30]. Moreover, optimizing the technological structure of the chip industry
and enhancing overall technological security also play vital roles in strengthening supply
chain resilience [31,32]. With regard to supply–demand matching and recycling, reduced
subsidies for new energy vehicles, coupled with the impact of the global pandemic, have
led to sluggish market demand, resulting in production capacity outstripping market needs
and thereby intensifying market risk. As the number of retired batteries continues to grow,
improper recycling could progressively increase the risks associated with battery disposal
owing to the presence of metal resources alongside toxic and hazardous substances [33,34].

On the basis of previous scholarly research on resilience, this article summarizes
the resilience dimensions of the chip industrial chain into four categories: resistance, in-
novation, adaptability, and circulation. Resistance and innovation are reflected in the
upstream segment of the industrial chain, whereas adaptability and circulation manifest in
the downstream segment. Moreover, this study adopts an adaptive resilience perspective,
emphasizing the system’s ability to self-organize, learn, and transform in response to
disruptions [35,36]. While engineering resilience focuses on rapid return to equilibrium
and ecological resilience on stability of system states, adaptive resilience better suits the
dynamic, innovation-driven nature of the semiconductor industrial chain under geopoliti-
cal uncertainty.
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The resilience level is constructed as an equal-weighted composite of four conceptually
distinct yet complementary dimensions: resistance (structural vulnerability), innovation
(capability to generate new solutions), adaptability (dynamic response to change), and
circulation (resource recycling efficiency). This approach follows established practice in
the supply chain resilience literature when no empirical hierarchy exists [37–39]. While
innovation and adaptability function as proactive capabilities, resistance and circulation
represent structural and operational conditions. The equal weighting is adopted as an initial,
neutral aggregation method to avoid subjective bias, with the understanding that dynamic
feedback loops in the system dynamics framework will naturally reveal differential leverage
effects (e.g., innovation dominance).

The four resilience dimensions and their implications within the system are presented
in Table 1 below.

Table 1. The resilience dimensions and connotations of the chip industrial chain.

Resilience Dimension of the
Industrial Chain Dimension Introduction Connotation

Resistance
Resistance refers to the ability of a
system to maintain its functions and
structure in the face of external shocks.

By diversifying supply sources, strategic
reserves, and inventory management, we
can withstand the impact of key mineral
resource supply disruptions caused by
geopolitical conflicts or trade restrictions.

Innovation
Innovation refers to a system’s ability to
create new technologies and solutions to
solve problems or seize opportunities.

Enhance the R&D capability of core
technologies and patent barriers and
reduce reliance on overseas technologies
(such as EUV lithography machines and
EDA tools).

Adaptability
Adaptability focuses on the system’s
ability to dynamically adjust itself in
response to changing environments.

Dynamically adjust capacity layout and
market strategies to respond to
fluctuations in international demand and
policy barriers (such as U.S. export
controls and EU carbon tariffs).

Circulation

Circulation focuses on the effective use
of resources and their regenerative
capacity, aiming to reduce waste and
environmental pollution while
promoting sustainable development.

By improving waste recycling rates and
regeneration technology, reduce
dependence on primary resources and
lower environmental compliance costs
and the risk of resource shortages.

2.2.1. Upstream of the Industrial Chain

The upstream industrial chain considers the supply of raw materials from the perspec-
tive of resilience and breakthroughs in core technologies from the perspective of innovation.
The resistance dimension refers to the ability of the upstream sector to maintain production
in the face of uncertainties regarding the supply of rare metals such as tantalum, niobium,
and cobalt and precious metals such as palladium and platinum, which are essential for
chip manufacturing and packaging. Resilience in terms of innovation refers to the capacity
to develop novel solutions to address challenges or capitalize on opportunities when con-
fronted with uncertainties arising from a lack of critical extraction and refining technologies,
leading to technological shortcomings and reliance on imported core components in the
upstream segment of the industrial chain.

In terms of resilience and resistance, the supply of metal resources required for chip
production in China primarily comes from three sources: foreign imports, domestic mining,
and resource recycling. The production and reserves of rare metals such as tantalum,
niobium, and cobalt, as well as precious metals such as palladium and platinum, are highly
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concentrated. The former are distributed mainly in Africa and South America, whereas the
latter are found predominantly in South Africa and Russia. Consequently, the production
of high-end chips in China is heavily dependent on imported metal resources. Currently,
the import dependence rates for the rare metals tantalum, niobium, and cobalt are 95%,
99%, and 90%, respectively, whereas the import dependence rates for the precious metals
palladium and platinum are 95% and 98%, respectively. With the rapid development of our
chip industry and the imposition of export controls by resource-supplying countries, the
contradiction between resource supply and demand is becoming increasingly pronounced,
leading to certain challenges in the cross-regional supply of key metal resources. This
article draws on the approach of Yuan Xiaojing et al. [40] and analyzes domestic supply
resilience from the perspective of resource availability over time, which refers to the
number of years of extraction available from domestic reserves of tantalum, niobium,
cobalt, palladium, and platinum. It also assesses the risks associated with foreign imports
from the perspective of geopolitical stability by evaluating whether the production of
mineral resources is concentrated in countries with geopolitical instability. This study
selects the top three producing countries in terms of tantalum, niobium, cobalt, palladium,
and platinum resources as the research subjects, with specific production distributions
shown in Table 2. The formula for calculating foreign import risk is as follows:

R = ∑5
i=1 ∑3

j=1 a2
ij × WGIj (1)

Within this context, i = 1, 2, 3, 4, and 5 represent the resources of tantalum, niobium,
cobalt, palladium, and platinum metals, respectively. j = 1, 2, and 3 denote the major
producing countries. aij indicates the share of metal resources produced by these major
producing countries in the global market, and WGI represents the Worldwide Governance
Indicators published by the World Bank, which are used to assess the quality of social
governance in a country or region.

Table 2. The distribution of major mineral resources required for global chip production.

Metal Resources Major Producing Countries and Their Share of
Global Output

Rare metals
Tantalum (Ta) Congo (35%), Rwanda (25%), Brazil (15%)
Niobium (Nb) Brazil (90%), Canada (8%), Congo (1%)

Cobalt (Co) Congo (70%), Russia (6%), Australia (4%)

Precious metals
Palladium (Pd) Russia (40%), South Africa (35%), Canada (12%)
Platinum (Pt) South Africa (70%), Russia (12%), Zimbabwe (8%)

With reference to the research of Shen Feng et al. [41], the logistic model is employed
to model the technology lifecycle curve. Patent data are utilized to assess technological
maturity, thereby quantifying the technical risk within the chip industrial chain.

M(k) =
1

1 + e−r(k−b)
(2)

where M(k) represents the technological maturity of the chip when the number of patents
is k, k is the function k(T) of time T, r represents the slope of the logistic model’s S-shaped
curve, and b corresponds to the number of patents at the inflection point of the S-shaped
curve. The logistic model was fitted by applying the least squares method within the
MATLAB software (R2024b).
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2.2.2. Downstream of the Industrial Chain

The resilience of the downstream segment of the industrial chain primarily encom-
passes two dimensions: demand fluctuations pertaining to adaptability and the recycling of
chip waste associated with circulation. Adaptability refers to the capacity of the industrial
chain to dynamically adjust production capabilities and market strategies in response to
potential losses arising from imbalances in chip supply and demand, as well as market
competition, to accommodate fluctuations in international demand. Chip demand is a
critical factor influencing the resilience of both the chip market and the industrial chain.
Drawing on the research of Ren Bin [42] and others, this paper employs the Bass diffusion
model to simulate the demand for high-end chips.

n(t) =
dN(t)
d(t)

=
{

p[m − N(t)] +
q
m

N(t)[m − N(t)]
}
∗ (1 + β1 + β2) (3)

Within this model, N(t) denotes the cumulative adoption volume of the chips; m
represents the potential market size; p and q are the coefficients of external influence (policy-
driven influence coefficient) and internal influence (innovation coefficient), respectively;
and β1 and β2 capture the impact of changes in chip prices and the income of enterprises
that are end-users of the chips on the diffusion process.

Circulation pertains to the sustainable development capacity of the chip industry, with
particular emphasis on resource recycling and environmental protection. This encompasses
measures such as enhancing the recycling rate for decommissioned chips, optimizing
production processes to minimize waste and resource consumption, and advancing the
adoption of green manufacturing practices. The overarching objective is to reduce reliance
on primary resources and mitigate environmental risks.

2.2.3. External Factors Affecting the Industrial Chain

The external influencing factors of the industrial chain primarily involve macroeco-
nomic conditions, national policies, and geopolitical risks. These factors affect the overall
resilience of the chip industrial chain indirectly by influencing its internal resilience dimen-
sions. Macroeconomic fluctuations may trigger certain shocks to the resilience of the chip
industry. During economic downturns, chip manufacturers may cut production and market
demand may contract. Similarly, government subsidies are likely to be reduced in periods
of economic recession. The chip manufacturing process is highly complex and involves
multiple stages, such as EDA design software, (Synopsys Fusion Compiler 2025.x) core
intellectual property, chip production equipment, and raw materials. At present, these key
technologies and resources are concentrated in a limited number of countries and regions.
Against the backdrop of global technological competition, chips, as a core foundation of
modern information technology, have become one of the key areas contested by major
technological powers. In this context, China’s chip industry faces uncertainties associated
with geopolitical risks. Moreover, as a strategic emerging industry, the development and
upgrading of the chip sector are significantly influenced by policy support.

2.3. Causal Relationship Analysis

The system dynamics approach models complex real-world problems through causal
relationship diagrams formed by interconnected feedback loops. Figure 1 presents the
resilience causal relationship diagram of the chip industrial chain developed in this study,
which comprises four primary feedback loops.
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Figure 1. Causal relationship diagram of the resilience system dynamics model of the chip industrial chain.

Loop 1: Resilience level of the industrial chain → Capacity investment → Chip produc-
tion capacity → Chip supply → Domestic chip market holdings → Number of discarded
chips → Number of discarded chips formally recycled → Resource recovery → Resis-
tance → Resilience level of the industrial chain.

Loop 2: Resilience level of the industrial chain → Capacity investment → Chip
production capacity → Chip output value → Total R&D investment → Technology matu-
rity → Innovation → Resilience level of the industrial chain.

Loop 3: Resilience level of the industrial chain → Capacity investment → Chip
production capacity → Chip supply → Degree of supply and demand balance → Adapt-
ability → Resilience level of the industrial chain.

Loop 4: Resilience level of the industrial chain → Capacity investment → Chip produc-
tion capacity → Chip supply → Domestic chip market holdings → Number of discarded
chips → Number of chips processed or discarded irregularly → Circulation → Resilience
level of the industrial chain.

Loops 1 and 2 reflect the interrelationship between the resistance and innovation
capabilities of the upstream industrial chain and the resilience level of the industrial
chain. Loop 1 indicates that an increase in the volume of resource recovery and utilization
enhances the resistance of the industrial chain, thereby increasing its resilience level. Loop
2 shows that changes in R&D investment have a positive effect on innovation, which in
turn influences the resilience level of the industrial chain. Loops 3 and 4 reflect the causes
of adaptability and circularity in the downstream industrial chain and their effects on the
industrial chain’s resilience level. Loop 3 illustrates the dynamic changes in resilience
associated with the matching of chip supply and demand, which is related to adaptability.
Loop 4 indicates that informal processing or disposal of discarded chips reduces the
circularity of the industrial chain, thereby affecting its resilience level. The resilience level
of the industrial chain negatively influences the industrial investment intensity of chip
manufacturing enterprises, which subsequently affects adjustments in chip production
capacity, leading to changes in chip supply and output value, ultimately forming a feedback
connection across the four loops. External factors such as economic and policy conditions
influence the resilience level of the industrial chain primarily by affecting chip demand.
For example, economic uncertainty is reflected in changes in GDP growth, which affect the
revenue of chip demand-side enterprises and government tax revenues, thereby influencing
chip demand and R&D investment. Policy uncertainty is manifested in chip promotion
policies, represented in the model by the intensity of policy promotion, which affects chip
demand and consequently the resilience level of the industrial chain.
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2.4. Model Flow Chart and Equations

The causal relationship diagram qualitatively expresses the causal relationships and
feedback loops of the influencing factors in the system. It is necessary to further clarify the
variable expressions and types of these influencing factors, draw stock and flow diagrams,
and establish quantitative equation relationships between the variables to advance to the
quantitative simulation stage. Figure 2 shows the flow diagram of the system dynamics
model of resilience levels in the chip industrial chain, which includes five state variables
and six rate variables.

Figure 2. Flow diagram of the system dynamics model for the resilience of the chip industrial chain.

This paper focuses on the following processing procedures and explanations regarding
the system stock-flow diagram and equation formulation. First, as the model involves
numerous types of variables, the WITH LOOKUP table function is employed for nor-
malization on the basis of the principle of functional mapping to eliminate the influence
of inconsistent dimensions. Second, given that lag effects may exist among influencing
factors in reality—for example, decisions to expand production capacity require time before
construction is completed—the DELAY function is used in the model to represent such
delay effects and better align with the actual system. Third, Vensim PLE software (Vensim
10.4.0) is utilized for modeling and analysis, with the simulation running from 2014 to 2023
and a time step of one year. Fourth, in the equations, IT refers to the initial time, IT denotes
the variable value at the initial time, FT refers to the final time, FT denotes the variable
value at the final time, LL represents the lower limit of the variable value, UL represents
the upper limit of the variable value, and the units indicate the unit of measurement. Fifth,
the model data are sourced from authoritative references, including the China Statistical
Yearbook, official government websites, the World Bank’s BEE official website, the Derwent
patent database, and industry research reports.

Abdul-Rahman and Alade developed a Composite Resilience Index (CRI) for uni-
versity towns, using manually assigned equal weights to integrate multiple dimensions
(such as social, economic, and environmental) to assess resilience and sustainability. The
paper mentions potential limitations of this method but notes its suitability for initial
index construction [37]. Q Shu and M Scott constructed a Composite Resilience Index for
water–energy–food (WEF) systems, using equal weights to integrate availability and acces-
sibility dimensions (such as WEF availability and Household accessibility) [38]. El Rashidy
and Grant-Muller proposed a Composite Resilience Index for road transport networks,
calculating the overall index by allocating equal weights to all indicators [39]. The paper
discusses index variations under different scenarios and uses equal weights to simplify
multi-dimensional integration. The core variable in the model is the “resilience level of
the industrial chain,” which is divided into four dimensions: “adaptability,” “innovation,”
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“resistance,” and “circulation.” Based on the above international literature research, the
model decides to use the equal weighting method to assign coefficients to the above four
dimensions in the initial stage.

The main equations involved in the system dynamics model are as follows:

(1) Resilience level of the industrial chain = 0.25 × resistance + 0.25 × innova-
tion + 0.25 × adaptability + 0.25 × circulation; units: Dmnl.

(2) Domestic chip market holdings = INTEG (increase − scrap, IT number of chip demand-
side enterprises); units: ten thousand pieces.

(3) Number of chip demand-side companies adopting = (policy promotion coeffi-
cient × (market size − cumulative number of chip adoptions) + innovation coef-
ficient × (cumulative number of chip adoptions/market size) × (market size − cu-
mulative number of chip adoptions)) × (1 − chip demand-side enterprise income
influence factor − price influence factor); units: ten thousand pieces.

(4) Chip demand = number of chip demand-side enterprises adopting; units: ten thou-
sand pieces.

(5) Scrap amount = domestic chip market holdings/chip life; units: ten thousand pieces.
(6) GDP = INTEG (GDP change, IT GDP); units: ten thousand pieces.
(7) GDP change = GDP × GDP growth rate × (1 − chip industry contribution factor);

units: trillion.
(8) Chip production capacity = INTEG (change in production capacity, IT chip production

capacity); units: ten thousand pieces.
(9) Change in production capacity = DELAY1 (capacity investment intensity × chip pro-

duction capacity, capacity planning and construction time); units: ten thousand pieces.
(10) Capacity investment intensity = 1.3 × resilience level of the industrial chain;

units: Dmnl.
(11) Chip production = chip production capacity × capacity utilization rate; units: ten

thousand pieces.
(12) Chip production costs = MAX (IT production prices × EXP (LN(1 − technical learn-

ing rate) × LN (chip production/9.135e6)/LN(2)), FT production prices); units: ten
thousand yuan.

(13) Chip prices = chip production costs/production cost ratio; units: ten thousand yuan.
(14) Chip output value = 0.0001 × chip demand × chip prices; units: trillion.
(15) Chip industry contribution factor = WITH LOOKUP (chip output value, ([(0,0) − (10,10)],

(0,0), (50,0.6)); units: Dmnl.
(16) Degree of supply and demand balance = ABS (chip supply − chip demand)/chip

demand); units: Dmnl.
(17) Innovation = chip technology maturity; units: Dmnl.
(18) Chip technology maturity = 1/(1 + EXP (−0.1 × (cumulative number of chip patent

applications − 15)); units: Dmnl.
(19) Adaptability = degree of supply and demand balance × 0.5 (1 − industry competition

level) × 0.5; units: Dmnl.
(20) Circulation = 1/(1 + EXP (−0.003 × (amount of chips processed or discarded irregu-

larly/10000 − 300))); units: Dmnl.
(21) Amount of chips processed or discarded irregularly = amount of discarded chips ×

(1 − waste chip recycling rate); units: 10,000 pieces.
(22) Amount of discarded chips = amount of scrap; units: 10,000 pieces.
(23) Resistance = (foreign import stability + domestic supply stability + resource recycling

factor)/3; units: Dmnl.
(24) Resource recovery volume = waste chip quantity × waste chip recovery rate; units:

ten thousand pieces.
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(25) Foreign import stability = tantalum import stability + niobium import stability + cobalt
import stability + palladium import stability + platinum import stability; units: Dmnl.

(26) Tantalum import stability = Congo WGI + Rwanda WGI + Brazil WGI; units: Dmnl.
(27) Niobium import stability = Brazil WGI + Canada WGI + Congo WGI; units: Dmnl.
(28) Cobalt import stability = Congo WGI + Russia WGI + Australia WGI; units: Dmnl.
(29) Palladium import stability = Russia WGI + South Africa WGI + Canada WGI;

units: Dmnl.
(30) Platinum import stability = South Africa WGI + Russia WGI + Zimbabwe WGI;

units: Dmnl.
(31) Domestic supply stability = WITH LOOKUP(0.1 × domestic tantalum resources avail-

able years + 0.01 × domestic niobium resources available years + domestic cobalt
resources available years + domestic palladium resources available years + 0.1 × do-
mestic platinum resources available years, ([(0,0) − (100,1)], (0,0), (100,1)), Unit: Dmnl.

(32) Domestic tantalum resources available years = proven tantalum reserves/tantalum
mining volume; units: Dmnl.

(33) Domestic cobalt resources available years = proven cobalt reserves/cobalt mining
volume; units: Dmnl.

(34) Domestic niobium resources available years = proven niobium reserves/niobium
mining volume; units: Dmnl.

(35) Domestic palladium resources availability = proven reserves of palladium/palladium
mining volume; units: Dmnl.

(36) Domestic platinum resource availability = proven platinum reserves/platinum mining
volume; units: Dmnl.

(37) Waste chip recycling rate = 20%; units: Dmnl.
(38) Total R&D investment intensity = 10%; units: Dmnl.
(39) Capacity planning and construction time = 1; units: year.
(40) Proven tantalum reserves = WITH LOOKUP (Time, ([(IT, LL proven tantalum re-

serves) − (FT, UL proven tantalum reserves)], (IT, IT proven tantalum reserves, . . .,
(FT, FT proven tantalum reserves)))); units: 10,000 tons.

(41) Congo WGI = WITH LOOKUP (Time, ([(IT, LL Congo WGI) − (FT, UL Congo WGI)],
(IT, IT Congo WGI, . . ., (FT, FT Congo WGI)))); units: Dmnl.

(42) Number of chip companies = WITH LOOKUP (Time, ([(IT, LL number of chip compa-
nies) − (FT, UL number of chip companies)], (IT, IT number of chip companies, . . .,
(FT, FT number of chip companies)))); units: companies.

(43) Government taxes = 13% × GDP; units: trillion.
(44) R&D investment = 6% × government taxes; units: trillion.
(45) Total R&D investment = chip output value × R&D investment intensity R&D input;

units: trillion.
(46) Chip production = capacity utilization rate × chip production capacity; units:

10,000 pieces.
(47) Capacity utilization rate = 70%; units: Dmnl.
(48) Technical learning rate = 30%; units: Dmnl.
(49) Sales amount = chip demand; units: 10,000 pieces.
(50) Chip supply = chip production; units: 10,000 pieces.
(51) Cumulative number of chip patent applications = INTEG (increase in patent applica-

tions, IT cumulative number of chip patent applications); units: 10,000 items.
(52) GDP growth rate = WITH LOOKUP(Time, ([IT, LL GDP growth rate) − (FT, UL GDP

growth rate)], (IT, IT GDP growth rate, . . ., (FT, FT GDP growth rate))); units: trillion.
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We illustrate two sets of causal relationships within the SD framework with exam-
ples: supply chain resilience and capacity investment intensity, and industry competition
intensity and supply chain adaptability.

Yan X et al. explored resilience investment decisions under supply chain disruptions,
demand surges, and time sensitivity. Their research shows that enhancing resilience
(e.g., through backup suppliers and capacity redundancy) can significantly increase the
capacity of investment intensity to cope with uncertainty, and they demonstrated the
long-term benefits of this investment through mathematical models [43]. Al-Banna A
et al. explored the interrelationship between supply chain resilience, Industry 4.0, and
investment. Their results show that enhancing resilience (e.g., digital transformation) can
stimulate investment growth, particularly increasing capacity investment intensity, to build
more flexible networks and optimize resilience under investment constraints [44]. The
literature from these international scholars demonstrates that improving supply chain
resilience can effectively increase capacity investment intensity.

Garrido-Vega P et al. directly analyzed how the competitive environment affects
supply chain adaptability and agility and demonstrated through empirical data that in-
creased competition can improve supply chain alignment capabilities, thereby improving
supply–demand balance and overall performance [45]. Eckstein D et al., through empirical
models, demonstrated that supply chain adaptability and agility can improve cost and
operational performance, while product complexity, as a moderating variable, indicates
that in highly competitive industries, these capabilities help to better achieve supply and
demand balance [46]. The research emphasizes dynamic adjustments driven by compe-
tition. The literature from these international scholars illustrates that increased industry
competition can effectively enhance the adaptability of the supply chain.

3. Simulation Results and Discussion
3.1. Model Testing

The validation of the system dynamics (SD) model employs specific methods, in-
cluding structural testing, dimensional consistency testing, and behavioral testing. First,
the variables, causal relationships, and model equations are compared with the actual
structure of the high-end chip industrial chain and relevant literature to ensure that the
model satisfies institutional validation requirements. Second, the SD model is examined
via Vensim PLE software, and no dimensional consistency errors are detected.

C Jo et al. validated and calibrated the model by comparing it with historical macroe-
conomic data (including GDP-related growth trends and unemployment rate time series) to
ensure that the model could accurately replicate real economic dynamics [47]. Wang Cuixia
et al. used “new energy vehicle ownership” and “total GDP” to test the model’s real-world
fit [33]. Finally, based on the practices of scholars at home and abroad, the model decided
to use the “cumulative number of chip patent applications” and “GDP” to test the model fit.
Historical statistical data from 2014 to 2023 are compared with simulated values, and errors
are calculated to assess the model’s fitting quality. The analysis results are presented in
Table 3, which shows that the validation errors for both cumulative chip patent applications
and total GDP remain within ±15%, indicating a high degree of model fit and its ability to
effectively “replicate” the real system, thereby confirming the model’s validity.
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Table 3. Error inspection of the cumulative number of chip patent applications and the total GDP volume.

Year
Cumulative Number of Chip Patent Applications

(Ten Thousand Items) GDP (Trillions)

Simulated Value True Value Error Simulated Value True Value Error

2014 13.88 13.88 0.00% 64.36 64.36 0.00%
2015 14.4904 14.67 1.22% 69.3488 68.89 0.67%
2016 15.1159 15.52 2.60% 74.4219 74.64 −0.29%
2017 15.7745 15.97 1.22% 79.7176 83.20 −4.19%
2018 16.4619 16.87 2.42% 85.4792 91.93 −7.02%
2019 17.1771 17.69 2.90% 91.4764 98.65 −7.27%
2020 17.9188 18.27 1.92% 97.3093 101.36 −4.00%
2021 18.6824 19.06 1.98% 99.582 114.92 −13.35%
2022 19.4424 20.25 3.99% 108.439 121.02 −10.40%
2023 20.2296 21.96 7.88% 111.874 126.06 −11.25%

3.2. Basic Scenario Simulation

The resilience of the chip industrial chain is composed primarily of robustness, innova-
tion capability, adaptability, and circulation efficiency. Below, we simulate and analyze the
dynamic changes in the overall resilience level of the industrial chain and the corresponding
indicators for each resilience dimension under the benchmark scenario (basic scenario, BS).

The resilience level and changes across various dimensions of the chip industrial chain
under the baseline scenario are illustrated in Figure 3 shows that between 2014 and 2023,
the overall resilience of China’s chip industrial chain experienced slight fluctuations, with
an initial downwards trend before beginning to rise in 2021. Specifically, it declined from
0.3583 in 2014 to 0.2382 in 2021, and subsequently increased to 0.3747 by 2023. In 2014,
China’s share of the global chip market was only 6%. However, by 2021, breakthroughs in
technologies such as memory chips had driven the domestic production rate of equipment
to 27.4%, while the chip market share reached 16%. Following this, the market share contin-
ued to grow steadily. The shifts in supply chain resilience under the baseline scenario reflect
a transition in China’s chip industry from a challenging and slower development phase to
a more manageable and accelerated phase, demonstrating how the industry and supply
chain evolved from an initial decline in resilience to a phase of continuous strengthening.

The changes in resilience levels across different dimensions under the baseline scenario
are shown in the figure.

Figure 3. Simulation of the resilience level of the chip industrial chain under the baseline scenario.

Innovation: Curve 3 shows that the simulated value of the innovation capability of
China’s chip industry exhibited a steady upwards trend, rising from 0.4720 to 0.6278 be-
tween 2014 and 2023. Core chip technologies are reflected primarily in design, manufactur-
ing, packaging, testing and validation, materials science, and architectural innovation. At
present, China has gradually reached a world-leading level in certain technical domains,
such as design and packaging. Among these, Huawei’s Kirin series chips have previously
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competed with international giants such as Qualcomm and Apple. Companies such as
Changdian Technology, Tongfu Microelectronics, and Hua Tian Technology have already
established a presence in advanced packaging technology and are approaching or have
reached world-leading levels in terms of market share and technological prowess. However,
owing to persistent bottlenecks in core equipment and materials, such as photolithography
machines, wafers, and photoresists, the overall resilience of the industry’s innovation
capability has not yet reached a high level.

Circulation: As shown in Curve 2, from 2014 to 2023, the simulated level of resilience in
China’s chip industry shows a continuous upwards trend, increasing from 0.3532 to 0.4097.
Discarded chips contain metal resources and toxic harmful substances. If these materials
cannot be properly recycled, they will lead to resource waste and environmental pollution.
The “Regulations on the Recycling and Treatment Management of Waste Electrical and
Electronic Products” implemented in 2011 first included electronic waste such as chips in
systematic management. The “Several Policies to Further Encourage the Development of
the Software Industry and Integrated Circuit Industry” provides income tax reductions for
integrated circuit manufacturing enterprises that meet environmental protection standards
(such as “two-year exemption and three-year half reduction”), indirectly encouraging
companies to invest in green recycling technology. As the number of discarded chips
continues to grow, under the protection of relevant regulations, the resilience level in the
dimension of chip circulation strength gradually increases.

Resistance: According to Curve 4, from 2014 to 2023, the resilience dimension of
the chip industry’s resistance from raw material supply has shown a fluctuating decline,
decreasing from −0.0580 to −0.2414 and remaining relatively low overall. The main reason
is the extremely limited domestic reserves of rare metals such as tantalum, niobium, and
cobalt and precious metals such as palladium and platinum, which are essential for chip
production, leading to a heavy reliance on foreign imports. Metal resources are crucial
to China’s technological, energy, and military development, and countries and regions
such as the United States, the EU, Ukraine, and Chile have regarded mineral resources as
important parts of international security strategies. Furthermore, Pettit et al. developed
the Supply Chain Resilience Assessment Tool (SCRAM), defining resilience as a balance
between capabilities and vulnerabilities. Dimensions (such as seven categories including
financial and flexibility) allow for negative balances, representing “zones of vulnerability,”
without requiring a +1 offset or mandatory positive labeling [48]. Agarwal et al. used graph
theory to quantify the Supply Chain Resilience Index (SCRI), modeling dimensions (such
as visibility and flexibility) as a network, allowing negative interaction values to represent
negative impacts [49]. Therefore, the paper retains the range of variation as [−1, 1].

Adaptability: Curve 1 shows that from 2014 to 2023, the adaptability level of China’s
chip industry exhibited overall fluctuations with a downwards trend and then shifted
to an upwards trend in 2021, decreasing from 0.6661 in 2014 to 0.2361 in 2021 and then
rising to 0.7027 in 2023. The risks to chip adaptability are reflected mainly in industry
competition and supply-demand imbalance. National policy inclinations have propelled
the robust development of the chip industry, leading to a surge in chip companies starting
in 2015, which intensified industry competition and reduced adaptability resilience. In
recent years, the withdrawal of many chip companies due to the tapering of subsidies
has greatly diminished the resource waste caused by repetitive constructions, slowed
industry competition and, coupled with the significant import substitution brought about
by domestic chip production, has led to a balance in supply and demand, thereby increasing
the resilience level of the adaptability of the industrial chain.

The resistance dimension remains negative throughout the simulation horizon, re-
flecting persistent absolute vulnerability arising from high import dependence on critical
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minerals and limited domestic resource availability. This does not contradict the upward
trend in overall resilience, which is a composite index primarily driven by gains in inno-
vation (via R&D feedback loops) and adaptability (improved supply–demand matching).
Negative resistance values serve as a diagnostic indicator of upstream structural risks,
while the system-level improvement demonstrates the compensatory role of downstream
and innovation capabilities [50].

3.3. Scenario Simulation

In the process of regulating the resilience level of the real chip industrial chain, it is
essential to answer two key questions, “what to regulate” and “how to regulate”, which are
related to the formulation and implementation effectiveness of resilience level regulation
policies and measures.

3.3.1. Regulation Strategies

The control of the resilience level in the chip industrial chain is a dynamic feedback
system, and the resilience level changes with adjustments in measures and policy variations.
The basis for the control scenarios set in this article is derived from the “2035 Development
Strategy for China’s Integrated Circuits and Optoelectronic Chips”, “Several Policies for
Promoting the High-Quality Development of the Integrated Circuit Industry and Software
Industry in the New Era”, “Implementation Plan for the High-Quality Development of the
Gold Industry (2025–2027)”, and “the national long-term plan for chip industry develop-
ment”. On the basis of the overall development ideas proposed in the above documents,
which include enhancing technical independence (total R&D investment intensity), en-
suring the recovery and application of precious metals (waste chip recycling rate), and
improving quality and industrial scale (innovation coefficient and policy promotion coeffi-
cient), this article establishes three scenarios for control measures, with specific scenario
settings referenced in Table 4.

The shock magnitudes applied to total R&D intensity, innovation coefficient, waste
chip recycling rate, and policy promotion coefficient (e.g., +25%, +50%, +75%, +100%)
are stylized and hypothetical, intended to explore the direction and relative strength of
policy leverage points rather than to replicate specific historical policy interventions. These
levels are chosen to span a plausible range of policy ambition from moderate to aggressive,
consistent with common practice in exploratory system dynamics research.

Table 4. Scenario settings for various regulatory measures.

Regulatory Measures Set Scenarios Explanation Scenario Basis

Enhancing the intensity of
total R&D investment A1 Total R&D investment

intensity increased by 75%.

“Policy”: The third phase of the one
trillion CNY national Big Fund

focuses on chip manufacturing and
equipment research and

development.

Promoting resource
recycling and utilization A2 The waste chip recycling rate

increased by 75%.

“Plan”: Promote the recycling of
chips, covering the precious metal

refining stage after chip dismantling.

Elevating innovative
development process A3 The innovation coefficient

increased by 75%.

“Strategy”: Promote innovation in
technological routes and the parallel

development of multiple
technological routes.

Expanding the depth of
policy promotion A4 The policy promotion

coefficient increased by 75%.

“Strategy”: Promote regional clusters
and international cooperation;

strengthen the national system.
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To examine the effectiveness of different regulatory measures, a system dynamics
simulation of the policy measures was conducted. By adjusting the regulatory policy
parameters, the impact of each policy on the resilience level of the chip industrial chain was
studied and the dynamic changes in safety risk levels under different regulatory measures
were analyzed. On this basis, corresponding policy implications are proposed. A1–A4 each
implemented a specific regulatory measure on the basis of the benchmark scenario, and the
simulation results are shown in Table 5.

Table 5. Simulated values of industrial chain resilience levels under various regulatory scenarios
from 2014 to 2023 (gradient-free regulation).

Year
Simulation Value of the Resilience Level of the Industrial Chain

BS A1 A2 A3 A4

2014 0.3583 0.3438 0.3558 0.3761 0.3756
2015 0.3283 0.3097 0.3260 0.3589 0.3495
2016 0.3183 0.2966 0.3161 0.3608 0.3416
2017 0.2970 0.2728 0.2951 0.3526 0.3219
2018 0.2790 0.2749 0.2775 0.3485 0.3048
2019 0.2802 0.2979 0.2772 0.3549 0.2974
2020 0.2616 0.2794 0.2593 0.3092 0.2550
2021 0.2382 0.2585 0.2375 0.2377 0.2376
2022 0.3139 0.3348 0.3167 0.3100 0.3187
2023 0.3747 0.3961 0.3841 0.4185 0.3905

Annual average
growth rate (%) 1.35 2.31 1.97 2.63 1.98

This article refers to the practices of Zhu Bangzhu [51] and others, using the average
annual change rate of the resilience level of the industrial chain from 2014 to 2023 as a basis
for comparing the effects of the implemented control measures. The simulation analysis
reveals that scenarios A1–A4 have higher average annual change rates than the baseline
scenario, indicating that the implementation of control measures in these four scenarios
can effectively enhance the resilience of the industrial chain. Notably, the measure taken
in scenario A3 is to enhance the innovative development process, which, when the model
runs until 2023, has the highest value (0.4185) among all the scenarios and has the largest
average annual change rate (2.63), demonstrating that improving the innovation coefficient
is crucial for enhancing the resilience level of the chip industrial chain. Additionally, a
comparison of the annual average growth rates reveals that the effectiveness of the four
control measures in enhancing the resilience level of the chip industrial chain is ranked
from greatest to least as follows: A3, A1, A4, and A2.

The implementation effects of three scenario combinations for regulation are discussed
further below. Figures 4 and 5 compare the changes in the resilience level of the industrial
chain and the cumulative number of chip patent applications under the implementation of
regulated combinations versus the baseline scenario. As shown in Figure 4, the resilience
level after the implementation of the regulatory combination is significantly greater than
that of the baseline scenario without regulatory measures in most cases, and the upwards
trend increases over time, indicating that under the hypothetical scenario, policy measures
may potentially enhance resilience. Figure 5 shows that by adjusting the resilience level
through the regulatory combination simulation scheme, the cumulative number of chip
patent applications under the assumed scenario increased to a certain extent year by year
compared with the baseline scenario, indicating that the regulatory combination scheme
may have effectively conveyed the results of technological innovation and the policy effect
was achieved to a certain extent.
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Figure 4. Changes in the resilience level of the industrial chain.

Figure 5. The cumulative number of chip patent applications.

3.3.2. Regulation Scale

The above regulatory scenario simulation revealed that increasing total R&D invest-
ment intensity, increasing the waste chip recycling rate, increasing the innovation coefficient,
and increasing the policy promotion coefficient are effective measures for regulating the
resilience level of the chip industrial chain. However, the regulation scale is still unclear,
and further simulation of the regulation scale for each measure is needed. Below, we set
the scale scenarios for the four regulatory measures (see Table 6) and simulate the dynamic
changes in the resilience level of the industrial chain under different regulation scales. The
shock magnitudes (e.g., +25%, +50%, +75%, +100%) are stylized and hypothetical, intended
to explore the direction and relative strength of policy leverage points rather than replicate
specific historical interventions. These levels span a plausible range of policy ambition
(moderate to aggressive), consistent with common practice in exploratory system dynamics
research [50].

To provide partial empirical grounding for the shock magnitudes, we refer to observed
policy amplitudes in China’s semiconductor sector. For instance, according to data from
the Ministry of Industry and Information Technology (MIIT) and China Semiconductor
Industry Association (CSIA), the industry’s R&D intensity (R&D expenditure as a share of
sales revenue) increased from approximately 6–8% in 2015–2018 to 12–15% in leading firms
post-2020 (e.g., SMIC, HiSilicon, 2021–2023). Additionally, following the first and second
phases of the National Integrated Circuit Industry Investment Fund (“Big Fund”), annual
patent application growth rates in IC design reached 60–120% in certain peak years (CNIPA
statistics, 2018–2022). These observed ranges suggest that +50% to +100% policy-driven
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shocks are within plausible real-world amplitudes, although actual outcomes are influenced
by multiple factors.

Table 6. Regulation scale scenario setting.

Setting of Control
Measures Scenarios Explanation

Enhance the intensity of
total R&D investment

A1-1 Total R&D investment intensity increased by 25%
(total R&D investment intensity = 12.5%)

A1-2 Total R&D investment intensity increased by 50%
(total R&D investment intensity = 15%)

A1-3 Total R&D investment intensity increased by 75%
(total R&D investment intensity = 17.5%)

A1-4 Total R&D investment intensity increased by 100%
(total R&D investment intensity = 20%)

Promote resource
recycling and utilization

A2-1 Increase the waste chip recycling rate by 25%
(waste chip recycling rate = 25%)

A2-2 Increase the waste chip recycling rate by 50%
(waste chip recycling rate = 30%)

A2-3 Increase the waste chip recycling rate by 75%
(waste chip recycling rate = 35%)

A2-4 Increase the waste chip recycling rate by 100%
(waste chip recycling rate = 40%)

Enhancing innovative
development process

A3-1 Innovation coefficient increased by 25%
(innovation coefficient = 12.5%)

A3-2 Innovation coefficient increased by 50%
(innovation coefficient = 15%)

A3-3 Innovation coefficient increased by 75%
(innovation coefficient = 17.5%)

A3-4 Innovation coefficient increased by 100%
(innovation coefficient = 20%)

Expand the depth of
policy promotion

A4-1 Policy promotion coefficient increased by 25%
(policy promotion coefficient = 0.4375%)

A4-2 Policy promotion coefficient increased by 50%
(policy promotion coefficient = 0.525%)

A4-3 Policy promotion coefficient increased by 75%
(policy promotion coefficient = 0.6125%)

A4-4 Policy promotion coefficient increased by 100%
(policy promotion coefficient = 0.7%)

Note: 1. R&D intensity data: MIIT Annual Report, China Semiconductor Industry Association (CSIA) statistics,
SEMI World Fab Forecast (2023–2024). 2. Patent growth rate: According to the annual patent statistics report of
the State Intellectual Property Office (CNIPA) (2018–2022), some years were significantly affected by the support
of the National Integrated Circuit Industry Investment Fund.

The results of the regulation scale scenario simulation are shown in Table 7. In terms
of enhancing the intensity of total R&D investment, the turning point for the resilience
level of the industrial chain occurs in the early stages of scenarios A1-1, A1-2, A1-3, and
A1-4. In the early stage, R&D investments did not lead to an increase in the resilience
level of the industrial chain under various regulatory scales. However, after 2018, as
the intensity of R&D investment increased, the resilience level of the industrial chain
significantly improved. This confirms the characteristics of knowledge-intensive industries
such as the chip industry, where early investments are high but returns are slow, indicating
that R&D investment in the chip industry should focus on sustainability and accept the
reality of delayed returns. Moreover, in 2018, a large amount of redundant chip production
capacity was reduced, and financial resources were further concentrated and optimized,
which may be an important reason for that year becoming a turning point.

In terms of promoting resource recycling and utilization, with the increase in the waste
chip recycling rate, the turning point shifted to 2014. When the waste chip recycling rate
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reaches 47%, there is no turning point, meaning that when the waste chip recycling rate
exceeds 47%, the resilience level of the industrial chain significantly improves annually.
The continuously increasing high recycling rate of chips can increase the guaranteed
capacity of key mineral resources such as tantalum, niobium, cobalt, palladium, and
platinum, reducing resource dependency, while it can also avoid resource waste and
environmental pollution. However, this is an exemplary result under the model scenario,
not a universal optimum.

With respect to enhancing the innovation coefficient, continuous improvement in the
innovation coefficient leads to a consistent increase in the resilience level of the industrial
chain. The increase in the innovation coefficient forges the dynamic resilience of the chip in-
dustrial chain, essentially representing the genetic evolution of the technological ecosystem.
The deep standardization of technical interfaces allows seamless integration of design and
manufacturing, greatly compressing the process switching time. Implicit process knowl-
edge is distilled into portable digital models, significantly shortening the reconstruction
cycle of production capacity postcrisis. The modular revolution of equipment achieves
cross-platform compatibility of core components, reducing interruption recovery times
from years to months.

Regarding the depth of policy promotion, simulation results indicate that as the policy
promotion coefficient continues to increase, the resilience of the industrial chain may be
potentially enhanced. A turning point was clearly observed in 2020, mainly due to the
increased difficulty of policy promotion caused by pandemic lockdowns. As China’s chip
industry continues to develop, the strength of policy promotion should continually serve
the domestic production process. This is fundamentally consistent with the path that
Western countries take to develop their own industries. Excessive reliance on foreign
products hinders the cultivation of the local industrial chain, which in turn affects the
realization of technological breakthroughs and deep domestic replacement. This situation
is likely to impact the resilience of China’s chip industrial chain in the uncertain future.

Table 7. Simulated values of industrial chain resilience levels under various regulatory scenarios
from 2014 to 2023.

Scenarios
Simulation Value of the Resilience Level of the Industrial Chain

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

BS 0.3583 0.3283 0.3183 0.2970 0.2790 0.2802 0.2616 0.2382 0.3139 0.3747
A1-1 0.3523 0.3204 0.3089 0.2865 0.2676 0.2878 0.2679 0.2456 0.3208 0.3809
A1-2 0.3476 0.3144 0.3020 0.2787 0.2701 0.2935 0.2741 0.2526 0.3283 0.3888
A1-3 0.3438 0.3097 0.2966 0.2728 0.2749 0.2979 0.2794 0.2585 0.3348 0.3961
A1-4 0.3407 0.3059 0.2922 0.2695 0.2787 0.3016 0.2838 0.2635 0.3404 0.4024
A2-1 0.3574 0.3275 0.3175 0.2962 0.2783 0.2787 0.2599 0.2364 0.3119 0.3727
A2-2 0.3565 0.3267 0.3167 0.2955 0.2777 0.2775 0.2589 0.2357 0.3120 0.3743
A2-3 0.3558 0.3260 0.3161 0.2951 0.2775 0.2772 0.2593 0.2375 0.3167 0.3841
A2-4 0.3554 0.3257 0.3159 0.2951 0.2780 0.2784 0.2624 0.2443 0.3296 0.4049
A3-1 0.3656 0.3410 0.3361 0.3204 0.3082 0.3067 0.2546 0.2140 0.2886 0.3494
A3-2 0.3714 0.3509 0.3499 0.3383 0.3306 0.3334 0.2848 0.2128 0.2898 0.3652
A3-3 0.3761 0.3589 0.3608 0.3526 0.3485 0.3549 0.3092 0.2377 0.3100 0.4185
A3-4 0.3800 0.3655 0.3697 0.3643 0.3635 0.3733 0.3305 0.2584 0.3532 0.5181
A4-1 0.3653 0.3367 0.3274 0.3066 0.2888 0.2816 0.2585 0.2366 0.3140 0.3779
A4-2 0.3710 0.3437 0.3351 0.3148 0.2973 0.2899 0.2564 0.2368 0.3160 0.3838
A4-3 0.3756 0.3495 0.3416 0.3219 0.3048 0.2974 0.2550 0.2376 0.3187 0.3905
A4-4 0.3794 0.3545 0.3473 0.3282 0.3115 0.3040 0.2542 0.2388 0.3221 0.3980

Note: “___” indicates a turning point; BS: basic scenario
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3.3.3. Sensitivity Analysis

Based on the results in the table above, this paper uses the total R&D investment
intensity, waste chip recycling rate, innovation coefficient, and policy promotion coefficient
as control variables, and the core variable “resilience level of the industrial chain” as the
dependent variable to test the sensitivity of the model.

(1) Scenario 1: A-1

According to the sensitivity analysis shown in the Figure 6 below, we can see that
research and development (R&D) investment intensity gradually increases through the
strategy of increasing total R&D investment intensity. The figure shows A1-1 (25% increase),
A1-2 (50% increase), A1-3 (75% increase), A1-4 (100% increase), and BS (baseline scenario).
Based on the results shown in the figure, from the perspective of model robustness, when
the total R&D investment intensity varies within a reasonable range, the growth and decay
trends of the core variable “resilience level of the industrial chain” remain unchanged. That
is, the main oscillation behavior pattern indicates that the model has good robustness. The
overall results show that the model results are not a coincidental reflection of a specific
parameter value but have general applicability. The greater the R&D investment intensity
from 2019 to 2023, the greater the improvement in the “resilience level of the industrial
chain,” indicating that the effects of total R&D investment intensity have a time lag. This
also identifies total R&D investment intensity as a key parameter for this model.

Figure 6. Resilience level of the industrial chain in scenario 1.

(2) Scenario 2: A-2

According to the sensitivity analysis shown in the Figure 7 below, the waste chip
recycling rate is gradually increased by promoting resource recycling and utilization. The
figure shows A2-1 (25% increase), A2-2 (50% increase), A2-3 (75% increase), A2-4 (100%
increase), and BS (baseline scenario). Based on the results shown in the graph, from
the perspective of model robustness, when the waste chip recycling rate varies within a
reasonable range, the growth and decline trends of the core variable “resilience level of the
industrial chain” remain unchanged. That is, the main oscillation behavior pattern indicates
that the model has good robustness. The overall results show that the model results are
not a coincidental reflection of a specific parameter value but have general applicability.
The Table 7 and the Figure 7 show that when the waste chip recycling rate = 47%, the core
variable “resilience level of the industrial chain” shows a significant year-on-year increase,
and after 2021, a divergence from the BS (baseline scenario) occurs, indicating that the
strategy’s effectiveness is significantly improved and identifying the waste chip recycling
rate as a key parameter for this model.
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Figure 7. Resilience level of the industrial chain in scenario 2.

(3) Scenario 3: A-3

According to the sensitivity analysis shown in the Figure 8 below, the innovation
coefficient is gradually increased by implementing strategies to enhance the innovative
development process. The figure shows A3-1 (25% increase), A3-2 (50% increase), A3-3
(75% increase), A3-4 (100% increase), and BS (baseline scenario). Based on the results shown
in the graph, from the perspective of model robustness, when the innovation coefficient
varies within a reasonable range, the growth and decay trends of the model’s core variable,
“resilience level of the industrial chain,” remain unchanged. This indicates that the main
oscillation behavior pattern demonstrates good model robustness. The overall results show
that the model results are not a coincidental reflection of a specific parameter value but
rather have general applicability. The Table 7 and the Figure 8 show that as the innovation
coefficient increases, the model’s core variable, “resilience level of the industrial chain,”
significantly improves year by year, and a divergence occurs after 2021 compared to the BS
(baseline scenario), indicating a significant improvement in the strategy’s effectiveness and
identifying the innovation coefficient as a key parameter for this model.

Figure 8. Resilience level of the industrial chain in scenario 3.

(4) Scenario 4: A-4

According to the sensitivity analysis shown in the Figure 9 below, the policy promotion
coefficient is gradually increased by expanding the depth of policy promotion. The figure
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shows scenarios A4-1 (25% increase), A4-2 (50% increase), A4-3 (75% increase), A4-4 (100%
increase), and BS (baseline scenario). Based on the results shown in the figure, from the
perspective of model robustness, when the policy promotion coefficient varies within a
reasonable range, the growth and decay trends of the core variable “resilience level of the
industrial chain” remain unchanged. That is, the main oscillation behavior pattern indicates
that the model has good robustness. The overall results show that the model results are
not a coincidental reflection of a specific parameter value but have general applicability.
The Table 7 and the Figure 9 show that as the policy promotion coefficient continuously
increases, the core variable “resilience level of the industrial chain” significantly improves
year by year, and a divergence phenomenon appears after 2021 compared to the BS (base-
line scenario), indicating that the strategy’s effectiveness is significantly enhanced, and
identifying the policy promotion coefficient as a key parameter for this model.

Figure 9. Resilience level of the industrial chain in scenario 4.

4. Conclusions and Recommendations
4.1. Research Conclusion

On the basis of an analysis of the factors influencing the resilience of the chip industrial
chain, this paper develops a system dynamics model that captures the interplay between
key resilience dimensions within the industry. Using a system dynamics methodology,
this study simulates the dynamics of the industrial chain’s resilience level under various
policy scenarios and examines critical aspects of resilience-level regulation. The policy
implications presented are derived directly from the simulation results under hypothetical
scenarios and should be interpreted as exploratory insights rather than normative prescrip-
tions. In this study, resilience serves simultaneously as a monitoring index (composite
outcome) and an endogenous driver within the feedback structure, enabling the model to
capture both static structural vulnerabilities and dynamic capability accumulation. The
principal conclusions of this study are as follows:

(1) From 2014 to 2021, the resilience of China’s chip industrial chain underwent a phase
of decline, primarily due to the lack of significant returns on earlier investments, high
external dependence on key mineral resources, a combination of chip overcapacity,
and the impact of the global pandemic. These factors collectively contributed to a
prolonged weakening of the industrial chain’s resilience. After 2021, a phase of recov-
ery emerged, largely because earlier investments began to yield returns, overcapacity
was alleviated, and postpandemic economic recovery took place, leading to a steady
increase in the resilience of China’s chip industrial chain.
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(2) Across the various dimensions of resilience, both innovation and circulation exhibit a
continuous upwards trend. The resistance demonstrated a slight downwards trend
with fluctuations and remained below 0, indicating a low level of resilience in this
dimension. Adaptability shows a pattern of initial decline followed by an increase,
with a more rapid rise in the later stage, which is associated primarily with the
improved equilibrium between supply and demand during the latter period.

(3) Compared with the baseline scenario, all four regulatory scenarios can effectively
enhance the simulated resilience level of the industrial chain, with the increase in the
innovation coefficient having the most pronounced effect on promoting industrial
chain resilience. The specific regulatory effects, ranked in descending order, are
as follows: enhancing the innovation-driven development process, increasing the
intensity of total R&D investment, expanding the depth of policy implementation, and
promoting resource recycling and utilization.

In terms of the regulatory scale, the following insights can be drawn. First, the chip
industry should focus on long-term development and appropriately increase investment in
research and development, as the resulting increase in resilience levels has a lagging effect.
Second, increasing the recycling rate of waste chips to over 47% can effectively improve
resilience levels. Third, the increase in the innovation coefficient has a significant effect
on enhancing the resilience of the chip industrial chain, and attention should be given to
the strong impetus brought about by the evolution of the technological ecosystem and
collaborative synergy among industry, academia, and research. Fourth, the effect of policy
regulation is strongly influenced by unexpected events such as the pandemic, and as the
policy promotion coefficient increases, the resilience of the industrial chain becomes more
susceptible to the impact of such unforeseen incidents.

4.2. Policy Recommendations

As the world’s largest consumer of chips, China finds itself at a critical juncture
amid profound change unseen in a century. The high-quality development of the chip
industry has substantial practical importance, and there is an urgent need to establish
a strategic framework for enhancing the resilience of the chip industrial chain at this
new stage of development. To this end, based on the research findings presented in this
paper and insights derived from the model’s exploratory simulations, the following policy
recommendations are proposed, but real-world implementation would require further
empirical validation and context-specific adaptation.

First, the controllability of key resource factors should be enhanced to establish a
“filling the chain” support mechanism for improving the resilience of the chip industrial
chain. Currently, key equipment and raw materials such as lithography machines and
photoresists still rely on imports, which has a profound impact on the security of China’s
chip industrial chain. It is recommended to promote the independent and systematic
development of high-end chips, achieve breakthroughs in key technology areas such as
EUV lithography machines, etching machines, and target materials, and strengthen the
supply of high-level independent technological elements. Ensuring the supply of core raw
materials such as cobalt, palladium, and platinum, which are relatively easy to recycle, is
key to building a high-level resource recycling system. This requires vigorously promoting
waste chip recycling technology and improving relevant regulations. Simultaneously, while
ensuring key mineral resources, a multi-channel strategic layout and overseas expansion
strategy should be adopted. Furthermore, it is necessary to strengthen the exploration and
development of domestic mineral resources while ensuring sustainable development.

Second, horizontal and vertical extension as well as ecological coordination are
achieved to forge a “stabilizing the chain” structure that enhances the resilience of the
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chip industrial chain. First, China’s chip industry has entered a period of considerable
return on investment, and it is essential to continue increasing capital investment while
gradually advancing toward full-process production of high-end chips, thereby ensuring
stable funding supply across the industrial chain. Second, at the level of market supply
and demand, it is important to provide sound guidance, avoid overcapacity and redundant
construction, make full use of resources, progressively address the shortfall in high-end
chips, and strengthen the stability of the market environment.

Third, the fundamental task of “consolidating the chain” in the chip industry should
be achieved in the following ways: building an efficient innovation ecosystem centered
on talent and international collaboration; focusing on key segments of the chip industrial
chain to enhance the cultivation of specialized talent in fields such as integrated circuits
and materials within universities and research institutions; improving mechanisms for
attracting and retaining high-level overseas expertise; establishing a vocational training
system that covers mid- to low-end positions across the entire chip industrial chain, in-
cluding design, manufacturing, and packaging/testing; actively expanding the diverse
international cooperation channels for key technologies and equipment in the chip industry
under the dual circulation pattern; promoting the joint establishment of international labo-
ratories and R&D centers; and actively participating in the formulation of global technical
standards for chips and the planning of industry roadmaps to strengthen China’s influence
on international rule-making.

Fourth, the “strengthening the chain” environment for the chip industrial chain should
be optimized: The dual-driven approach of policy coordination and financial support
should be strengthened. More targeted support policies for the chip industrial chain should
be formulated and implemented, with a focus on promoting information sharing, capacity
coordination, and technological interaction between upstream and downstream enterprises.
Policy design should incorporate forward-looking solutions to address sudden supply
chain shocks, such as supply disruptions, and establish sound risk monitoring and early
warning response mechanisms for the chip industrial chain. The allocation of financial
resources to weak links in the chip industrial chain and key core technology areas should
be promoted. Policies such as tax incentives and special subsidies should be optimized to
precisely stimulate innovation and domestic substitution in chip research and development.
The application and promotion of domestic chips in key industries should be increased,
guiding the industrial chain toward a safe, resilient, and advanced direction through
market demand.

These insights are derived from exploratory simulations and should be interpreted
as scenario-based patterns rather than prescriptive policy recommendations. Real-world
implementation requires further empirical validation and context-specific adjustments.

While the regulatory measures simulated in this study—such as increasing R&D in-
tensity, elevating the innovation coefficient, promoting resource recycling, and deepening
policy promotion—can significantly enhance the resilience of China’s chip industrial chain
in the short-to-medium term, policymakers must carefully navigate the inherent trade-
offs between short-term resilience gains and long-term sustainability. Park et al. use a
dynamic optimization model to explicitly analyze the trade-offs between short-term costs
and long-term benefits of resilience investments, providing methodological grounding
for our analysis [52]. Short-term resilience strategies, particularly aggressive increases in
R&D investment and policy-driven demand stimulation, often require substantial upfront
capital allocation and may lead to temporary fiscal strain, overcapacity risks, or resource
misallocation if not carefully phased. For instance, rapid scaling of subsidies or production
capacity expansion can yield immediate improvements in supply–demand balance and
innovation output, yet excessive focus on short-term performance metrics may divert re-
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sources from foundational long-term investments, such as talent cultivation, basic research
infrastructure, and international collaboration ecosystems. Over-reliance on policy promo-
tion in the near term could also create dependency on government support, potentially
weakening market-driven innovation mechanisms in the longer run. Conversely, prioritiz-
ing long-term sustainability—through gradual ecosystem building, green manufacturing
transitions, and diversified global partnerships—may delay visible resilience improve-
ments but ensure more robust, self-reliant, and environmentally sustainable development
of the industrial chain. Therefore, a balanced policy approach is recommended: combining
targeted short-term interventions to mitigate immediate vulnerabilities (e.g., geopolitical
supply risks) with sustained, structural investments that foster endogenous innovation
and circular economy practices. This dual-track strategy will help to achieve not only rapid
recovery from disruptions but also enduring competitiveness in an increasingly volatile
global technological landscape.

4.3. External Validity and International Applicability

Recent analyses of the global chip supply chain, such as the 2024 report by the Boston
Consulting Group (BCG) [53] and the Chip Industry Association titled Emerging Resilience
in the Chip Supply Chain, highlight the ongoing shifts toward greater geographic diversifi-
cation, policy-driven investments, and regional dependencies in response to geopolitical
tensions and supply disruptions. These developments underscore the importance of exam-
ining the external validity and international applicability of resilience models originally
developed in a China-specific context, as similar dynamics—albeit with varying scales and
constraints—are increasingly evident in other late-industrializing economies seeking to
strengthen their positions in the global value chain.

While the system dynamics model developed in this study is tailored to the specific
context of China’s chip industrial chain, its underlying framework—encompassing re-
silience dimensions such as resistance, innovation, adaptability, and circulation—holds
potential for broader application. The model’s emphasis on feedback loops, policy interven-
tions, and dynamic interactions between internal and external factors can inform resilience
strategies in other emerging economies facing similar challenges in global technological
competition. For instance, late-industrializing nations like India and Vietnam, which are
increasingly integrating into the global chip value chain, could adapt this approach to ad-
dress vulnerabilities in raw material supply, technological innovation, and market demand
fluctuations. These countries share parallels with China, including rapid industrialization,
dependence on imports for critical minerals, and exposure to geopolitical risks, making
the model’s scenario-based simulations relevant for evaluating policy impacts on supply
chain stability.

However, the generalizability of our findings is contingent upon unique contextual
factors that may vary across regions. China’s distinctive advantages, such as its large-
scale policy support (e.g., extensive R&D subsidies and industrial promotion initiatives),
massive domestic market size, and centralized governance structures, play a pivotal role in
amplifying the effectiveness of resilience-enhancing measures like innovation coefficient
increases or resource recycling. In contrast, economies like India and Vietnam may face
constraints in policy scale and implementation capacity, potentially leading to different
outcomes when applying similar regulatory scenarios. For example, while the model
demonstrates significant resilience gains from elevated innovation development in China,
smaller-scale interventions in other contexts might yield more modest improvements due
to limited talent pools or infrastructure. This highlights the need for context-specific
calibrations, including adjustments to parameters like geopolitical risk indices or economic
growth rates, to ensure accurate applicability.
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Recent analyses of global chip supply chains underscore these dynamics, noting
emerging resilience through geographic diversification and policy-driven investments,
while emphasizing regional dependencies. Adapting our model to international settings
could involve comparative simulations, testing its robustness across diverse economic
landscapes to provide tailored insights for global supply chain management. Future
research should empirically validate these extensions through case studies in other late-
industrializing economies to enhance the model’s external validity.
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