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Abstract: The internet is among the primary learning resources, attracting students to use it for educational and social
purposes. Observing privacy when using the internet is essential, especially for students in HLIs, given the privacy and
security threats. This research examines the adoption of privacy control measures among students in HLIs. The study
employed Structural Equation Modeling (SEM) to identify factors influencing willingness to adopt privacy control measures
and to examine gender differences in this regard. Data were collected from 11 HLIs in Tanzania, comprising 390 males and
286 females. The findings for the full sample revealed that risk perceptions, privacy concerns, and perceived trust positively
influence students’ willingness to adopt privacy control measures. Furthermore, social influence and perceived security
awareness positively influenced perceived trust. Additionally, the study found that convenience negatively affects users’
willingness to adopt privacy control measures and that perceived risk negatively affects users’ trust in the internet. However,
neither social influence nor perceived security awareness affects willingness to adopt privacy control measures. The study
also found a significant difference in perceived security awareness between genders regarding willingness to adopt privacy
control measures. The study ultimately offers implications for researchers, practitioners, and managers seeking to promote the
adoption of privacy control measures among students.
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1.Background

Cases of privacy evasion have increased worldwide, causing chaos in society. The increase has been primarily attributed to
the growth of internet use and the proliferation of social media. These technological advancements have created additional
privacy challenges beyond the existing landscape (Bélanger & Xu, 2015). On the other hand, users have not been adequately
informed about privacy risks and how to protect themselves against them. The built privacy enforcement strategies in internet
applications are optional for users to activate. Therefore, users who are not well-informed are likely to jeopardise their priva-
cy because they are unaware of how to activate privacy settings. While system owners are responsible for protecting users’
privacy, users should also learn how to control the circulation of information about themselves (Berkman, 1971; Senarath &
Arachchilage, 2018; Tahaei & Vaniea, 2021).



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

Most internet applications require users to register, and in the process, they are asked to grant the system access to some
personal information. Driven by the need and sometimes the urgency to access services, users comply with access requests.
Ultimately, users disclose a significant amount of information, jeopardising their privacy. Despite efforts to ensure that
information systems comply with privacy laws, users should also take precautions to safeguard their privacy. Privacy con-
cerns have received much attention in the information security literature, with most previous studies focusing on addressing
privacy issues using the privacy calculus theory (Fernandes & Costa, 2023; Jabbar et al., 2023a; Meier & Kramer, 2024).
However, some areas remain unaddressed. First, individual characteristics have received little attention, with only a few
studies addressing this topic, such as Sun et al (2025). However, gender is the most influential individual aspect in technology
adoption (Sun et al., 2015); thus, investigating it is worthwhile. Moreover, previous studies have confirmed that individual
factors, such as gender, play a significant role in technology adoption (Alesanco-Llorente et al., 2023; Chen et al., 2023; Park
et al., 2019; Venkatesh et al., 2000). Similarly, privacy calculus differs among genders (Sun et al., 2015). Previous studies
argue that females are vulnerable to privacy concerns compared to males because they are inferior, safer targets, and are being
held more accountable for their private conduct (Allen, 1999). Additionally, females are more likely than males to express
privacy concerns on social networks (Tifferet, 2019). Further, while previous studies, such as (Baruh et al., 2017; Ho et al.,
2015; Jabbar et al., 2023b; Koloseni & Sedoyeka, 2019; Xu et al., 2013), focused on adopting security or privacy controls in
a general population, the current research delves into understanding whether adopting online privacy control measures differs
among females and males in HLIs.

Second, previous studies using the privacy calculus theory have focused little on perceived trust effects. Nevertheless, when
conducting the cost-benefit analysis, users may also consider their trust in the internet. Perceived trust is a crucial consider-
ation for internet users when deciding whether to use an online resource or consent to a system accessing private information
(Jang, 2024). Because it is linked to the system’s security, reliability, availability, and ability (Fortino et al., 2020). Moreover,
deploying privacy measures may require privacy self-efficacy (i.e., skills, knowledge, and confidence to protect privacy)
and is time-consuming (Kang, 2023). Therefore, the internet user may perceive it as inconvenient. For the purposes of this
study, individuals may weigh the benefits of using the internet for learning against the privacy risks and concerns, and decide
whether to apply privacy control measures.

Against this backdrop, the current study employs an extended privacy calculus theory to investigate the adoption of privacy
control measures while online among HLI students. The privacy calculus has been widely used to study privacy disclosure
behaviours (Akter et al., 2025; Ashrafi et al., 2024; Dinev et al., 2006; Lu, 2024). Specifically, the study advances the privacy
calculus theory by integrating it with users’ perceived trust, social influence, and perceived convenience in predicting
willingness to adopt privacy control measures. Additionally, it analyses the gender differences in individual willingness to

adopt privacy-protective measures when using the internet.

2.Literature Review

The advent and proliferation of social media, artificial intelligence (Al), the Internet of Things (IoT), mobile applications, and
mobile devices have increased the volume of information generated and shared among applications, users, and the public.
From the perspective of system developers and business strategists, the massive amount of data generated has accelerated the
need to package the information in a way that enables it to power business processes in a sophisticated manner. As a result,
there is a growing concern among internet users about the potential for their private information to be collected and used
without their consent (Esmaeilzadeh, 2020). However, to comply with privacy laws and regulations, systems seek permission
or consent to collect users' information (Tahaei et al., 2023). Since privacy control is about notice and choice (Feng et al.,
2021), users may consent to disclose or not disclose the information the system requests (Elbitar et al., 2021; Wijesekera
et al., 2018). Additionally, based on the risks or benefits gained, users may disregard privacy warnings or bypass privacy
control measures to optimise the convenience or benefits of using the internet without restrictions. Studies on users' privacy
behaviour have used the privacy calculus theory.

The privacy calculus theory assumes that individuals disclose private information after weighing the costs against the benefits

(Schomakers et al., 2022). The benefits include social capital, system utility, convenience, and ease of use (Hsuan-ting Chen,
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2018; Hauff & Nilsson, 2023), while the costs may include risks associated with the misuse of personal information. The
outcome of the user's decision may lead to either the preservation or disclosure of personal information. The theory has been

widely applied in research on privacy disclosure behaviours and, therefore, aligns well with the current study's agenda.

3.Proposed Model and Hypotheses Development

Perceived risk is widely linked to information systems (IS) usage behaviours, such as security protection efforts (Nguyen &
Kim, 2017), information security awareness (McCormac et al., 2017), and information security compliance (Ferrante & Ajani,
2024). In a situation where an individual believes the internet is risky, the intention to use protective measures increases to
safeguard their privacy.

As theorised in the Technology Threat Avoidance Theory (TTAT) and the Protection Motivation Theory (PMT), individuals
are inclined to use protective measures if they believe there is a higher risk of threats (Liang & Xue, 2010; Rogers, 1975).
Therefore, in the context of the current study, it is expected that individuals whose perception of risk is high are likely to
adopt privacy control measures, such as, set privacy control features, use encryption, and apply a two-factor authentication
approach when using the internet, thus positively influencing the adoption of privacy control measures. Moreover, they will
likely perceive the internet as untrustworthy (Almaiah et al., 2023). Hence, the hypothesis;

H1: Individual perceived risk negatively influences the users’ perceived trust in the internet.

H2: Individual perceived risk has a positive influence on the adoption of privacy control measures when using the internet.
Perceived security awareness refers to users’ awareness of online security threats and their potential consequences (Haeussinger
& Kranz, 2013). It plays a vital role in positioning users to combat online security threats. Previous studies indicate that
security-aware users will likely comply with acceptable protective behaviours and security technologies (Dinev & Hu, 2007;
Koloseni & Sedoyeka, 2019), such as avoiding security threats like phishing attacks and using antivirus software. The linkage
between security awareness and users’ intentions to adopt security measures, such as using strong passwords, reviewing
privacy settings, using a VPN, and encryption, has been well-documented in the IS literature (Koloseni & Sedoyeka, 2019;
Ngoqo & Flowerday, 2015; van der Schyff & Flowerday, 2021). Additionally, security awareness educates users about the
risks associated with the internet. As users become security-aware and competent in navigating internet security risks, their
trust in the internet increases. Based on the discussion above, the study proposes that:

H3: Perceived security awareness positively influences the users’ perceived trust in the internet.

H4: Perceived security awareness positively influences users’ intention to adopt privacy control measures.

Privacy concerns refer to users’ worries about how unauthorised entities collect, store, and use personal information (ElShahed,
2023). When using the internet, a significant amount of information may be collected, with or without the user’s consent,
including personally identifiable information, user behaviour, and site visits. The illegal collection of this information may
infringe on user privacy. Therefore, these privacy concerns may encourage users to employ privacy control measures. As
observed in past studies, privacy concerns have a positive impact on the intention to use security measures (Chen & Chen,
2015). Additionally, it may decrease trust in the safety of the internet. Thus, the current study postulates that:

HS5: Privacy concerns negatively influence the perceived trust in privacy control measures.

H6: Privacy concerns have a positive influence on users’ intention to adopt privacy control measures.

Convenience is the minimum effort and time required to access the service (Benoit et al., 2017). In the context of this study,
convenience refers to how easily and effectively an individual access the internet without being hampered by privacy and
security controls. The system’s or internet’s built-in privacy and security controls may discourage users from applying these
controls due to the difficulty or ease with which they have been deployed (Reeves et al., 2021). These controls may lead to
privacy fatigue, which can prevent internet usage (Cheng et al., 2024). Therefore, users may opt for convenience over privacy
control measures, a decision that may lead to disclosure. Consequently, it is reasonable to hypothesise that:

H7: The Convenience negatively influences the willingness to adopt privacy control measures.

Perceived trust entails confidence in individuals’ integrity and reliability (Mutimukwe et al., 2022). The perception of
integrity and reliability of the third party increases individuals’ urge to engage in or use the services. For instance, as the

trust in integrity and reliability (i.e., perceived trust) increases, the intention to use the Internet of Things (IoT), the intention
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to continue purchasing online, and payment systems also increases (Gong et al., 2023; Jaspers & Pearson, 2022; Tan et al.,
2025). Users trust the privacy and security mechanisms deployed to safeguard their transactions, despite the associated
privacy, security, and financial risks. Therefore, it is reasonable to postulate that:

HS: Perceived trust positively influences the intention to adopt privacy control measures.

The pressure exerted by peers, friends, mentors, etc, may play a key role in shaping individual behaviours. Social influence
has been documented to impact numerous behaviours in many fields, including health, education, ICT, finance, human
resources, etc. Accordingly, the impact of social influence is also manifested in information security-related behaviours. For
instance, previous studies have confirmed that it influences authorised access to data in healthcare (Vrhovec et al., 2024),
general security behaviour (Berthevas, 2021), security policy compliance (Ifinedo, 2014), and the use of password managers
(Tian, 2025), among other studies. Additionally, previous findings suggest a connection between social influence and
perceived trust (X. Tian, 2025). In the current study context, peers, friends, etc, may influence each other to trust and adopt
privacy control measures. Therefore, the hypothesis:

H9: Social influence has a positive impact on the perceived trust in privacy control measures.

H10: Social influence positively impacts the adoption of privacy control measures.

Figure 1: Theoretical Framework
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4.Methodology

The study used a quantitative approach to identify the predictors of willingness to adopt privacy control measures while
using the internet. To ensure the reliability and validity of the research instrument, the questionnaires for data collection were
developed using measurement items from previous studies. Specifically, risk perception (RP) was adapted from Koloseni and
Sedoyeka (2019); perceived security awareness (PA) was adapted from Koloseni et al (2018) and Mahabi (2010); privacy
concerns (PC) were adapted from Buchanan et al (2007) and Mwesiumo et al (2021); perceived trust (PT) was adapted from
Kim et al. (2011) and Wu et al. (2011); social influence (SI) was adapted from Zhang et al (2020); the convenience of privacy
control measures (CON) was adapted from Chang et al (2012); and willingness to adopt privacy control measures (ADP) was
adapted from Dinev and Hu (2007) and Safa et al (2016). To enhance the validity of the instrument, four academics contacted
via email were requested to assess face and content validity of the research questionnaire, ensuring that terminologies were
used correctly, texts were relevant, sentences were proper, and items aligned with the variables (Bhatnagar & Rajesh, 2024;
Memon et al., 2023). Based on their recommendations, the questionnaire items were refined for better logical flow and clarity.
The developed questionnaire was pre-tested on 30 students to identify misunderstandings and ambiguities (Perneger et al.,
2015). A few sentences were amended based on the results of this evaluation. Furthermore, the questionnaire was piloted to

test the reliability of the measurement items for assessing the unmeasurable variables. Using 40 respondents (Bhatnagar &
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Rajesh, 2024), the results indicated that two items had loading values below 0.7 (Alford & Teater, 2025), which is below the
threshold; consequently, they were removed one by one.

The participants for the main survey were selected from eleven (11) public and private HLIs in Tanzania, including
undergraduate and postgraduate students. They were selected using a convenience sampling technique, a non-probability
sampling method, due to the nature of HLI activities, which are guided by schedules. Hence, the data collection process
followed the convenience of the respondents participating in the study. Research assistants visited the selected HLI's library
entry and distributed the questionnaire face-to-face. They then requested that the respondents fill it out and return it to the
collection point, where research assistants were stationed. A total of 1100 questionnaires were distributed within the first
month. The data collection process took four (4) months, from December 2024 to March 2025. The sample description of the
respondents is reported in Table 1. Out of 1100 distributed questionnaires, 711 were returned, denoting a 64.6% response rate.
However, after careful screening, which included removing responses with large missing values and those with suspicious
patterns, only 676 questionnaires were deemed suitable for subsequent data analysis.

Table 1: Sample Description of the Respondents

Variable Category Frequency Percentage
Male 390 57.7
Gender
Female 286 423
Certificate 89 13.2
Diploma 133 19.7
Academic Level
Bachelor 383 56.7
Postgraduate 71 10.5
16-25 461 68.2
Age 26 -36 142 21.0
Above 36 73 10.8

The sample size indicates that male respondents are 15.4% larger than female respondents; this difference accurately reflects
the gender distribution of students in higher learning institutions in Tanzania. The academic level and age distribution also
represent the student population in higher learning institutions. To determine whether the sample sizes of 390 and 286 for
males and females, respectively, are sufficient to test the research model, G*Power statistical software was utilised (Benhissi
& Hamouda, 2025). Findings from G*Power analysis indicate that a minimum sample size of 277 for the female group and
309 for the male group is required to achieve an effect size (f2) of 0.15 at a 0.05 significance level and 0.8 as statistical power.
Therefore, the obtained sample sizes of 390 for females and 286 for males are adequate to produce sufficient statistical power

for the study.

5.Non-response Bias

To generalise the findings from this study, the non-response bias was evaluated as suggested by Senior et al. (2002).
Response bias tends to have an effect when the responses received are consistently different from those of people who were
issued the questionnaire but did not respond (Bhatnagar & Rajesh, 2024). Wave analysis was adopted, and the received data
were divided into two sets (early versus late respondents). The data obtained in the first month were categorised as early
respondents, while the data received in the last month were classified as late respondents (Armstrong & Overton, 1977).
The two datasets were further analysed to examine for non-response bias. The t-test analysis results show no statistically
significant difference between early and late respondents (p = 0.74); these findings indicate that non-response bias is not a

substantial issue in this study.

6.Common method variance
To address the potential effect of common method variance, which may be attributed to the use of a self-administered

questionnaire, the following procedures were implemented to minimise the common method variance (CMV) effects. Firstly,
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respondents were asked to sign the consent form to participate in the study using the questionnaire. Secondly, they were
assured of the confidentiality of the data collected and the anonymity of the respondents, and that the data collected would
be safely stored and securely destroyed after the research. Additionally, the data collected will be used solely for the current
study. Since the survey employed self-reported measures and applied a non-probability sampling technique (convenience
sampling), there is a possibility of common method bias during data collection, despite the use of the control measures
discussed above. Therefore, the study employed statistical techniques to assess the presence of common method bias. First,
Harman's unrotated factor analytic technique was used. The result shows that the dominant factor produced variation below
50% which is the acceptable threshold (Rahi & Abd. Ghani, 2018). Second, the VIF produced by all constructs were below
the threshold of 3.3 (Lim, 2024). All these tests produced the evidence that common method bias is not an issue in this study.

7.Data Analysis Results
7.1Measurement Model
The measurement model was evaluated using two quality criteria: reliability and validity. Reliability was assessed through
composite reliability (CR), as recommended by Cheung et al. (2024). CR is regarded as a better measure of the reliability
of latent constructs compared to Cronbach’s alpha (Cheung et al., 2024). The results in Table 2 indicate that the composite
reliability values exceed 0.7, suggesting that the measurement items consistently assess the constructs of the study (Hair et
al., 2013). Additionally, as shown in Table 2, the Average Variance Extracted (AVE) values are above 0.5, confirming the
convergent validity of the models (Hair et al., 2019).

Table 2: Reliability and Convergent Validity Results for Male and Female Groups

Construct CR AVE
ADP 0.781 0.544
CON 0.880 0.710

PA 0.774 0.534
PC 0.845 0.645
PT 0.760 0.514
RP 0.757 0.610
SI 0.808 0.585

Regarding convergent validity, the HTMT coefficients reported in Table 3 are all within the acceptable range of higher than
0.90, as per Henseler et al. (2015). The findings indicate that the measurements truly capture the constructs of the study.
Table 3: HTMT Ratio Results of Female and Male Groups

Construct ADP CON PA PC PT RP SI
ADP
CON 0.430
PA 0.341 0.844
PC 0.352 0.343 0.364
PT 0.390 0.731 0.758 0.289
RP 0.513 0.881 0.857 0.449 0.784
SI 0.406 0.833 0.849 0.442 0.779 0.839

7.2 Structural Model

The structural model assessment evaluated the models’ explanatory power, predictive relevance, and ability to test hypothe-
ses. The study found that the explanatory powers of the models are R'= 51.2, 34.6, and 46.7 for the complete sample model,
the female group, and the male group, respectively. The findings suggest that all three models adequately explained the

dependent variable (i.e., the adoption of privacy control measures). Moreover, the models’ predictive relevance (Q) is greater
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than zero, indicating that the models are relevant to predicting the study outcomes (Henseler et al., 2009).

Next, after assessing the models’ explanatory power and predictive relevance and verifying the quality of the measurement
model, the structural model was determined. The primary purpose of the structural model assessment is to determine whether
there is a statistically significant relationship between the study’s constructs. The current research assesses three sets of
structural models. The first is the complete sample model, which assesses all hypotheses for both male and female groups
regarding the adoption of privacy control measures. The second structural model evaluated the hypothetical relationships for
the female group, and the third evaluated those for the male group regarding the adoption of privacy control measures. The
results of all three structural models are indicated in Tables 4, 5, and 6. The study found that out of ten (10) hypotheses, seven
(7) were supported across the samples (i.e., in each sub-group: complete sample, female, and male group).

Table 4: Results for the Complete Sample Structural Model

Paths/Hypotheses Coefficients t-statistics p-values Remarks
HI:RP ->PT -0.040 5.237 0.000* Supported
H2: RP -> ADP 0.052 3.082 0.001* Supported
H3: PA ->PT 0.041 6.299 0.000* Supported
H4: PA -> ADP 0.049 1.013 0.155 Not Supported
HS5: PC > PT -0.033 0.366 0.357 Not Supported
H6: PC > ADP 0.040 3.202 0.001* Supported
H7: CON -> ADP -0.147 2.847 0.002* Supported
HS8: PT -> ADP 0.045 2.145 0.016* Supported
H9:SI->PT 0.046 6.592 0.000* Supported
H10:SI -> ADP 0.055 1.017 0.155 Not Supported

Figure 2: Structural Model Results for the Complete Sample

512

513
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As indicated in Tables 4, 5, 6, and Figure 2, the study found that the results for H1, H2, H3, H5, H6, H8, H9, and H10 for
both female and male groups are consistent with those of the complete sample. Specifically, risk perception negatively affects
users’ trust in privacy control measures (H1) and their willingness to adopt privacy control measures (H2), and perceived
security awareness positively affects users’ perceived trust in the internet (H3). Furthermore, the effect of perceived security
awareness on the willingness to adopt privacy control measures (H5) was no longer significant across all samples. The effects
of privacy concerns (H6) and perceived trust (H8) on willingness to adopt privacy control measures were significant across
all groups. Social influence had a positive and significant effect on perceived trust in privacy control measures (H9), whereas
its effect on the willingness to adopt privacy control measures (H10) was insignificant.

Nevertheless, the H4 and H7 results were inconsistent across all three samples. For instance, while H4 was insignificant in the
male group, it was significant in the female group and the complete sample. This means that the impact of perceived security
awareness on the adoption of privacy control measures for male respondents is insignificant for the complete sample and
the male group. Furthermore, the effect of user convenience on internet use is significant among male respondents and the
complete sample (H7). Contrary to expectations, it is insignificant for the female respondents.

Table 5: Structural Model Results for the Female Group

Paths/Hypotheses Coefficients t-statistics p- values Remarks
HI:RP->PT -0.233 4.071 0.000%* Supported
H2: RP -> ADP 0.205 2.358 0.009* Supported
H3: PA->PT 0.244 3.915 0.000%* Supported
H4: PA -> ADP 0.035 2.154 0.016* Supported
H5: PC > PT -0.025 0.474 0.318 Not Supported
Hé6: PC -> ADP 0.201 2.895 0.002* Supported
H7: CON -> ADP -0.128 1.534 0.063 Not Supported
HS8: PT -> ADP 0.152 2.148 0.016%* Supported
H9: SI ->PT 0336 4.776 0.000* Supported
H10:SI > ADP 0.003 0.031 0.488 Not Supported

Table 6: Structural Model Results for the Male Group

Paths/Hypotheses Coefficients t-statistics p-values Remarks
HI1:RP > PT -0.196 3.691 0.000* Supported
H2: RP -> ADP 0.128 1.949 0.026* Supported
H3: PA ->PT 0.271 5.030 0.000* Supported
H4: PA -> ADP 0.174 0.535 0.296 Not Supported
H5: PC > PT -0.010 0.214 0.415 Not Supported
He6: PC > ADP 0.086 1.992 0.043* Supported
H7: CON -> ADP -0.163 2.549 0.005* Supported
H8: PT -> ADP 0.065 1.997 0.041 Supported
H9: SI->PT 0.277 4.662 0.000* Supported
H10:SI -> ADP 0.093 1.333 0.091 Not Supported

7.3 The Multi-group Analysis Results

The final part of the analysis examined whether there were notable differences between genders in the adoption of online
privacy security measures. The results showed significant differences in perceived security awareness when adopting these
measures by gender (B = -0.139, p = 0.022). This suggests that security awareness has a greater impact on the adoption of

privacy security measures among males than among females. However, the study found no significant differences between
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genders in terms of privacy concerns, perceived trust, risk propensity, convenience, or social influence in adopting online
privacy security measures. Similarly, there are no significant differences in privacy concerns, perceived trust, or risk propensi-
ty in how these factors affect perceived trust in using privacy controls between genders.

Table 7: Multi-group Analysis Results

Path Difference (Female - Male) p-value
HI: RP > PT -0.429 0.319
H2: RP -> ADP -0.333 0.242
H3: PA->PT -0.027 0.369
H4: PA -> ADP -0.139 0.022*
H5: PC > PT -0.035 0.308
Hé6: PC > ADP 0.115 0.087
H7: CON -> ADP -0.035 0.372
HS8: PT -> ADP 0.088 0.171
H9: ST ->PT 0.058 0.261
H10: SI -> ADP -0.091 0.204

8.Discussion of the Results

The study investigated the drivers of willingness and gender differences in the willingness to adopt privacy control measures
while accessing the internet among students in HLI, Tanzania. To achieve this objective, the study employed a multi-group
analysis (MGA) technique in Smart PLS 4. Across all samples, the study found that risk perception negatively impedes user
trust in using privacy control measures. The study conducted by Liu et al. (2023) suggests that the finding can be explained
by the fact that individuals between 20 and 30 years of age, similar to respondents of this study, exhibit higher risk-taking
behaviours, such as risk driving, occupational risks, financial risks, and general risks. Thus, in the context of this study,
they are likely to use the internet without ensuring that privacy control measures are in place. Also, their trust in the internet
is depressed because of their high-risk perception. Females are generally considered lower risk-takers (Harris & Jenkins,
2006); however, they exhibit similar behaviour in their willingness to use and trust privacy control measures when using
the internet. Enabling privacy settings using VPN and encryption methods requires technical skills, which a larger portion
of females are short of, as documented by McGill and Thompson (2021). Therefore, low technical skills may substantially
affect their level of risk aversion. Further, across all samples, security awareness substantially influences their trust in privacy
control measures. The finding aligns with the conclusions of past studies (Ara et al., 2022; Koohang et al., 2021). The finding
suggests that security awareness education could substantially increase users' trust in privacy control measures.

Furthermore, the study found that the perceptions of information security awareness impact females' willingness to adopt
privacy control measures. The findings suggest that enhancing information security awareness among female students may
motivate them to implement privacy control measures when using the internet. As indicated by Saritepeci et al (2024), digital
skills and information security awareness are crucial in addressing online privacy concerns. Previous findings suggest that
males are generally IT-savvy and more security-aware than females in Tanzania (Lubua et al., 2023; Malero, 2015). However,
the current study's findings suggest that being security-aware was insufficient to influence males' willingness to use privacy
control measures.

The overall results also revealed that privacy concerns are essential in predicting the willingness to adopt privacy control
measures. The finding suggests that regardless of gender, privacy concerns are a nuisance for every group; thus, applying
privacy control measures is not an option. This finding supports previous studies, such as those by Chen et al (2017), which
have found that privacy concerns impact several security behaviours, including the installation and updating of antivirus
software and the frequency of password changes. Nevertheless, the impact of privacy concerns on users' perceived trust in

privacy control measures was insignificant. The finding suggests that users prioritise securing their privacy over trusting the
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measures. Further assessment of the results suggests that the convenience of using the system, combined with the privacy
control measures in place, influences the willingness to use these measures among males and the overall sample. The findings
support the notion that inconvenient privacy control measures can lead to privacy fatigue, causing users to lose interest in
using them (Choi et al., 2018). Therefore, they may trade off convenience for privacy control measures. On the contrary,
findings suggest that females don't consider convenience a driving factor in applying privacy control measures. The reason
could be that females are more concerned about data privacy than males (Ti, 2019); therefore, they would rather apply
privacy control measures, regardless of the convenience they offer, when using the internet.

Moreover, the findings indicate that as perceived trust in the privacy control measures increases, the willingness to use these
measures also increases across all samples. This finding is consistent with that of Alodhyani et al. (2020) and Farooq et al.
(2021), who also found the same outcome in password manager adoption. Regarding the impact of social influence, the
findings confirmed that it positively affects trust in privacy control measures. On the contrary, its impact on willingness to use
privacy control measures is insignificant. The finding implies that social influence helps build user trust, but doesn't extend to
enticing users to apply privacy control measures. The findings on the impact of social influence on perceived trust support are
supported by Tian et al (2023).

A multi-group analysis was conducted to examine whether the influence of the study's variables on perceived trust in privacy
control measures and willingness to adopt privacy control measures varies. The results of the multi-group analysis (see Table
7) indicate significant differences in perceived security awareness between females and males. The finding further reveals that
the perception of security awareness is higher among both male and female respondents. This discovery aligns with Alotaibi
and Alshehri (2020) and McGill and Thompson (2021). However, the study found no significant differences in willingness
to adopt privacy control measures and perceived trust between male and female students in terms of risk perception, privacy

concerns, perceived trust, convenience, and social influence.

9.Implications

The current study has substantive implications for researchers, practitioners, and managers. For researchers, this study
presents a pioneering effort to identify gender differences in the adoption of privacy control measures among students in
HLIs in Tanzania, leveraging a multi-group analysis approach. Moreover, the study enriched the privacy calculus theory by
incorporating the dimensions of social influence and convenience within the context of HLIs. Notably, social influence plays
a vital role in shaping behaviour in a community-oriented environment, such as higher learning institutions. For practitioners,
the findings highlight actionable insights for ICT security personnel or those responsible for information security governance
and implementation in higher learning institutions. Emphasising factors that facilitate the adoption of privacy control
measures among students, particularly those linked to risk perceptions, perceived security awareness, and perceived trust in
the general population. This strategy increases the likelihood that students will use the internet safely. Additionally, targeted
interventions are needed to enhance the perceptions of information security awareness among female students and motivate
them to adopt privacy measures. This will promote equitable female engagement in using online learning resources while
safeguarding their privacy and data.

From a managerial standpoint, the study calls for a systematic rollout of security awareness and training programmes across
higher learning institutions (HLIs) in Tanzania. Overall, the Findings suggest that risk perception, privacy concerns, trust in
the internet, and privacy settings in web-based applications influence the adoption of privacy control measures. Therefore,
policy frameworks and interventions should be strategically aligned with these findings to promote privacy awareness at
HLIs.

10.Conclusions, Limitations, and Future Studies

Despite the study’s practical and theoretical implications, it has some limitations. First, the study only sampled students from
higher learning institutions in Tanzania, so the findings may not apply to other population groups. Future research could
replicate similar studies in the general population. Second, various demographic factors, such as the adoption of privacy

control measures, might influence information security behaviours. Although this study focused on gender, future research
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would be valuable to examine other demographic traits, such as education level, income, and age. Third, the results may be
specific to Tanzania. Future studies should encompass a broader range of countries to gain a deeper understanding of how

privacy control measures are adopted across different cultures.
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Abstract: To address the dual challenges of intelligent and green transformation in the global shipping industry, this study
conducts an in-depth analysis of Shanghai, an emerging global shipping hub, as its primary case study. It identifies core issues
within the existing system, including homogenized training models, outdated curriculum content, and delayed responsiveness
to industry demands. These issues are particularly evident in the inability to deliver precise, differentiated training for two
critical groups: foundational talent and high-end professionals. To address this structural contradiction, this study proposes
a systematic differentiated training framework centered on deepening tailored development, drawing on Singapore’s
international best practices. This framework aims to establish a standardized support system for foundational talent and an
innovation-driven ecosystem for high-end professionals, outlining specific reform pathways across three dimensions: training
models, curriculum systems, and industry-education integration. Finally, through systematic initiatives such as a lifelong
learning certification system and the development of cutting-edge shipping innovation, this framework will propel Shanghai
toward establishing a shipping service talent ecosystem that aligns with future industry trends, features a clear structure,
and possesses resilience. This research does not only provide strategic guidance for Shanghai to overcome structural talent
bottlenecks and achieve a leap in capability, instead, it also offers a universally applicable framework for categorized training
and system upgrades to emerging shipping hubs worldwide facing similar transformation challenges.
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1.Introduction

Amidst profound global transformations in the shipping industry driven by decarbonization and digitalization, the competitive
logic of international shipping hubs is undergoing a fundamental shift: from hard power competition based on port throughput
to soft power rivalry centered on high-end service capabilities and talent capital. As an emerging international shipping
hub, Shanghai has consistently ranked among the world’s top ports in key metrics, such as container throughput. However,
its competitiveness in high-value-added service sectors (such as shipping finance, maritime law, and premium consulting)
remain significantly behind traditional hubs like London and Singapore. This developmental imbalance is characterized by

structural contradictions in its talent supply: on one hand, the adoption of alternative fuel technologies, such as methanol
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and ammonia, creates skill gaps for basic operational personnel. On the other hand, the growing complexity of international
maritime regulations and the digital trade ecosystem has led to a severe shortage of high-end, multidisciplinary talent capable
of driving industrial transformation.

The inherent cause of this predicament lies in the systemic homogenization of the current shipping services’ talent cultivation
system. The existing model fails to effectively distinguish between the fundamentally different talent attributes required for
basic services versus high-end services. This results in a one-size-fits-all approach in setting training objectives, updating
curriculum content, and implementing industry-education integration mechanisms. This lack of differentiated top-level design
does not only lead to a misallocation of educational resources, but also prevents the talent supply side from dynamically
responding to the rapid iteration of industry demand. Consequently, it severely restricts the increase in capability and
sustainable development of Shanghai as an international shipping center.

Although existing research has noted shifts in shipping talent demand, it remains largely confined to localized analysis of
individual roles (e.g., seafarers or maritime law professionals), lacking systemic studies that propose structural reforms
for the entire training framework. This paper therefore, aims to systematically explore the establishment of a scientifically
differentiated training system for shipping service professionals in Shanghai. The study will first establish a “foundational-to-
advanced” analytical framework to diagnose core issues within Shanghai’s current system. Based on Singapore’s international
experience, it then proposes a practical, differentiated system development pathway across dimensions, including training
models, curriculum systems, and industry-education integration. This research aims to provide policy-oriented solutions and

theoretical references for Shanghai and emerging global shipping hubs navigating industrial transformation challenges.

2.Literature Review

2.1 Transformation of International Shipping Hubs and Evolving Talent Demands

Academic consensus indicates that the competitive core of the global shipping industry is shifting from “hardware”
infrastructure to “software” services and human capital. Long-term maritime data analysis covering 130 years of Lloyd’s
shipping data, demonstrates that East Asia’s port network has evolved from a Singapore-Hong Kong-Yokohama triangular
structure into a chain-based hub system encompassing Singapore, Hong Kong, Shanghai, and Busan, signaling Shanghai’s
emergence as a new hub "\ However, the 2024 World Leading Maritime Cities report identifies persistent developmental
imbalances. Although Shanghai has achieved global leadership in hardware metrics like port facilities and logistics efficiency,
it remains significantly behind Singapore in high-end service sectors such as maritime finance and legal arbitration. This
gap aligns with research findings indicating that Shanghai has fundamental weaknesses in building international shipping
innovation capabilities and cultivating high-end professional talent reserves .

Parallel studies confirm a fundamental transformation in shipping workforce demand. In recent days, industry recruitment
standards are evolving from traditional skills toward multidimensional competencies framework, with English proficiency
now an important selection criterion for ocean -going crew members . Additionally, a recognized gap persists between
maritime law education and industry practice indicating a disconnect between academic training and real-world legal
application in shipping . The rapid deployment of disruptive technologies like artificial intelligence, machine learning, and
blockchain has also further introduced new competency expectations . Research focusing on emerging shipping hubs reveals
faults in key professional competencies especially in English language communication, which continues to hinder talent
readiness in non-traditional maritime centers *.

Among international shipping hubs, Singapore offers the most representative case of systematic workforce development. Its
success is attributed to the establishment of long-term, multi-layered and well-structured national maritime talent pipeline.
Singaporean universities have demonstrated strong outcomes in cultivating composite talents through industry-academia
collaboration and integration "', Singapore defines human resources as a core pillar of national competitiveness, implementing
systematic strategies for foreign talent recruitment and local talent retention . Sustained national investment in education
has also been empirically verified, with strategic alliances established with top institutions like Massachusetts Institute
of Technology (MIT), it has successfully integrated internationally advanced educational concepts with local needs .

Furthermore, the country’s “Brain Gain” initiative has effectively attracted high-end international maritime professionals "'’
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Notably, the Singaporean talent development system stands out for its systematic and sustained policy approach, offering
valuable reference for addressing both the quantity and quality of shipping talent reserves in Shanghai’s international shipping
center.

2.2 Theory and Practice of Differentiated Cultivation

The theoretical framework of differentiated talent cultivation exhibits multi-level, interdisciplinary developmental
characteristics. A “six-stage, multi-module” cultivation system model has been proposed in previous literature revealing
structural deficiencies in high-skill professional development particularly in structural talent fields such as architecture ',
Within the Society 5.0 transformation framework, people-centered strategic talent management models have also been
advocated, emphasizing human centric competency formation over industrial-centric training logic "'*. Foundational
classification theory further establishes a distinction between academic-oriented and technical-oriented talents development
pathways, providing a crucial basis for the differentiated design in higher education institutions "*. This concept has
since been expanded across talent, technology and industry development dimensions to reinforce the theoretical validity
of multidimensional differentiated cultivation frameworks "%, At the practical level, several classification-based training
frameworks have been introduced, including the “Four-Line Integration” model and industry-linked classified cultivation plan
[SHIS] While these offer case references, they face limitations in comprehensive application due to professional specificity.
Qualitative research further shows practical strategies for executing differentiated policy pipelines !'”’, while the German

advanced vocational training model provides international insights for China’s differentiated training system "*.

2.3 Classification of Shipping Service Personnel

The transformation of the shipping service workforce structure is exhibiting pronounced trends toward specialization and
stratification. Scholars observed significant polarization in the shipping service sector: where high-end positions urgently
require composite talents with data analysis and cross-disciplinary collaboration capabilities, and entry-level roles face

1”1 Sustainable industry transformation drivers, particularly energy management have

pressing demands for skill upgrading
become key to global shipping. The industry increasingly demands new talent possessing both specialized technical expertise
and interdisciplinary perspectives °*. This shift in demand reveals a misalignment between talent development systems
and industry requirements. Leading industry research emphasizes that shipping companies must place talent at the core of
their sustainability strategies “'. At the foundational workforce level, empirical studies indicate a dual challenge in current
seafarer training mechanisms: the absence of well-established career progression pathways coupled with inadequate capacity-
building systems to address technological transformation **. At the high-end talent level, universities are encouraged to
establish interdisciplinary training models, ensuring precise alignment between talent competency and industry demands
through innovative curriculum systems . Al-based personalized learning pathways have also been validated as a promising

[24

mechanism to effectively bridge the gap between traditional teaching and industry transformation **. Additionally, applied

research further supports diversified training mechanisms through university-enterprise collaboration and long-term

international maritime partnerships *.

2.4 Research Gaps and Research Value

Existing academic research has explored the restructuring of talent demands driven by the global shipping industry’s center
of gravity shift, intelligent and green technologies, as well as the systematic experiences of leading international shipping
hubs (e.g., Singapore). There is a widespread recognition of the necessity for structural reform in shipping talent cultivation
systems. However, a critical review of existing literature reveals significant shortcomings in constructing systematic,
differentiated talent cultivation frameworks.

Firstly, existing research tends to adopt a homogenized and descriptive analytical perspective, lacking systematic frameworks
for differentiated training that clearly differentiate “foundational operational personnel” from “high-end composite maritime
professionals” in terms of cultivation objectives, curriculum architecture, competency standards and evaluation mechanisms.
This analytical limitation weakens theoretical guidance where solutions often reduce systemic restructuring to fragmented
curriculum or skill optimization rather than structural system transformation.

Secondly, existing literature lacks a vertically integrated ecological closed-loop in constructing key mechanisms. On one
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hand, existing classification studies predominantly rely on static analysis, lacking foresight into the dynamic evolution
of talent structures amid industry technological transformations, while insufficiently exploring synergistic development
mechanisms between the two talent categories. On the other hand, although some theoretical frameworks address multi-tiered
training, they fail to adequately account for the unique characteristics of the shipping service industry. Practical gaps notably
exist in the depth of industry-education integration and the comprehensiveness of lifelong learning systems.

In summary, these research gaps precisely explain the entry point and value of this study. This paper aims to surpass partial
optimization and phenomenological exploration by constructing a differentiated training system framework. This framework
takes the “basic-advanced” dichotomy as its logical starting point, deeply aligns with the characteristics of the shipping
industry, and comprehensively covers dimensions including objectives, curricula, integration, and evaluation. This research
does not only seek to provide a systematic solution for Shanghai to resolve structural contradictions in talent cultivation,
instead, it also aims to offer a reference-worthy practical pathway for emerging global shipping hubs at similar developmental

stages as they navigate the dual challenges of industrial upgrading and talent competition.

3.Analysis Framework and Methodology

3.1 Theoretical Framework of a Differentiated Cultivation System

To effectively diagnose the challenges of homogenization in talent cultivation for Shanghai’s international shipping center
and to provide a solid theoretical foundation for constructing its differentiated training system, this study builds upon theories
of categorized training and tiered instruction from the fields of education and talent management “***. This is to establish
a distinguished theoretical framework applicable to shipping service talent development. These theories emphasize that
teaching strategies should be adjusted according to individual learner differences to break away from the traditional “one-
size-fits-all” model. Differentiated training pathways should therefore be designed based on the fundamental variations
among talent groups particularly in knowledge structures, competency requirements, and long-term career development
trajectories. Guided by these theoretical principles and considering the increasingly complex talent demands and inherent
structural characteristics of the shipping service industry, this paper operationally categorizes shipping service talent into two

#3% These categories exhibit significant differences in training

core categories: “foundational talent” and “high-end talent” '
objectives, core competencies, and career development pathways (see Tablel). This study highlights that such differentiated
training extends beyond merely distinguishing talent characteristics. It includes systematic design across multiple dimensions
including: training models, curriculum systems, and industry-education integration. This framework aims to reveal structural
gaps by clearly categorizing and analyzing the current state and core issues of Shanghai’s existing training system.

Tablel: Framework for Differentiated Classification of Shipping Service Talents

Classification Criteria Basic Shipping Service Talent High-End Shipping Service Talent
Core Positioning Operational Execution Level Strategic Decision-Making Level
Basic Characteristics Skill standardization, process standardization, high demand Knowledge-lp tensive, 1pnovat10n-drlv-
en, high strategic value
Training Objectives Proficient, reliable, and efficient Driving industry transf.ormatlon with
global competitiveness
Scope of Responsibilities Shipping management, services, and operational support ngh-value-addesicgécs)bal shipping ser-
Expertise in Professional Skills Mastery of Cutting-Edge Technologies
Capability Requirements Foreign Language and International Competence Cross-Domain Integration
Process Collaboration Skills Innovative R&D Capabilities

3.2 Research Methodology and Data Sources

Based on the aforementioned analytical framework, this study employs a case study approach, selecting Shanghai as a
representative case. As the world’s largest container port city, Shanghai is undergoing a critical transition from “hardware

scale” to “software services,” presenting highly representative structural talent challenges. Throughout the research,
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Singapore’s relevant practices are introduced as a source of experiential reference and insights, aiming to provide feasible
pathways and analytical support for Shanghai to establish a differentiated talent development system.

To ensure analytical objectivity and multidimensionality, this study employs triangulation to collect multi-source data,
primarily comprising the following three categories:(1) Policy Documents: Systematically collected policy documents issued
by Shanghai Municipality and Pudong New Area between 2015 and 2024 concerning shipping center development and
talent cultivation (e.g., the “14th Five-Year Plan for Building Shanghai into an International Shipping Center”). Additionally,
referenced strategic blueprints published by Singapore’s Maritime and Port Authority (MPA) and Ministry of Education (MOE)
to facilitate institutional comparisons and insights. (2) Curriculum Frameworks: Representative maritime curricula from
Shanghai Maritime University and Nanyang Technological University (NTU) were selected. Key data—including course
structures, credit systems, and internship arrangements—were extracted to diagnose issues of homogeneity and obsolescence
in existing programs. (3) Industry Reports: Authoritative industry reports from Det Norske Veritas (DNV), the International
Chamber of Shipping (ICS), and Lloyd’s Register were integrated to obtain forward-looking data on green shipping and
digital skill requirements, supporting the analysis of talent development directions.

3.3 Analysis Process Design

This study follows a logical pathway of “theory-driven—empirical diagnosis—benchmarking—system construction” (as
illustrated in Figurel below). Based on the constructed “basic-advanced” differentiated theoretical framework, content
analysis is employed to systematically code and interpret the aforementioned multi-source data. The analysis identifies
systematic weaknesses in Shanghai’s current talent cultivation model with specific emphasis on curriculum content, and
industry-education integration. These deficiencies collectively explain the root causes of Shanghai’s talent homogenization
and its relative lag in high-value maritime service competencies. Subsequent sections leverage Singapore’s experience
as a reference to systematically propose specific countermeasures for building differentiated pathways in cultivating both
foundational and high-end talent.

Figurel: Route for Differentiated Cultivation Research

Homogeneity Issue in Shanghai's Maritime Service Talent
Training System

|

Research Background Theoretical Foundation Data Collection

l

Analytical Framework: Foundational Talents vs. High-end Talents

Diagnosis of Shanghai's Reference of International
Current System Gap Advanced Experience
l Identification l
Problem Identification Mechanism Extraction

l

Constructing the Framework for a Differentiated Training
System for Shanghai's Maritime Service Talents

l A 4 l

Differentiated Construction of Interdisciplinary Restructuring Deepening Mechanisms for
Training Models of Curriculum System Industry-Education Integration

|

Innovative and Sustainable Ecosystem for Maritime Service Talents
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4.Diagnosis of Shanghai’s Training System Based on a Differentiated Framework

As a globally important international shipping hub, Shanghai’s shipping services face severe structural challenges and
homogenization issues with their talent development system. Research indicates that Shanghai exhibits significant talent
gaps and service capacity deficiencies in high-value-added sectors such as shipping insurance and maritime arbitration
Bl Relevant policies have limited penetration into enterprises and the high-end shipping services market also remains
insufficiently mature, resulting in the persistent shortage of specialized, internationally oriented talent reserves °*. Compared
with Singapore, Shanghai attracts fewer global shipping functional institutions, leading to a persistent outflow of high-end

33

business %, Additionally, structural disparities exist between the two in port-city synergy and high-end shipping service

capabilities **. From a systemic perspective, the root cause of these persistent challenges (such as insufficient supply of
high-end talent, inadequate internationalization, and poor market alignment) can be traced to the absence of a differentiated
training mechanism. This chapter conducts a detailed diagnosis of the current state of differentiation within Shanghai’s
shipping service talent training system based on the aforementioned “basic-to-advanced” differentiation theoretical
framework, focusing on three core dimensions: training models, curriculum systems, and industry-education integration.

4.1 Homogenized Training Models

Shanghai’s shipping service talent cultivation system has established a comprehensive chain from vocational colleges to
postgraduate programs, providing a stable talent supply for foundational fields like port operations and vessel navigation.
According to statistics from the Shanghai Municipal Commission of Transport, 28 universities in the city offer majors
closely related to shipping. Doctoral and master’s programs are concentrated in seven institutions, focusing on transportation
engineering, naval architecture, and ocean engineering. The undergraduate level covers 11 majors, including transportation
and navigation technology across 21 institutions (enrolling approximately 3,100 students annually). The vocational education
stage focuses on 15 practical majors, such as marine engineering technology and aircraft electromechanical equipment
maintenance, involving seven institutions (enrolling approximately 2,500 students annually). However, Shanghai’s strategy
for cultivating high-end talent relies heavily on policy guidance and talent recruitment. Key initiatives such as the “List of
Key Shipping Institutions” and the “Shanghai Shipping Talent Shortage Development Catalog,” provide subsidies, individual
income tax incentives, and support services for executives in Pudong New Area and Lingang New Area. However, these
measures primarily function as attraction mechanisms rather than organic talent cultivation. The pilot “dual certification”
program for shipping professionals, launched in 2016 (training 141 jointly certified talents by 2022), remains limited in
scope. This external resource-dependent model struggles to effectively address the shipping industry’s structural shortage
of specialized workforce. For instance, DNV’s authoritative 2025 Shipping Outlook Report predicts that with over 50%
of vessels in the orderbook utilizing alternative fuels, approximately 33,000 additional seafarers will require standardized
training in new fuel operations within the next three to four years. Concurrently, the complexity of the International Maritime
Organization’s (IMO) net-zero framework demands that high-end professionals possess strategic integration capabilities
spanning regulations, technology, and economics. This reflects shortcomings in domestic capacity for cultivating top-
tier talent. In general, while Shanghai’s foundational talent development model meets scale requirements, it remains
deficient in fostering core competencies like international perspectives and cross-cultural communication skills. High-end
talent cultivation relies excessively on external recruitment, with domestic training mechanisms yet to achieve effective
breakthroughs. This results in homogenized training models across different talent tiers, lacking targeted approaches.

4.2 Curriculum Lag and Content Homogeneity

Despite the substantial scale of Shanghai’s maritime talent development system, its curriculum content exhibits significant
lag and homogenization in addressing global industrial transformation, particularly in green shipping and digitalization. The
International Maritime Organization’s emissions reduction policies have intensified global competition for green shipping
talent. Lloyd’s Register forecasts a global shortage of approximately 450,000 dual-fuel vessel crew members by 2030,
highlighting the urgent need for curriculum updates amid rapid technological iteration in shipping.

However, Shanghai’s existing curricula lag significantly behind international best practices in both content relevance and

training standards. This issue manifests not only in the insufficient integration of emerging technologies and international
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regulations but also in a homogenized course design that fails to effectively differentiate between the specialized practical
skills required for entry-level personnel and the interdisciplinary knowledge integration and innovative thinking demanded
of high-end talent. For instance, digital competency training programs in Shanghai universities (e.g., Shanghai Maritime
University), remains focused on prioritizing tool-oriented computer courses like C programming, without mandatory courses
in big data analytics or Al applications. This fails to support the computational thinking skills essential for developing high-
end talent. Simultaneously, in the green shipping sector, the curriculum lacks standalone core courses like “Shipping and
the Environment” or “Decarbonization Technologies,” which hinders systematic coverage of cutting-edge regulations and
technologies. Furthermore, Shanghai remains disadvantaged in critical areas like seafarer training facilities and practical
training opportunities. Consequently, this curriculum homogeneity prevents foundational graduates from mastering current
global technical regulations and high-end graduates from acquiring international vision and innovation competencies, which
may lead to structural knowledge.

4.3 Superficial Industry-Education Integration

Shanghai has established a multi-tiered framework for advancing industry-education integration. Policy support explicitly
promotes deep collaboration among industry, academia, and research, with the Municipal Education Commission facilitating
corporate-university partnerships across 28 institutions. For instance, Hongkou District’s “curriculum-certification
integration” initiative provides RMB 50,000 per project to institutions participating in the pilot support programs. This is
aiming to link academic education with professional qualification certification. This “order-based” training model aims
to improve graduates’ job readiness and address the industry’s urgent demand for frontline skilled workers. Additionally,
platforms like the North Bund International Shipping Forum provides institutionalized channels for industry-academia-
research dialogue. However, current industry-education integration remains fragmented and operationally shallow reflecting
inadequate university-enterprise collaboration and low efficiency in translating outcomes into practical applications. The
most direct evidence of this superficiality lies in the structure and duration of practical training components. Taking Shanghai
Maritime University’s international shipping program as an example, its training plan reveals that practical teaching segments
predominantly rely on one-week short-term simulation exercises (such as shipping agency or port internship simulations) as
core content.

Although a 16-week graduation internship is scheduled, it is typically placed in the final semester, making it highly vulnerable
to disruption from job searching and postgraduate application pressures, often resulting in a shallow engagement rather than
competency formation. Furthermore, the credit allocation for practical training remains disproportionately low. This model
treats practical training as an addition to theoretical learning rather than central to skill development. Such superficiality
creates a structural disconnect between talent cultivation and industry demands, leaving graduates ill-equipped to respond to
global industrial transformations. It struggles to provide authentic training environments for high-risk areas like alternative
fuel vessel operations, as emphasized in the DNV report. It also fails to offer high-end talent cross-disciplinary and high-
complexity project experience (e.g., compliance cost analysis under IMO NZF, digital supply chain integration). As a result,
collaboration focuses on talent quantity supply, not co-developed or co-innovation curriculum ecosystems, deepening
Shanghai’s structural misalignment with global industry transformation frontiers. This chapter identifies Shanghai’s
maritime talent cultivation system based on differentiated training theory and a “basic-advanced” dichotomy framework for
shipping service personnel. Analysis reveals that, despite Shanghai’s substantial training scale, the system exhibits severe
homogenization across three core dimensions: training models, curriculum content, and industry-education integration.
This undifferentiated training mechanism directly leads to deep-seated issues such as insufficient supply of high-end talent,
inadequate internationalization levels, and structural mismatches between talent and market demands. Particularly in the face
of global challenges like green and digital transformation in shipping, homogenized training has become a key bottleneck
in the advancement of Shanghai’s international shipping center capabilities. Therefore, the establishment of a differentiated
training systems that are capable of meeting the needs of talent at various levels, has become an inevitable choice for

Shanghai to achieve a leap in its shipping functions.
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S5.Pathways for Building a Differentiated Training System for Shanghai’s Shipping
Service Talent

Building on the structural diagnosis presented in Chapter 4, this chapter aims to construct a differentiated training system
tailored to Shanghai’s industrial conditions and responsive to its persistent structural challenges. Informed by Singapore’s
advanced training experience and based on a “foundational-to-advanced” analytical framework, this study proposes a
systematic solution. This solution adopts a dual-track approach of “foundational support and high-end drive,” covering three
core dimensions: training models, curriculum systems, and industry-education integration. It is underpinned by lifelong
learning and a cutting-edge innovation ecosystem. The following sections will first analyze Singapore’s specific experiences,
then outline a sequential implementation path for Shanghai based on this framework.

5.1 Lessons from Singapore’s Shipping Talent Development

As the globally recognized international shipping center with the strongest comprehensive capabilities, Singapore has
consistently ranked first in the World Leading Maritime Cities report for several consecutive years. This achievement stems
from its successful establishment of a multi-layered, highly coordinated, and industry-aligned differentiated talent cultivation
system. Importantly, Singapore’s model reflects systematic institutional engineering rather than simple accumulation of
resources, offering valuable strategic direction for Shanghai’s transition towards service-led maritime competitiveness. At
the top-level design stage of its training model, Singapore established the Maritime Skills Framework through multi-agency
collaboration, including the Maritime and Port Authority (MPA). This model provides unified competency benchmarks
and career pathways for the industry. For entry-level talent, programs like the Tripartite Maritime Training Award (TMTA)
ensure standardized and efficient supply, significantly reducing seafarer training cycles from 31 to 22 months. For advanced
composite talent, initiatives such as the Global Internship Award (GIA) and PIER71™ foster a composite ecosystem
supporting international exposure, entreprencurial and technological innovation. From a curriculum foresight perspective,
Singapore has achieved real-time alignment between technological advancements and educational content. Its Maritime
Energy Training Facility (METF) platform has also transformed the safe operation of alternative fuels like methanol and
ammonia into globally leading standardized training modules, ensuring foundational skills remain synchronized with
international safety standards.

Simultaneously, institutions like Nanyang Technological University (NTU) have addressed the gap between talent, knowledge
systems, and industry demands at its source.

Its maritime studies programs mandate courses such as “Shipping and the Environment” and “Introduction to Data Science
and Artificial Intelligence” reflect a strategic shift toward environmental governance literacy and digital-driven analytical
competency. NTU also applies interdisciplinary “Shipping + X model, cultivating future industry leaders with cross-
disciplinary understanding and problem-solving capabilities.

In the dimension of industry-education integration depth, Singapore has elevated collaboration beyond long-cycle
institutional embedding rather than short-term internships. Maritime education programs in NTU mandates a full-semester
(10-credit) Professional Internship as a core requirement, ensuring students engage in real, and complex mid-to-long-term
corporate projects. This replaces traditional graduation internships, effectively overcoming the limitations of short-term
placements. Simultaneously, Singapore achieves a comprehensive, multi-tiered industry-education integration model through
university-industry joint R&D centers (e.g., the Maritime Electrification Center) and initiatives like the MaritimeONE
Scholarship, ensuring talent development drives industrial innovation. Singapore’s experience demonstrates that the
effectiveness of differentiated training lies in establishing an institutional system that tightly integrates strategic frameworks,
curriculum design, and practical components. For Shanghai, the institutional development should draw upon this systemic
approach rather than isolated replication of specific measures. Based on this, this study constructs a differentiated training
framework for Shanghai’s shipping service talent, as illustrated in Figure2. This framework systematically integrates the core
logic of dual main threads, three dimensions, and one supporting pillar, providing a clear blueprint for subsequent strategic

discussions.
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Figure2: Framework of the Differentiated Cultivation System
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5.2 Implementing a Differentiated Training System Based on “Foundational Support and High-
End Drive.”

To address the issue of homogenization in Shanghai’s training model and achieve precise talent supply, a tiered and
categorized differentiated training system must be established. Singapore’s long-standing practice of achieving precise
talent positioning through standardized training for foundational personnel and specialized programs for high-end talent
offers critical strategic insights. For foundational talent, Shanghai should expedite reform in vocational maritime education.
The government must lead industry organizations and enterprises in establishing a dynamically adjusted vocational
skills standards system. This aims to swiftly address the international shipping industry’s urgent need for skill updates,
particularly the large-scale incremental demand for alternative fuel crew members (e.g., methanol, ammonia fuel). Reforms
must thoroughly align talent development objectives with international maritime technical standards, prioritizing the
implementation of new energy fuel safety operation protocols and the construction of practical training facilities. Systematic
training in new energy fuel safety operations should be conducted to ensure that the supply of foundational talent possesses
standardized efficiency and immediate operational capability.

For high-end talent, Shanghai should capitalize its existing shipping industry cluster advantages, toward deeper professional
competency cultivation. A “Special Program for High-Level Shipping Talent” should be established, featuring training plans
that incorporate international laboratory rotations and industry mentor systems, alongside the development of internationally
aligned qualification certification frameworks. The training objectives for these professionals must center on understanding
and navigating complex international regulations like the IMO Net Zero Framework (NZF), while developing strategic
capabilities to leverage data analytics for investment and operational optimization. By prioritizing improvements in the
development environment for high-end services such as shipping finance and maritime law, Shanghai can attract and retain
top talent through an industrial ecosystem and competitive positions, thereby strengthening its competitive position in global
maritime “soft power” competition.

5.3 Building an “Intelligent + Interdisciplinary” Curriculum System

Addressing Shanghai’s challenges of outdated and homogenized curricula requires modernizing and restructuring the
curriculum system to establish a new “Smart + Interdisciplinary” framework. Singapore’s strategic embedding of digital and
green competencies into university curricular provides a valuable paradigm reference.

First, digital competency must be repositioned as a core knowledge foundation for all shipping professionals rather than
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an optional technical supplement. Courses such as “Shipping Data Analytics” and “Introduction to Maritime Artificial
Intelligence” should be upgraded into mandatory core modules forming a structured “Digital Intelligence Shipping” module.
Simultaneously, in response to new International Maritime Organization (IMO) regulations and global decarbonization
trends, mandatory “Green and Low-carbon” courses must be introduced, including Alternative Fuel Technologies and Risk
Management, Shipping Carbon Markets, and Finance. Universities should establish channels for dynamic course adjustments
and rapid updates to ensure teaching content responds with zero lag to cutting-edge industry technologies, achieving a
strategic restructuring of the knowledge system.

Secondly, Shanghai should promote curriculum flexibility and interdisciplinary integration. Inspired by Singapore’s “Shipping
+ X” curriculum model, institutions should break down disciplinary barriers by systematically establishing micro-majors
or dual-degree programs like “Shipping + Fintech” and “Shipping + Maritime Law.” This can be achieved by reducing the
proportion of traditional, rigid general education credits, freeing up more credit space for students to pursue deep integration
and interdisciplinary electives. Universities should leverage existing platforms like national key laboratories, to build a full-
chain talent development mechanism covering “basic research—technology development—industrial application.” Future
efforts should focus on exploring the introduction of tools like generative Al to develop specialized intelligent learning
systems for enabling precise knowledge delivery for high-end talent.

5.4 Deepening Technology-Driven Industry-Education Integration

To address the superficial nature of current industry-education integration in Shanghai, it is imperative to elevate university-
enterprise collaboration from mere resource exchange to a deep synergy mechanism centered on knowledge co-creation
and risk-sharing. Singapore’s approach that embeds long-term, institutionalized professional internships into core training
processes and fostering an ecosystem where joint industry-academia R&D enriches teaching, offers a reference path for
Shanghai’s transformation. This extension must be grounded in tiered talent development needs. For foundational talent
cultivation, institutionalized practice is paramount. Modeled after Nanyang Technological University’s 10-credit semester-
long Professional Internship, Shanghai should adopt a system that mandate 4—6-month enterprises industrial project
participation, supported by credit conversion and institutional safeguards. Concurrently, Shanghai should collaborate with
enterprises to establish high-standard “shared training bases,” integrating the latest corporate technical specifications,
operational standards, and real-world industrial data scenarios into teaching to achieve “job-ready graduates.”

For high-end talent, the focus should shift to joint R&D innovation and industrial incubation. To address innovation
bottlenecks in high-end services, Shanghai should lead government-university-industry collaborations to establish “Future
Shipping Industry Labs” modeled after Singapore’s PIER71™. These platforms must concentrate on cutting-edge fields like
smart shipping and green energy, transforming enterprise-identified industrial bottlenecks into university-led research and
innovation projects. By anchoring development in real-world industrial R&D initiatives, they will build sustainable training
mechanisms that seamlessly bridge theoretical learning with practical application.

5.5 Enhancing Lifelong Learning and Cutting-Edge Innovation Ecosystems

The sustainable operation of Shanghai’s differentiated training system requires systematic support from lifelong learning
mechanisms and an innovative environment, though a “Lifelong Skills Certification and Development System for the
Shipping Services Industry” as demonstrated in Singapore’s long-term national strategy.

In the lifelong learning dimension, differentiated skill-upgrade pathways must be established. For entry-level personnel,
prioritize developing “micro-certificates” in low-carbon operations and digital maintenance. Leverage the “1+X” certification
system to directly link skill accreditation with salary increases and talent residency policies, incentivizing existing workers
to continuously upgrade their skills. For high-end talent, collaborate with top international business schools and maritime
institutions to launch industry leadership programs focused on macro-strategy and global carbon market issues, enhancing
their standing within international discourse frameworks.

In the innovation ecosystem dimension, an external environment supporting talent transformation must be cultivated.
Shanghai should establish a pioneering zone for shipping technology innovation in the Lingang New Area, concentrating on

building open R&D platforms for green fuel bunkering and autonomous intelligent vessel navigation to provide authentic
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technical validation environments for industry-education integration. Simultaneously, specialized institutions like the
Shanghai Institute of Shipping Research should also develop new training programs in intelligent vessel operations and
maintenance, as well as new energy vessel handling. Guiding social capital to establish technology transfer funds will
accelerate the application of cutting-edge technologies and the transition of traditional talent into new technical fields. This
will ultimately form a sustainable shipping service talent ecosystem where “talent drives industry, and industry nurtures

talent.”

6.Conclusion

Through systematic analysis of the current status and challenges in Shanghai’s shipping service talent cultivation system, and
drawing on Singapore’s advanced experience, this study clearly indicates that establishing a differentiated cultivation system
driven by a dual-track approach—covering both foundational and advanced levels—is the key pathway to resolving talent
bottlenecks during Shanghai’s green and digital transformation as an international shipping center. Research findings reveal
that the core issue in Shanghai’s current training system lies in the structural mismatch between talent supply and industry
demand. This stems from the system’s homogenization—addressing differentiated needs with a single model. These factors
collectively create a dilemma where foundational talent lacks sufficient skill updates while high-end strategic talent remains
in short supply, severely constraining Shanghai’s advancement in high-end service capabilities.

The theoretical value of this study lies in constructing a differentiated training analysis framework—spanning “basic to
advanced” levels—tailored for the shipping service industry. It clarifies the fundamental distinctions between these two talent
categories in core positioning, competency requirements, and training pathways, offering a novel analytical perspective for
subsequent research. At the practical level, the study offers a systematic set of differentiated training strategies for Shanghai’s
international shipping center development. Specific measures include: implementing a “foundational support-high-end
driven” differentiated training system; reconstructing a “smart + interdisciplinary” dynamic curriculum system; deepening
technology-oriented industry-education integration mechanisms; and enhancing lifelong learning systems while strengthening
cutting-edge innovation ecosystems.

Regarding application prospects, the proposed differentiated training system does not only directly serve Shanghai’s strategic
need to elevate its international shipping hub capabilities, instead it also provides crucial reference for talent development
model innovation in emerging global shipping centers. However, while this study presents a comprehensive framework,
further refinement is required to translate theory into practical effectiveness. Future research should focus on refining
differentiated training standards, improving evaluation systems, and fostering collaborative mechanisms among government,

enterprises, and educational institutions to drive deeper transformation from theoretical research to practical application.
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Findings highlight three major tensions. First, the ontological mismatch between ICH and IP systems—most notably the
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1.Introduction

Over the past two decades, intangible cultural heritage (ICH) has moved from the margins of cultural policy to a central
concern in global debates on development, identity, and soft power. Since the adoption of UNESCO’s 2003 Convention for
the Safeguarding of the Intangible Cultural Heritage, ICH has increasingly been recognized not merely as a cultural asset
to be preserved but also as a dynamic resource that supports innovation, community continuity, and international cultural

engagement "', China has emerged as one of the most active state parties in this global landscape, with 44 elements inscribed
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on the UNESCO ICH list and nearly 870,000 items included in its multi-tier domestic inventory. These figures illustrate both
the density of China’s ICH resources and the scale at which ICH has been institutionalized as a strategic cultural field .

At the same time, cultural development has become deeply entangled with national competitiveness, soft power, and global
image-building. Since the mid-2000s, Chinese policy discourse has highlighted the need to convert cultural heritage and
creative industries into comprehensive national power, positioning ICH as a symbolic and economic resource capable of
enhancing China’s international influence . The rapid expansion of digital platforms, creative media, streaming services,
and global tourism has further amplified the cross-border circulation of narratives, symbols, and artistic practices. Within this
environment, Chinese ICH, rich in aesthetic form, regional diversity, and historical depth, has increasingly been mobilized
as a cultural intellectual property (IP) capable of traveling globally through tourism experiences, cultural-creative products,
digital platforms, and Al-enabled design.

However, these opportunities coexist with significant conceptual, legal, and practical challenges. ICH is characterized by
collective custodianship, intergenerational transmission, and continual transformation, whereas modern IP systems are
built around identifiable authors, fixed expressions, and exclusive rights. This structural mismatch has been widely noted
in international legal scholarship and in the World Intellectual Property Organization’s (WIPO) attempts to articulate
frameworks for protecting traditional cultural expressions (TCEs) ™. At the same time, empirical research suggests that ICH’s
increasing presence in tourism, branding, and digital industries raises concerns related to cultural misinterpretation, over-
commodification, benefit-sharing, and the erosion of cultural meanings "', These tensions are particularly salient in the
context of globalization, where Chinese ICH is both celebrated as an attractive cultural resource and contested as a symbol
subject to commercial appropriation and cross-cultural reconfiguration.

Despite the rapid growth of ICH scholarship globally and in China, the literature remains fragmented. Studies rooted in law
and policy tend to emphasize safeguarding, misappropriation, and doctrinal debates, while research on tourism, creative
industries, and digital media focuses on utilization, innovation, and market-oriented transformation . Bibliometric studies
confirm this disciplinary separation, showing parallel but weakly connected clusters of research on protection, tourism

[8]

development, heritage space, digital transformation, and cultural communication ™). Only in recent years has a more

integrated body of work begun to situate ICH within broader discussions of intellectual property protection (IPP), cross-
border circulation, and cultural globalization "',

This article addresses this fragmentation by bridging insights from legal theory, cultural policy analysis, bibliometric
evidence, and case-based empirical studies. It proposes a unified analytical lens, ICH-IPP, through which both safeguarding
and utilization can be understood as interconnected dimensions of a single cultural transformation process. By doing so,
it moves beyond the dualistic framing that positions protection and commercialization as opposing agendas. Instead, it
examines how ICH is simultaneously protected, negotiated, transformed, and circulated as it enters global markets and digital
ecosystems.

Structurally, the article proceeds as follows. The Literature Review synthesizes international and Chinese scholarship on
ICH, IPP, and globalization, highlighting conceptual tensions and empirical findings. The Theoretical Framework develops
a pathway model that traces how ICH becomes cultural IP capable of traveling across borders, and introduces a multi-
level embedding framework that explains how ICH is interpreted, reorganized, and institutionalized in destination contexts.
The Methodology section outlines the corpus construction and coding strategies used to map research trends and extract
dominant themes. The Findings section integrates legal, institutional, technological, and industrial perspectives, supported by
comparative tables and conceptual figures. The Discussion elaborates on emerging risks—including cultural discount, rights
ambiguities, and sustainability challenges—before the Conclusion identifies implications for future research, policy design,
and culturally sensitive IP governance.

Through this integrated approach, the article contributes a theoretically informed and empirically grounded account of how
Chinese ICH is transformed into global cultural IP. It speaks not only to heritage studies and intellectual property scholarship

but also to debates in creative industries, communication studies, and global cultural policy.

2.Literature Review
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2.1 Intangible Cultural Heritage: Concepts, Norms, and Global Debates
Since the adoption of the 2003 Convention for the Safeguarding of the Intangible Cultural Heritage, UNESCO has redefined

cultural heritage as a living set of practices, embodied and enacted by communities, that require continuous transmission and
collective custodianship ™.
This reconceptualization marked a profound shift away from monument-centered heritage regimes toward a community-
centered paradigm emphasizing continuity, identity, and social cohesion. The Convention’s emphasis on living heritage not
only guided national policy reforms but also catalyzed scholarly debates about the nature of ICH as a dynamic and relational
cultural form.
Parallel to UNESCO’s developments, the World Intellectual Property Organization (WIPO) advanced frameworks for
addressing traditional cultural expressions (TCEs), seeking mechanisms to protect folklore, traditional crafts, and communal
artistic practices from misappropriation and unfair commercial exploitation . Unlike UNESCO’s preservation-oriented
approach, WIPO’s work focuses on rights-based protection and the design of legal instruments—either through adapted
intellectual property rights (IPR) or sui generis systems—that recognize the communal, intergenerational, and context-
dependent nature of TCEs.
These global developments highlight a persistent conceptual dilemma: ICH is inherently collective, fluid, and embedded in
social contexts, whereas IP systems are built on exclusivity, identifiable authorship, and fixed expressions. Scholars argue
that this mismatch can lead to several risks, including cultural freezing, community marginalization, and the privatization
of shared cultural expressions "'"?. At the same time, the growing involvement of tourism, creative industries, and digital
platforms has generated new debates about how to balance safeguarding with innovation and market participation.
To visualize how scholarly attention to ICH has evolved globally and in China, Figure 1 synthesizes major bibliometric
findings showing rapid growth in ICH research after 2003, diversification into tourism and digitalization themes, and a more
recent turn toward [P-related inquiries.

Figure 1. Bibliometric Landscape of Research on Intangible Cultural Heritage,

Intellectual Property Protection and Globalization
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2.2 Intellectual Property Protection and Traditional Cultural Expressions
Intellectual property protection (IPP) has become a central concern as ICH increasingly enters markets, branding strategies,

and international cultural flows. WIPO’s work on TCEs has articulated both the opportunities and limitations of using existing
IP categories—copyright, trademarks, industrial designs, geographical indications (GIs), and unfair competition law—to
safeguard communal cultural expressions *!. Several core tensions recur in the literature:

Collective ownership vs. individual authorshipICH is seldom attributable to a single creator, challenging the individualistic
logic inherent in both copyright and patent systems. While trademarks often focus on external branding, the conflict
with patents is particularly acute because patents require absolute novelty and identifiable “inventors”. This requirement
fundamentally contradicts the intergenerational and communal nature of traditional knowledge, where innovations are built

incrementally over centuries rather than as discrete, “new” creative acts.

30



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

Dynamic evolution vs. fixation requirementMany ICH expressions evolve across generations, conflicting with IP law’s
preference for fixed, original expressions.

Cultural obligations vs. market incentivesCommunities often understand heritage as a moral, ritual, or identity-based
obligation rather than a commodifiable asset.

Cross-border misappropriationIncreasing global circulation has heightened cases of unauthorized imitation, trademark
squatting, and cultural distortion.

Legal scholars argue that, while IP tools can help prevent misappropriation and support community benefit-sharing,
inappropriate application may erode cultural meanings, exclude community members, or introduce market logics that
overshadow cultural obligations "',

In response, comparative studies have proposed a range of policy options—including collective moral rights, sui generis
registers, community protocols, and strengthened GI systems—that reflect cultural sensitivities and align with sustainable

development goals ',

2.3 Chinese Scholarship on ICH: Bibliometric Trends and Empirical Contributions

Chinese ICH scholarship has grown exponentially since the implementation of the Law of the People’s Republic of China
on Intangible Cultural Heritage in 2011. Bibliometric studies provide the clearest overview of thematic evolution. Hu et
al. mapped 91 Chinese-language publications on IPP—ICH between 2011 and 2020 and found four dominant clusters: legal
safeguarding, digital preservation, traditional cultural expressions, and authenticity verification ', Research output increased
sharply after 2015, coinciding with national policies promoting cultural confidence and creative industries.

Complementary analyses show that Chinese scholarship has been particularly active in three domains:

Legal and institutional protection

Studies examine how copyright, trademarks, patents, and Gls can be applied to ICH categories, highlighting gaps in rights
definition, collective ownership, and enforcement "%,

Tourism and regional development

A large body of work treats ICH as a cultural and economic resource for place branding, festival development, and heritage
tourism, often foregrounding sustainability and authenticity issues """

Digitalization and creative industries

Recent publications explore digital archiving, knowledge graphs, interactive media, and Al-generated ICH content,
emphasizing opportunities for global dissemination as well as risks related to data ownership and cultural distortion *!''®),
These strands, however, remain weakly integrated. Tourism and digitalization studies rarely address IP issues explicitly, while
legal scholarship often abstracts away from practical uses of ICH in creative industries.

To consolidate the contributions of existing studies, Table 1 summarizes influential international and Chinese works on the
intersections of ICH, IPP, and globalization.

Table 1. Key Literature on Intangible Cultural Heritage, Intellectual Property Protection, and Globalization

No. Key Aim / focus Methosi/ Main findings lmpllcz.ntlons for ICH Limitations / gaps
reference material going global
. . .. . . Does not create pri
Establish an inter- Defines ICH as living, com- | Provides the normative 0¢8 not create p vate
. . . . . . S rights or address IP;
national framework |International con-| munityrecognized practices | baseline for considering .
UNESCO . . . . . leaves questions of
1 for safeguarding |vention, negotiat-| and establishes safeguarding [ICH as a global concern and .
(2003) : . - commercial use and
ICH and define its ed text obligations and listing mech- | as a resource for cultural .
scope anisms diplomac benefitsharing largely
P p Y to States Parties
. Policy booklets | Identifies options for using | Offers legal design options Nonbinding guidance;
Clarify concepts . . . . . focuses on legal form
WIPO . h and guide syn- | existing IP tools, unfair com- | for countries seeking to .
and policy options e . . . rather than detailed
2 | (2005, g thesizing com- | petition law and sui generis | regulate crossborder use of L
for protecting TCEs/ . .\ sectoral practices in
2013) parative legal |measures to protect TCEs and| traditional cultural expres- S
folklore and TK . . . . . . cultural-creative indus-
experiences TK against misappropriation |sions and negotiate at WIPO tries
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No.| Key Aim / focus Method / Main findings Implications for ICH | o seions / gaps
reference material going global
Analy;e the rela- Theoretical and Argues j[hat the convergence nghllghts how l}’ and Limited empirical data;
Antons | tionship between . of heritage, development |heritage discourses intersect S
doctrinal analy- e . . . . China is discussed
3 | & Logan | cultural property, IP| .~ . . and IP has politicized ICH | in nationalist projects and . .
sis, with AsiaPa- . : . . . mainly in comparative
(2018) | and ICH safeguard- cific examples and raised difficult questions | tourism, directly relevant erspective
ing p about ownership and control | for Chinese cultural export bersp
Shows how copyright, trade- | Provides a concrete map of | Focuses on domestic
Lin & | Examine how Chi- | Legal doctrinal | marks, patents and GIs can | IP tools that can be mobi- | law; cross-border en-
4 Lian na’s IP system can | analysis with each be applied to different | lized when Chinese ICH is | forcement and interna-
(2018) protect ICH illustrative cases | ICH types and identifies gaps |transformed into marketable| tional negotiations are
in protection cultural IP only briefly discussed
. . Limited empirical
Emphasizes the symbolic and| Suggests how IP can be .
Explore IP tools for . S . . . . . testing of proposed
Cheng . Semiotic and | communicative dimensions | aligned with the meanings .
safeguarding ICH . . . . . tools; digital and
5 | & Yuan : doctrinal analysis|of ICH and advocates tailored| and signs embedded in
from a Chinese . . platform-based uses
(2021) . of legal concepts | use of Gls, collective marks | ICH when it is branded for .
perspective . are not systematically
and related rights global markets
covered
Identifies growth in ICH ];f:l?;ma;givti};at Inclgtf Focuses on global ICH
Map global ICH |CiteSpace biblio- | research, weak collaboration | . Py & & without specific atten-
Su et al. . . . . disciplinary research field | . .,
6 research using bib- |metric analysis of| networks and clusters around . . tion to IPP or China’s
(2019) . . . . and that creative tourism
liometric methods |249 WoS articles| protection, management, . outbound cultural strat-
. . and authenticity are central .
policy and tourism . egies
topics
Bibliometric and | Reveals three stages of ICH Shows that tourism is a
R . central pathway through | Concentrates on tour-
Analyze ICH visualization tourism research and key . . . . .
Chen et . . . . which ICH is commodified |ism; IP issues and legal
7 tourism research in | analysis of 381 | hotspots such as authenticity, . . . .
al. (2023) . . . and internationalized, with | frameworks are only
China and abroad | Chinese and 545 | sustainable developmentand | . " . L
foreign articles community participation implications for IP and implicit
branding
. . Bibliometric and | Identifies legal protection, Prov1d§s the. most com- | Limited .to Chineselan-
Examine Chinese - . .. prehensive picture to date | guage literature; does
knowledge-map- |digital conservation, tradition- . . .
3 Huetal. | research on ICH ino analvsis of | al cultural expressions and of Chinese scholarship on | not yet incorporate
(2024) from an IPP per- png Y ral exp ICH-IPP and highlights post2020 develop-
. 91 CNKI papers | authentication as [PP-ICH .. . .
spective (2011-2020) research hotspofs digital and legal frontiers | ments or non-Chinese
P relevant to going global | work on Chinese ICH

This lack of synergy necessitates a holistic approach that accounts for the dual nature of ICH as both a public good and a

commercial asset.

Collectively, the literature demonstrates the need for a more integrated framework that includes:(1) conceptual clarity on

ICH-IP tensions;(2) institutional mechanisms through which ICH becomes cultural IP;(3) cross-border pathways that explain

how ICH circulates globally; and(4) analytical models linking technological, legal, and socio-cultural dynamics.

These gaps motivate the theoretical development in the next section.

3.Theoretical Framework

3.1 Conceptual Tensions Between Intangible Cultural Heritage and Intellectual Property
The relationship between intangible cultural heritage (ICH) and intellectual property (IP) is characterized by a set of structural

tensions that complicate both safeguarding and utilization. These tensions derive from the divergent ontologies on which

the two systems rest. ICH, as defined by UNESCO, is living, communal, relational, and continuously recreated "', Its value

lies not only in aesthetic forms but also in social meanings, ritual obligations, and collective identities. IP law, by contrast, is

fundamentally premised on exclusivity, identifiable authorship, originality, and temporal limits

Across the literature, three conceptual conflicts emerge as foundational.

Collective authorship vs. individual rights

[11]

Traditional cultural expressions (TCEs) are typically generated by communities over generations, making it difficult to
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identify a single rights-holder. This challenges copyright regimes, which presuppose individualized creators and fixed creative
acts M,

Dynamic evolution vs. fixation requirement

ICH practices evolve across time, regions, and practitioners Their fluidity conflicts with IP’s requirement for fixation
in a tangible medium and original expression . Attempts to freeze cultural expressions to satisfy IP requirements risk
undermining their vitality and altering their meaning within communities.

Cultural obligations vs. market incentives

While communities often treat ICH as a moral, ritual, or identity-based obligation, IP law encourages commodification by
granting exclusive rights to control access and derive economic benefit '"*'. Imposing proprietary logics on practices perceived
as shared cultural assets may generate internal conflicts and inequitable benefit-sharing arrangements.

These tensions have led scholars to question whether IP systems alone can adequately protect ICH, particularly in cross-
border contexts where misappropriation, distortion, and exploitation often occur "', At the same time, the absence of legal
protection may leave communities vulnerable to free-riding and symbol appropriation. The challenge, therefore, is not to
choose between IP or no IP, but to design culturally sensitive IP governance that aligns legal tools with the social meanings
and lifeworld of heritage-bearing communities.

3.2 A Pathway Model for the Transformation of ICH into Global Cultural IP

To address how ICH moves from community-centered cultural practice to globally circulating cultural IP, this article employs
a pathway model that synthesizes legal, institutional, creative, and technological dimensions. The model integrates insights
from Chinese and international scholarship on IPP, digitalization, tourism, and creative industries "', The pathway
comprises five interlinked stages.

Stage 1: Resource Identification and Institutional Recognition

ICH is formalized through listing mechanisms (UNESCO, national inventories, local registries) that construct its legitimacy
and symbolic value. Institutional recognition not only safeguards heritage but also initiates its transformation into a
mobilizable cultural resource.

Stage 2: Legal and Regulatory Frameworks

IP instruments, copyright, trademarks, GIs, related rights, and sui generis protections, shape how ICH can be owned, licensed,
and enforced ", These frameworks determine which actors (states, communities, enterprises) gain rights or responsibilities.
Stage 3: Creative and Digital Transformation

ICH undergoes reinterpretation through design, media production, tourism packaging, or digital technologies. Al-assisted
generative models, digital archives, and immersive exhibitions increasingly mediate this transformation, expanding ICH’s
expressive forms and target audiences "'

Stage 4: Cross-Cultural Translation and Market Circulation

ICH enters global circuits via tourism routes, cultural-creative products, international co-productions, digital platforms, and
social media. In this process, cultural meanings are reframed to fit foreign aesthetic expectations or narrative conventions ‘'’
Stage 5: Feedback Effects on Communities and Heritage Ecosystems

Global circulation produces material and symbolic consequences for local communities, including economic benefits, altered
identity relations, performance pressures, or transformations in heritage practice ' These feedback effects influence both
the sustainability and authenticity of ICH.

This conceptualization is illustrated in Figure 2, which serves as a roadmap for the empirical and analytical sections that follow.

Figure 2. Conceptual Pathways for Chinese Intangible Cultural Heritage as Global Cultural IP

ross-Cultural Translation
Market Circulation

3. Creative & Digital
Transformation

5. Feedback to Communities
& Heritage Ecosystems
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3.3 Multi-Level Embedding Theory for Cross-Border Cultural Transformation
While the pathway model explains how ICH becomes cultural IP within China, it is equally important to understand how
ICH gains traction abroad. Drawing on sociological theories of cultural embedding and cross-border media flows, this article
develops a multi-level embedding model to explain how ICH is interpreted, institutionalized, and circulated in destination
societies.
This model posits that successful global dissemination requires the coordination of three layers of embedding.
Cultural and Narrative Embedding
ICH is reframed into globally intelligible symbolic and narrative forms, for example, translating myths into hero narratives,
repositioning crafts within sustainability discourses, or adapting performance aesthetics to international tastes “!'”. Without
cultural resonance, ICH remains exoticized and fails to achieve meaningful reception.
Structural and Industrial Embedding
ICH must be integrated into global media, tourism, and platform infrastructures. This occurs through international co-
productions, distribution agreements, festival circuits, influencer networks, and cross-border tourism partnerships “'%.
Structural embedding determines ICH’s visibility and marketability.
Legal and Institutional Embedding
ICH must navigate foreign regulatory systems, including IP registration, licensing requirements, cultural policy frameworks,
and platform governance rules. Legal embedding shapes the rights communities hold abroad and the remedies available for
misappropriation .
The model treats cultural circulation not as linear export, but as reciprocal embedding, in which cultural forms adapt and are
adapted by the societies that receive them. This logic is visualized in Figure 3. The inner circle represents the ICH core, while
the concentric outer layers illustrate the varying degrees of socio-legal embedding required for global reception.

Figure 3. Multi-Level Social Embedding of Chinese Intangible Cultural Heritage in Destination Legal and Cultural

Environments

Destination Markets

Local Communities — — Platform Governance

International IP Regimes

Taken together, the pathway model and multi-level embedding framework provide a theoretical foundation for understanding
how ICH moves through domestic institutional systems, creative ecologies, global markets, and transnational legal

environments. These models guide the analysis of empirical literature and case studies in the following sections.

4.Methodology

This study adopts a systematic narrative review approach, integrating bibliometric insights, conceptual analysis, and
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comparative synthesis to examine the evolving intersections between intangible cultural heritage (ICH), intellectual property
protection (IPP), and globalization. Unlike quantitative meta-analyses, which require standardized datasets, the present topic
spans heterogeneous disciplines, including law, anthropology, cultural studies, communication, tourism research, and digital
humanities, necessitating a multi-method design that accommodates diverse epistemologies.

Accordingly, the methodology proceeds in three steps: (1) construction of the literature corpus; (2) thematic, conceptual, and
methodological coding; and (3) synthesis through visual and comparative instruments, including Figures 1-3 and Tables 1-4.
4.1 Corpus Construction

The literature corpus was built through iterative searches across major international and Chinese academic databases.

Web of Science (WoS): for global ICH, cultural policy, IP, and creative industry research.

Scopus: for interdisciplinary studies on cultural globalization and platform governance.

CNKI (China National Knowledge Infrastructure): the primary repository for Chinese-language ICH, IP, tourism, and
digitalization research.

Google Scholar: to capture grey literature and recent working papers, especially in emerging fields such as Al-driven cultural
design.

The initial keyword sets included combinations of:

intangible cultural heritage, ICH safeguarding, traditional cultural expressions, TCEs, heritage digitalization, intellectual
property, copyright, trademark, geographical indications, cultural IP, cultural globalization, going global, cultural soft power,
creative industries, Al, generative models, digital archives, knowledge graphs.

The search period covered 2003-2025, corresponding to the two decades following the UNESCO 2003 Convention. To
ensure analytical depth, only peer-reviewed journal articles and scholarly books were included; policy reports were used
selectively to contextualize legal developments.

The final dataset comprises three categories.

Legal and policy studies on ICH definition, safeguarding frameworks, IP doctrines, and TCE protection 741,

Empirical and bibliometric studies on ICH tourism, digitalization, knowledge mapping, and creative industries "“*1'I'5);
Cross-border cultural communication studies, including soft power, cultural discount, digital platforms, and co-production
models P17

This corpus underpins the synthesis presented throughout the article.

4.2 Coding Strategy and Analytical Dimensions

To structure the review, each article in the corpus was coded across three analytical dimensions:

Thematic focus

Articles were categorized into six clusters derived from inductive reading and aligned with prior bibliometric analyses """
Legal and institutional protection of ICH; Cultural policy and governance; Tourism and regional development; Digitalization
and Al-driven innovation; Creative industries and branding; Community studies and ethnographic work.

Methodological approach

Methods were coded as doctrinal legal analysis, policy analysis, bibliometrics/knowledge mapping, qualitative case study,
quantitative survey, or system/prototype design (reflecting emerging digital humanities and Al research).

ICH type

ICH elements were categorized based on UNESCO taxonomy: performing arts, traditional craftsmanship, rituals and
festivals, oral traditions, and mixed/composite forms.

This coding enabled cross-comparison across fields and provided the foundation for the synthesized thematic clusters shown
later in Table 3.

4.3 Methodological Limitations

As a narrative synthesis, the review does not claim exhaustive coverage of all ICH-related literature. The scope is
necessarily selective; prioritizing works directly addressing the ICH-IPP nexus or those illustrating pathways of cross-

border transformation. Moreover, disciplinary imbalances persist: legal scholarship tends to dominate discussions of IP,
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while ethnographic work provides thick cultural context but limited engagement with global market dynamics. Nevertheless,
the multi-dimensional coding and integration of bibliometric insights mitigate these limitations by providing balanced
representation across disciplines.

With these methodological foundations, the article now turns to the empirical landscape of ICH-IPP research and its

implications for the globalization of Chinese ICH.

5.Findings

5.1 Legal and Institutional Dynamics

Empirical research demonstrates that legal and institutional mechanisms form the core of China’s engagement with
intellectual property protection (IPP) in the domain of intangible cultural heritage (ICH). Chinese scholars have extensively
analyzed how copyright, trademarks, patents, and geographical indications (GIs) can be strategically combined to safeguard
ICH while enabling its reasonable utilization within creative industries """, These mechanisms constitute the backbone of
China’s national strategy to both protect and mobilize its cultural resources in global contexts.

Fragmented yet expanding scholarly attention: Bibliometric analysis by Hu et al. revealed a steady increase in Chinese
ICH-IPP publications after 2013, with clusters forming around copyright, geographical indications, legal safeguarding and
digital preservation !'”. Despite the growth in output, collaboration networks remain weak, indicating fragmentation across
institutions and disciplines. This fragmentation mirrors broader scholarly divisions between legal, tourism, and digital-
innovation strands.

Tensions in applying IP tools to ICH

Legal commentators identify several practical challenges in applying IP law to ICH.

Ambiguity in defining rights-holdersMany ICH elements involve collective or intergenerational authorship, making the
attribution of ownership and licensing authority extremely difficult. Empirical evidence suggests that patent-related disputes
often involve higher existential stakes for communities than trademark issues. For instance, when traditional medical
prescriptions or technical craft processes are formalized into private patents, it can result in “technological enclosure”. In such
scenarios, the heritage-bearing community may be legally barred from practicing their own ancestral techniques, undermining
the very foundation of living transmission. "',

Risk of over-commodificationThe use of IP tools, especially trademarks and Gis, can strengthen commercial visibility but
may shift power away from heritage-bearing communities toward external enterprises and state actors !"*I''*),

Conflicts in symbol usageSymbol-based misappropriation, exemplified by the unauthorized registration of ICH motifs as private
trademarks, is increasingly prevalent in various industrial sectors, generating disputes over authenticity and ethical use "’
Inadequate integration with safeguarding policiesChina’s ICH Law emphasizes safeguarding and transmission, whereas IP
mechanisms emphasize exclusive control; the integration of the two remains uneven.

Overall, empirical and doctrinal studies converge on the view that IP tools are necessary but insufficient to protect ICH
interests. Without participatory governance and culturally grounded implementation, legal protections risk reinforcing
inequalities or distorting heritage meanings """,

5.2 Tourism, Creative Industries, and Digital Platforms

ICH has become a key driver of tourism and creative industries in China, generating new pathways through which cultural
expressions are transformed into cultural IP capable of global circulation.

Tourism as a transformative force

A large body of Chinese and international scholarship conceptualizes ICH tourism as both a development strategy and
a mechanism of cultural reconfiguration. Chen et al. identify authenticity, community participation, and sustainable
development as persistent research hotspots *. Wang et al. show that the interaction between ICH vitality and tourism growth
generates synergistic effects: tourism enhances visibility and economic benefits, while revitalized ICH enhances destination
attractiveness ',

Nevertheless, tourism-led development also generates risks: staged authenticity, commercial overuse, cultural simplification,

and unequal benefit-sharing. Ethnographic studies in minority regions demonstrate that local communities often have limited
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voice in decisions involving IP registration, licensing, and branding “I''*),

Creative industries and re-narration of traditional symbols

Researchers note increasing incorporation of ICH into animation, film, games, cultural-creative products, and international
branding initiatives """, In these sectors, IP regime’s structure value capture through copyright bundles, trademark portfolios,
and licensing agreements. Yet studies also emphasize the phenomenon of cultural discount, whereby cultural products
rooted in non-Western contexts face interpretive gaps or reduced market acceptance abroad . This necessitates narrative
adaptation—reframing traditional motifs into globally intelligible story arcs, aesthetic styles, or sustainability discourses.
Digital transformation and Al-assisted cultural production

Digitalization has emerged as one of the most dynamic areas of ICH research in China. Several developments stand out:
Digital archives and multimodal knowledge graphsProjects such as CICHMKG integrate text, image, and metadata from the
national ICH inventory into structured knowledge systems that support cross-language search, visualization, and large-scale
cultural analytics "'°.

Interactive and immersive digital experiences3D modeling, VR exhibitions, and online museums expand global accessibility
but raise questions regarding the ownership and licensing of digitized cultural materials.

Generative Al for creative adaptationAl-powered design tools have been used to generate culturally informed paper-cutting,
New Year prints, or textile motifs, often with high acceptance among younger audiences "!!'”". These techniques enable
scalable visual production but risk diluting symbolic meanings or reproducing cultural elements without adequate community
consent.

Tensions around data ownership and algorithmic appropriationAl training datasets often contain digitized ICH materials,
creating uncertainties regarding copyright ownership, traditional knowledge rights, and long-term ethical obligations'®.
Collectively, these developments illustrate both the possibility and precarity of digital transformation as a means of
globalizing ICH.

5.3 Case Matrix of Chinese ICH Going Global

To illustrate how legal, cultural, and technological mechanisms interact in practice, this section synthesizes representative
case studies of Chinese ICH entering global circuits. These cases encompass traditional crafts, ethnic festivals, tourism
destinations, digitized heritage, and Al-generated cultural-creative content. Each case is evaluated along five dimensions: (1)

ICH type; (2) mode of export or transformation; (3) IP instruments employed; (4) outcomes and impacts; and (5) associated

risks. The resulting comparative matrix is presented in Table 2.

Table 2. Representative Case Studies of Chinese Intangible Cultural Heritage Going Global

Export / transforma-

Main IP instru-

festivals

rary sustainability
discourses

Case ICH type tion mode ments Reported outcomes| Risks / controversies

International exhi- v]?:i?)?ﬁfe_difgb:;_ External brands may

Chinese lacquer art Traditional bitions, design col- | Trademarks, design tion in toi’onte r%l o capture value; limited
(Song et al., 2019) | craftsmanship | laborations, cultural | rights, potential Gls p community control over

motifs and techniques

Miao heritage in
Guizhou (Liu, 2024)

Ethnic rituals,
costumes, and
songs

Heritage tourism, fes-
tival commodification,
performance packages

Collective trade-
marks; copyright in
performance record-

ings

Tourism revenues
increased; stronger
local identity

Staged authenticity;
community marginaliza-
tion in IP decisions

ICH—tourism co-de-
velopment (Wang et

Mixed perform-
ing arts, festi-

ICH towns, regional
branding, integrated

Local brands, service
marks, licensing con-

Synergy between
ICH vitality and

Over-commercialization,
crowding, environmental

al., 2024) vals, customs tourism routes tracts tourism growth pressure
C . C . e . | Ambiguous data own-
Digitization of Silk Rituals. crafts 3D digitization, virtual| Copyright in digi- | Increased accessi- ershin: misalienment
Road ICH (Li & . ” |exhibitions, cross-bor-| tal assets; platform | bility; strengthened P> &
narratives . . between state and com-
Wang, 2023) der cultural routes licensing cultural exchange

munity priorities
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Case

ICH type

tion mode

Export / transforma-

Main IP instru-
ments

Reported outcomes

Risks / controversies

Al-assisted paper-cut-
ting & New Year
prints (Wang et al.,
2024a; HarmonyCut;
GAN-based projects)

Paper-cutting;
woodblock
prints

Generative Al content
creation; digital cul-
tural products; social
media outreach

sisted outputs;

Copyright in Al-as-

trademarks for new
brands; unclear rights
over training images

Attraction of young-
er and international
audiences; scalable
creative production

Symbol dilution; un-
resolved consent and
benefit-sharing issues

Table 3 synthesizes the main thematic clusters in Chinese ICH-IPP research and shows how each cluster relates to China’s

outbound cultural strategies.

Table 3. Thematic Clusters in Chinese ICH-IPP Research and Their Links to Outbound Cultural Strategies

Cluster

Main research focus
(ICH-IPP theme)

Typical topics / keywords

Implications for outbound cultural strate-
gies (going global)

1. Legal and
institutional pro-
tection

Doctrinal analysis of ICH Law,
copyright, trademarks, GIs and
related rights; design of sui ge-
neris regimes and safeguarding
mechanisms

ICH Law, traditional cultural
expressions (TCEs), copyright,
geographical indications, collec-
tive marks, enforcement, misap-
propriation

Provides the legal infrastructure for transform-
ing ICH into cultural IP that can be registered,
licensed and enforced across borders; shapes
China’s negotiating position in WIPO and in
bilateral cultural trade.

2. Cultural policy
and governance

National and local cultural strat-

egies, cultural confidence, soft
power, and heritage governance

Cultural policy, soft power,
cultural diplomacy, heritage
governance, inventory systems,
multi-level administration

Frames ICH as a strategic resource for national

image-building and external communication;

links ICH-IPP policies to broader outbound

strategies such as the Belt and Road Initiative
and “telling China’s story well”.

3. Tourism and
regional develop-
ment

Use of ICH in destination
branding, festival economy and
regional revitalization

ICH tourism, destination brand-

ing, authenticity, sustainable de-

velopment, rural revitalization,
heritage towns

Positions ICH as a frontline carrier of culture
in physical mobility (tourists, festivals, routes);
creates cross-border contact zones where
heritage is experienced by foreign visitors, and
where IP issues (branding, copying) emerge.

4. Digitalization
and Al-driven
innovation

Digitization of ICH, online
archives, immersive media, and
Al-assisted design and commu-

nication

Digital archives, VR/AR muse-

ums, knowledge graphs, genera-

tive Al, online platforms, social
media communication

Enables platform-based global circulation of

ICH symbols, stories and skills; lowers entry

barriers for international audiences but raises

new questions about data ownership, algorith-

mic appropriation and cross-border IP gover-
nance.

5. Creative
industries and
branding

Integration of ICH into design,
animation, games, fashion and
cultural-creative products

Cultural-creative industries,
branding, licensing, co-brand-
ing, merchandising, franchise

models

Translates ICH into market-oriented cultural
IP portfolios that can circulate globally via
commodities, franchises and co-productions;
makes IP strategy (trademarks, copyright
bundles) central to outbound cultural competi-
tiveness.

6. Community
studies and eth-
nographic work

Lived experiences of heri-
tage-bearing communities,
participation, benefit-sharing,
identity

Community participation,
consent, benefit-sharing, perfor-
mance pressure, identity negoti-

ation

Reminds outbound strategies that long-term
sustainability and legitimacy depend on local
communities; highlights the need for partici-
patory IP arrangements and ethical standards
when ICH is projected to global audiences.

Synthesis of Findings

The cases illustrate several consistent patterns:

Hybridization of safeguarding and commercialization

Most successful global pathways rely on combining legal protection, creative adaptation, and technological mediation.
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Increasing role of platforms and intermediaries

Cultural platforms, design firms, tourism operators, and Al developers increasingly shape how ICH is represented and
monetized.

Persistent community marginalization

Even in participatory frameworks, communities often lack meaningful authority over IP decisions and revenue distribution.
Expanded yet ambiguous global audiences

Digital distribution enables rapid global reach but intensifies cultural reinterpretation, misreading, and symbolic loss.

These findings highlight the need for governance models that integrate legal, cultural, technological, and community-centered

perspectives.

6.Discussion

6.1 Cultural Discount, Narrative Translation, and Cross-Cultural Misinterpretation

The globalization of Chinese intangible cultural heritage (ICH) is deeply shaped by processes of cultural translation. Despite
growing international interest in Chinese aesthetics, craftsmanship, and traditional narratives, cultural discount remains a
persistent barrier to global acceptance. The concept refers to the reduced appeal of cultural products as cultural distance
increases . This phenomenon manifests in three ways.

First, narrative structures embedded in ICH—such as ritual logics, symbolic systems, and region-specific cosmologies—often
diverge from global mainstream storytelling conventions. When cultural products based on ICH adopt Westernized narrative
frameworks to enhance accessibility, they may inadvertently dilute or misrepresent traditional meanings.

Second, visual reinterpretation for foreign audiences can lead to aesthetic simplification or stereotyping. Designers often
adjust colors, forms, or motifs to align with global design trends, but these modifications may disconnect the symbolic
elements from their original social or ritual contexts """,

Third, knowledge asymmetries persist between heritage-bearing communities and global consumers. Without adequate
contextualization, digital or creative representations risk being consumed as exotic artifacts rather than as embedded cultural
practices ',

These dynamics highlight a paradox: global circulation expands visibility but increases the likelihood of misinterpretation.
This tension underscores the importance of embedding narrative explanations, contextual metadata, and culturally informed
design principles within ICH-based cultural IP.

6.2 Rights, Governance, and Ethical Risks in ICH Intellectual Property Protection

The findings reveal that while IP tools can support economic development and protect against misappropriation, their
application to ICH is neither neutral nor straightforward. The deployment of IP involves ethical trade-offs, power
asymmetries, and governance dilemmas.

Structural tensions in IP governance

As noted in legal scholarship, most IP categories presuppose individual authorship, fixed expressions, and exclusive rights,
which contradict the collective, fluid, and relational qualities of ICH[11][14]. These mismatches generate several governance
concerns:

Privatization of collective heritage

When trademarks or copyrights are registered by external enterprises or local governments, communities may lose control
over cultural expressions.

Cultural freezing

Codifying fluid traditions into fixed IP assets may inhibit natural evolution, experimentation, or intra-community diversity.
Disputes over ownership of digitized materials

As digital archives expand, questions arise concerning whether communities retain control over derivative uses of their
digitized cultural practices .

Ethical challenges in digital and Al-mediated transformation

Digitalization creates new forms of vulnerability:
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Training-data appropriation

Al systems trained on ICH images may generate outputs that diverge from or distort cultural meanings, while communities
may have no say in data use or resulting IP claims ®"°.

Opacity in algorithmic decisions

Cultural motifs may be recombined or stylized in ways that obscure lineage or symbolic significance.

Inequitable benefit-sharing

While digital platforms profit from cultural content, heritage-bearing groups often receive minimal economic return.

Risk mapping across the ICH value chain

To systematically capture these risk dimensions, Table 4 aligns cultural, legal, and sustainability risks with each stage of the
ICH-IPP—globalization pathway.

Table 4. Major Risk Dimensions Across the ICH Value Chain

Value-chain stage Cultural risks IP / rights risks Sustainability risks

Marginalization of everyday practic-
es; narrow selection of representative
items

Resource identifica-
tion & listing

Weak recognition of customary |Concentration of resources; neglect
rights; top-down designation of wider cultural ecologies

Loss of context; ritual and skill ~ |Unclear ownership of digital files;| Storage burdens; dependence on

Digital documentation L o . .
£ reduced to audiovisual fragments limited community control proprietary platforms

Creative translation & | Symbol dilution; stereotype rein- | Private appropriation of commu- | Shift from practice-based to de-
product design forcement nal motifs; ambiguous licensing |sign-centric production; de-skilling

Environmental pressures from tour-
ism; carbon footprint of cultural
trade

Cross-border distribu- | Narrative reframing; misinterpreta- | Jurisdictional enforcement gaps;
tion & marketing tion by foreign audiences limited community capacity

Feedback to commu- | Exclusion from decision-making; |Inequitable benefit-sharing; weak| Vulnerability to market cycles;
nities tension with external designers mechanisms for consent difficulty sustaining living practice

Synthesis of governance risks

Taken together, the risks reveal a structural pattern: as ICH moves along the value chain—toward digitization, creative
transformation, and global circulation—the cultural distance between heritage practice and commercial representation widens.
Without culturally sensitive governance, IP-based protection may not only fail to safeguard heritage but may exacerbate
marginalization or cultural distortion.

6.3 Sustainability and Community Participation in the Era of Global Circulation

Sustainability is increasingly recognized as a core principle in ICH governance. UNESCO emphasizes that safeguarding
requires maintaining the living character of heritage, which depends on viable community practice, intergenerational
transmission, and supportive socio-economic environments ',

Risks of performance-led and tourism-driven models

Empirical research indicates that tourism-driven strategies may create short-term economic opportunities but can shift
heritage practice toward staged performances designed for visitors rather than for community ritual purposes"”. When
communities become performers rather than practitioners, transmission may be reduced to spectacle, weakening long-term
sustainability.

Structural barriers to community participation

Despite policy rhetoric emphasizing participation, communities often remain peripheral in decisions about: IP registration and
licensing; Branding and tourism planning; Digitization priorities and platform governance; Use of traditional materials in Al
training; Allocation of economic benefits. Power asymmetries between government agencies, commercial partners, and local
communities impede equitable outcomes "',

Reimagining sustainability in digital and global contexts

Digital transformation creates new possibilities for revitalization, such as expanding youth engagement, enabling remote
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teaching, and facilitating transnational dialogue, but also raises concerns about data sovereignty, digital rights management,
long-term platform dependency, and cultural meaning distortion.

A sustainable ICH-IPP framework therefore requires:

Participatory governance models that grant communities authority over cultural data and IP decisions.

Ethical digital infrastructures ensuring transparency, consent, and fair use.

Socio-economic supports (funding, apprenticeships, labor protections) for long-term practice .

Together, these analyses demonstrate that ICH globalization is not merely a cultural or economic process but a complex legal,
ethical, and political negotiation. Cultural discount, rights ambiguities, and sustainability pressures intersect in ways that
require integrated governance frameworks rather than isolated IP solutions. These insights lay the groundwork for the final

section, which synthesizes implications for research, policy, and practice.

7.Conclusion and Implications

This article has examined the evolving relationship between intangible cultural heritage (ICH), intellectual property
protection (IPP), and globalization through an integrated review of legal scholarship, empirical studies, digital innovation
research, and cross-border cultural analyses. By synthesizing fragmented research strands, it advances a unified analytical
perspective, ICH-IPP, that treats safeguarding and utilization not as opposing agendas but as interdependent processes
structured by legal, cultural, institutional, and technological dynamics.

Three central insights emerge from this review.

7.1 ICH and IP operate on fundamentally different ontological and normative logics

ICH is characterized by collective custodianship, relational meanings, and continual transformation, whereas IP law
is designed around individual authorship, exclusivity, and fixed expressions *”. Attempts to reconcile the two systems
necessarily involve tensions, trade-offs, and reinterpretations. The conceptual frameworks developed in this article,
the pathway model and the multi-level embedding model, demonstrate how ICH becomes cultural IP through layered
transformations mediated by institutions, markets, platforms, and cultural narratives. These models help clarify why certain
forms of ICH gain global traction while others struggle to transcend cultural and legal boundaries.

7.2 The globalization of ICH introduces both unprecedented opportunities and significant risks
Tourism development, creative industries, digital archives, and generative Al have expanded the expressive range, visibility,
and economic potential of Chinese ICH "), Yet these same processes intensify cultural discount, narrative distortion,
symbolic dilution, and ethical dilemmas regarding data ownership, benefit-sharing, and community participation “*. The risk
mapping presented in Table 4 illustrates how vulnerabilities emerge at every stage of the ICH value chain—from resource

identification to global market circulation—and why IP alone cannot resolve these systemic challenges.

7.3 Sustainability and community participation remain the decisive factors shaping the future of ICH
in global contexts

Without mechanisms that guarantee communities’ meaningful involvement in decision-making, licensing, data governance,
and benefit distribution, the transformation of ICH into cultural IP risks reinforcing power asymmetries and undermining the

[23

social foundations that sustain living heritage . As digitalization accelerates and Al-driven cultural production expands,

these concerns become even more urgent.

7.4 Implications for scholarship

Future research on ICH-IPP should pursue deeper interdisciplinarity, combining legal analysis with ethnography, media
studies, computational methods, and political economy. Longitudinal and comparative studies are needed to trace how
ICH evolves across institutional regimes and cultural markets **. Moreover, cross-cultural audience research and affective
reception studies will be critical for understanding cultural discount, narrative interpretation, and aesthetic negotiation in
global dissemination.

7.5 Implications for policy and governance

For policymakers, the findings underscore the need for governance models that balance protection, innovation, and

sustainability. This includes designing culturally sensitive IP frameworks that recognize collective rights and customary
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norms; establishing conditions for community participation and informed consent in digital and commercial uses of
ICH; improving international coordination through WIPO, UNESCO, and bilateral mechanisms to address cross-border
misappropriation; integrating ICH safeguarding with broader sustainable development agendas, including education, rural
revitalization, and environmental protection.

7.6 Implications for practitioners and creative industries

For designers, platforms, and cultural enterprises, the review highlights the importance of ethical engagement with heritage-
bearing communities, transparent licensing practices, and careful narrative framing to avoid misrepresentation. As Al and
digital platforms reshape creative production, practitioners must consider cultural data governance, algorithmic accountability,
and fair benefit-sharing **'.

In conclusion, the globalization of Chinese ICH represents a critical site for understanding contemporary cultural politics,
digital economies, and transnational legal governance. ICH will continue to evolve as it circulates across platforms, markets,
and borders. The challenge—and opportunity—Ilies in ensuring that such evolution strengthens rather than erodes the living
cultural practices that sustain community identity, creativity, and continuity. A culturally sensitive, legally grounded, and
technologically informed approach will be essential for guiding this future.

Figure 4. The Dual Logic Framework Underpinning the Global Circulation of Chinese ICH
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Abstract: In the process of agricultural modernization in the United States and France, land concentration and farm
mergers have been carried out. However, due to the differences in the initial conditions of land resource endowment and the
dependence on the path of institutional development, the two countries have formed different institutional evolution results.
China’s agricultural development urgently needs to take the road of scale. Based on the existing agricultural basic conditions,
small and medium-sized family farms have become a realistic choice. However, compared with professional farmers in
developed countries, small farmers in China have congenital shortcomings, and it is difficult to spontaneously grow into the
main body of modern large-scale agricultural business. The “enterprise + farmers” proposed in this article is divided into
a cooperation model. Enterprises provide all-round support to small farmers with their capital, technical and management
advantages, providing an important growth path for small farmers to grow into family farms, which will become the main
organizational form of China’s agricultural modernization suitable for national conditions.
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1.Introduction

Like many developed countries, China has also implemented a phased policy of agricultural feeding industry to a certain
extent in the process of industrialization. Cheap raw materials and low labor costs contributed to the rapid completion of
industrialization. As a result, once the initial goals of industrialization were achieved, the Chinese government initiated a
policy shift toward industry nurturing agriculture, placing agricultural and rural issues at the forefront of its agenda.

At the same time, advances in agricultural technology—particularly the rapid development of agricultural mechanization—
have significantly boosted farming efficiency and continually expanded the effective boundaries of production scale, creating
a strong demand for large-scale agricultural development. On the other hand, historical policies such as land reform, the
People’s Commune system, and the Household Responsibility System implemented since the founding of the PRC have led
to fragmented farmland and a small holder-based production structure, which are ill-suited to the productivity requirements
of modern scaled agriculture. Although institutional innovations such as land titling and transfer have addressed the issue of
land supply for large-scale farming, there has yet to be a breakthrough in the form of agricultural operators and organizational

models, making this an urgent challenge for agricultural development. The “enterprise + farmers” profit-sharing model
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integrates the advantages of traditional household farming with modern scaled agriculture, and is poised to become a key

organizational form suited to China’s context on the path to agricultural modernization.

2.Literature review

The earliest economic research on sharecropping can be traced back to Marshall’s Principles of Economics (1890). Using a
tax-equivalence approach, he argued that under competitive wage conditions, share tenancy leads to an under-supply of labor
and thus results in efficiency losses. Steven N.S. Cheung demonstrated that, in the absence of transaction costs, the efficiency
of land use under sharecropping, fixed rent, and owner-cultivation is identical ". He later developed the theory of contractual
choice, pointing out that under positive transaction costs and risk aversion, share contracts possess efficiency advantages .
Joseph Stiglitz found that when labor effort is difficult to observe, share contracts provide positive incentives and effective
risk-sharing properties . Avishay Braverman and Joseph Stiglitz, focusing on agriculture in less developed countries, argued
that when farmers have informational advantages regarding production technology and inputs, share contracts offer efficiency
benefits by enabling cost-sharing . Clive Bel, Radwan All Shaban, Elisabeth Sadoulet, Alain de Janvry and Seiichi Fukui,
Pierre Dubois, M. F. Ahmed and M. M. Billah, Nozilakhon Mukhamedova and Richard Pomfret, Wijaya through empirical
analyses across different countries and regions, argue that sharecropping entails efficiency losses and have examined various

factors influencing its efficiency”"".

Jean-Jacques Laffont found that when the tenant’s output share decreases, agricultural production efficiency also declines .
Marc F. Bellemare research on reverse sharecropping between poor landlords and rich tenants, discusses a rationale for them
that relies on weak property rights as well as the legal doctrine of adverse possession '*. Debapriya Sen demonstrated that, under
conditions of seasonal price fluctuations, sharecropping outperforms fixed-rent contracts "', Toritseju Begho et al. suggest that
Nepalese sharecroppers’ adoption of soil management practices is more context-dependent than uniformly hindered .

Liu Tingting et al. categorized contract farming in China into four models: leading enterprise-driven (enterprise+ farmer
contracting), intermediary organization-coordinated (coordinated by cooperatives, etc.), cooperative-integrated (farmer
self-organization with full-chain cooperation), and agribusiness-complex (enterprise-led integration of production, supply,
and marketing) ', Liu Luhao et al. proposed a “social enterprise + farmers” contractual cooperation model, classifying it
into decentralized, close-knit, and centralized types based on the degree of production service support, and further analyzed
optimal pricing strategies under each model """, Lei Lixia and Zhang Yingliang, in their analysis of village-enterprise contract

choices, found that when ex-ante bargaining costs are excessively high, share contracts offer efficiency advantages !'".

3.A Comparison of Institutional evolution in American and French Family Farms

The family farm is a modern agricultural micro-entity that has evolved from self-cultivating or small-scale farming
households. It relies primarily on family members as its labor force, engages in scaled, intensive, and market-oriented
agricultural production and operation, depends on agricultural income as the main source of household earnings, and adopts
enterprise-style management. According to international agricultural census data, family farms account for 98% of all farms
globally and supply at least 53% of the world’s food "”. The key advantage of family farms lies in their ability to effectively
leverage the incentive effects of family labor and the benefit of zero supervision costs, making them particularly suitable for
China’s current agricultural reality, where small-scale farmers remain the mainstay of production.

Among the world’s major agricultural producers, the United States and France stand out for their exceptional agricultural
productivity, placing them at the forefront globally. This achievement can be largely attributed to the well-developed operational
models and sophisticated management systems that family farms in both countries have refined through long-term evolution.
China can draw on valuable lessons from the experiences of American and French family farms and, by integrating them with its
national conditions and agricultural characteristics, explore and develop a family farm model tailored to its own context. Such an
approach would contribute significantly to promoting scaled and highly efficient agricultural development in China.

3.1 Institutional changes of family farms in the United States

According to the 2022 USDA Census of Agriculture, there are approximately 1.61 million family farms in the United States,

accounting for 85% of all farms (Table 1). The structure of U.S. farming exhibits a bimodal distribution, characterized by a
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large number of small farms coexisting with a small number of large-scale operations. As shown in Table 1, small farms (less
than 180 acres) make up 57.3% of all farms, while large and very large farms (more than 1,000 acres) account for 8.4%. Table 2
illustrates that in 2024, 78.9% of U.S. farms had a gross cash farm income (GCFI) of less than $100,000, operating on 25.9% of
total farmland. In contrast, only 6.1% of farms reported a GCFI exceeding $1,000,000. These larger farms accounted for 35.8%
of farmland and contributed to over 70% of total agricultural output, with an average farm size of 2,727 acres.

The coexistence of small and large farms in the United States, with a minority of large-scale operations dominating the
agricultural industry, is closely tied to the country’s historical land policies and has evolved through a prolonged institutional
transformation. As early as the colonial era, American agriculture was primarily organized around self-sufficient family units,
operating under a subsistence-based yeoman farmer model. Farms typically ranged from 50 to 500 acres and were extensively
managed. After gaining independence in 1776, the United States gradually promoted the privatization of public lands. Starting
in 1820, the government attracted settlers to develop the western territories by selling public lands at low prices. A critical
turning point came with the passage of the Homestead Act of 1862, which played a key role in the formation of scaled family
farms. Under this act, eligible individuals could claim 160 acres of western public land by paying a $10 registration fee and
gain full ownership after cultivating the land for five years or by paying additional fees. This policy broke the monopoly of
land speculators on western resources. Between 1850 and 1859, the federal government sold nearly 50 million acres of land,

directly giving rise to 600,000 family farms.
Table 1 2022 US farms by legal status and size

Farms by legal status for tax purposes Numbers Percentage
Family or individual 1,609,899 84.7%
Partnership 125,457 6.6%
Corporation 127,648 6.7%
Other 37,483 2%
Farms by size Numbers Percentage
1 to 9 acres 234,592 12.3%
Small farm 10 to 49 acres 566,912 29.8%
50 to 179 acres 530,529 27.9%
Middle sized farm 180 to 499 acres 288,379 15.2%
500 to 999 acres 120,456 6.3%
Large farm 1000 to 1999 acres 76,311 4.0%
Very large farm 2,000 acres or more 83,308 4.4%

other includes estate or trust, prison farm, grazing association, American Indian Reservation etc.

Data source : USDA 2022 census of agriculture
Table 2 2023-2024 US Farm Size by Economic Sales Class

Percent of total
Economics sales class Number of farms Land in farms Average farm size
2023 2024 2023 2024 2023 2024
(percent) (percent) (percent) (percent) (acres) (acres)
$1,000-$9,999 48.3 48.1 8.5 8.5 82 82
$10,000-$99,999 30.7 30.8 17.7 17.4 267 263
$100,000-$249,999 6.6 6.6 11.2 11.4 785 799
$250,000-$499,999 4.6 4.6 12.7 12.8 1283 1289
$500,000-$999,999 3.7 3.7 14.3 14.2 1788 1789
$1,000,000 or more 6.0 6.1 355 35.8 2723 2727
Total 100.0 100.0 100.0 100.0 464 466
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Percent of total may not add to 100 due to rounding.

Data source: USDA: Farms and Land in Farms February 2025

After the implementation of the Emancipation Proclamation in 1865, 4.3 million black slaves gained freedom. In 1866, the
U.S. Congress passed the Southern Homestead Act, opening 46 million acres of public land across five southern states to
freedmen. In coastal areas of Georgia and South Carolina, approximately 40,000 black families received land allocated at
a standard of 40 acres per household. However, following President Johnson’s “Amnesty Proclamation,” most confiscated
lands were soon returned to their original plantation owners who had sworn allegiance to the Union. Subsequently, across
much of the southern plantation regions, both black and poor white farmers rented land from landowners (former plantation
owners) through sharecropping or fixed-lease arrangements, forming family farms. According to the 1880 USDA Census of
Agriculture, the average size of family farms in southern states reached 520 acres, 2.3 times larger than those in the North.
This disparity reflected the transformation from the large-scale labor management model of the slavery era to family-based
operations, while also laying the organizational foundation for future large-scale farming practices.

Between 1862 and 1900, the U.S. federal government distributed a total of 500 million acres of public land, of which only
80 million acres were allocated under the Homestead Act. The remaining 400 million acres were largely transferred through
alternative channels: 25% were auctioned off to land speculators, while 75% were directly granted to state governments
and railroad companies, who subsequently sold them to land speculators . This speculative land acquisition intensified
the process of land concentration. Coupled with agricultural mechanization and modernization, large-scale corporate farms
emerged in the western United States. From the late 19th century through the 20th century, waves of farm consolidation
persistently reduced the number of farms while expanding their average size, ultimately forming a production structure
dominated by a small number of large-scale operations.

To summarize, the United States benefits from extensive plains, per capita arable land far exceeding the global average, and
highly contiguous land plots, providing natural conditions conducive to mechanized farming. In terms of agricultural industry
structure, it exhibits core characteristics of highly specialized division of labor and well-developed socialized services. The
federal government has divided the country into 10 “agricultural production regions,” forming segmented production zones
where individual farms typically focus on producing only one or two types of agricultural products. Simultaneously, the
agricultural socialized service system has continuously improved, with segments such as seed supply, machinery operations,
processing, and storage outsourced to specialized organizations. This allows family farms to concentrate on core production
activities, further enhancing economies of scale.

3.2 Institutional changes of family farms in French

France, with a land area of just 550,000 km?, is the largest agricultural producer in the European Union and a major global
exporter of agricultural products. According to the 2020 agricultural census data from the French Ministry of Agriculture,
there are currently 390,000 farms in the country, with family farms accounting for 54.3% of the total. These are primarily
medium-scale family-operated farms (Table 3, Table 4).

Table 3 Farm Size by Economic Sales class in France

Economic dimension 2010 2020 2023
numbers Percentage numbers Percentage numbers Percentage
Micro-farms 149.0 30.4% 102.3 26.2% 76.2 21.8%
Small-scale farms 122.2 24.9% 97.4 25.0% 90.8 26.0%
Middle-scale farms 126.8 25.9% 97.9 25.1% 91.9 26.3%
Large-scale farms 92.0 18.8% 922 23.7% 90.7 25.9%
Total 490.0 100% 389.8 100% 349.6 100%

Data Source: Statistical and Prospective Service (SSP) of the Ministry of Agriculture and Food Sovereignty in France
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Table 4 Farms in Major Agricultural Countries of EU

Item EU France Germany Italy Poland
Farms(2020 number ) 9067 300 393 030 262 560 1130530 1301 490
Small farms (under €8,000 on average per year)(per- 65.6% 14.2% 15.8% 5229, 63.9%
centage of all farms in 2020)

Family farms (percentage of all farms in 2020) 87.8% 54.3% 81.0% 90.4% 97.9%
Farm managers with full agricultural training (2020) 10.2% 38.5% 18.8% 6.8% 26.4%
Value of crop output (percentage of EU total in 2024) 100.0% 15.8% 12.4% 14.2% 6.3%

Cereals production (thousand tonnes in 2024) 257 700.61 53 554.31 39 052.4 14 185.51 3434578

Data Source: Eurostat, 2025-12-9

From a historical development perspective, the evolution of family farms in France began with the dissolution of the feudal
land system. Prior to the French Revolution in 1789, 2% of the clergy and nobility controlled 35% of the land, while over 20
million peasants held only 65% of land resources. In 1793, the National Convention issued a land decree, which divided the
lands of fleeing nobles, the royal family, and the church into small plots for sale. Peasants were allowed to pay in installments
over ten years, and all feudal obligations were abolished without compensation. This enabled hundreds of thousands of
landless peasants to gain land ownership. However, this reform also led to the issue of land fragmentation. According to the
1955 French agricultural census, among the country’s 2.2857 million farms, 1.2772 million were small-scale farms under 25
acres, accounting for 55.9% of the total. Land fragmentation thus became a major obstacle to the scaling and modernization
of agricultural development.

The path to agricultural scaling in France began with land consolidation and industrial redistribution. Starting in the 1960s,
the French government implemented a series of policies to promote land concentration and the expansion of farm sizes.
Driven by incentives such as agricultural subsidies, low-interest loans, and tax benefits for land transfer, the number of farms
continued to decline while their average size gradually increased. Between 1955 and 1997, the total number of farms in
France dropped from 2.2857 million to 679,800, a reduction of 70%, while the average farm size expanded from 40 acres
to 103 acres, an increase of 157.5%. Throughout this process, the government avoided forced land acquisitions. Instead, it
adopted an approach characterized by “voluntary transfer + cooperative integration,” which optimized the allocation of land
resources while preserving the central role of family farms.

In terms of agricultural industry structure, France operates under a dual-layer management system consisting of family farms
and agricultural cooperatives. The establishment of the “Agricultural Mutual Assistance Association” in 1920 marked the
institutional beginning of the agricultural cooperative movement in France. French agricultural cooperatives are mutual-aid
and functional collaborative organizations voluntarily formed by farmers themselves. These cooperatives provide services
such as shared agricultural machinery, bulk purchasing, collective sales, and technology extension to family farms. Over 90%
of French farmers are members of agricultural cooperatives and adopt intensive farming practices. On this basis, family farms
often specialize in the production of a single commodity, while processes such as planting, harvesting, and marketing are
handled by specialized service organizations. This approach maintains moderate scale while enhancing production efficiency
and commercial output.

3.3 Comparison and reference

During the process of agricultural modernization, particularly in large-scale grain production, the efficiency gains from
economies of scale are crucial, as mechanization and technological advancement both rely on expanded operational size.
Therefore, land consolidation and farm mergers played vital roles in the agricultural modernization of both the United
States and France. However, due to differences in initial land resource endowments and the path dependency of institutional
development, the two countries developed distinct institutional outcomes: the U.S. exhibits a bimodal structure with both

large and small farms, though large-scale operations dominate; whereas France features a dual-layer management system
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centered on medium-sized family farms and agricultural cooperatives.

In the early 20th century, sharecropping was widespread in the plantation regions of the American South. Large landowners
divided their estates into small plots managed by individual families, with tenants paying a predetermined share of their
harvest as rent. In contrast, France’s agricultural cooperatives provided services such as shared machinery, bulk purchasing,
collective marketing, and technical extension to family farms. This system represented an institutional innovation designed
to capture economies of scale in mechanization, input procurement, sales, and technology adoption—all while maintaining
medium-sized farm operations. Furthermore, in both the United States and France, farmers generally attained high levels of
education, and agricultural support services were relatively well-developed. These factors also provided a solid foundation for

the advancement of agricultural modernization in both countries.

4.“Enterprise + Farmer” sharecropping family farm model

China’s agricultural development urgently needs to move toward scaling up production. Large-scale enterprise-based
farms, such as state-owned farms in Northeast China and those under the Xinjiang Production and Construction Corps,
have achieved scaled operations by leveraging unique historical contexts, vast land resources, and centralized management
systems. However, due to various practical constraints, this model cannot be widely replicated across the country. Under
current conditions, small and medium-sized family farms represent a more realistic pathway for agricultural development.
Compared to professional farmers in developed countries, small-scale farmers in China face inherent limitations: a lack
of initial capital accumulation and risk tolerance, relatively low educational levels that hinder effective adoption of new
agricultural technologies, and underdeveloped agricultural social services. These factors collectively impede spontaneous
evolution into modern, scaled agricultural entities. At this stage, the “enterprise + farmer” sharecropping model for family
farms demonstrates significant efficiency advantages. Companies provide comprehensive support to small farmers through
capital, technology, and management expertise, creating a viable pathway for small farmers to grow into family farms.

4.1 The practical constraints of the spontaneous transformation of small farmers into large-scale

farmers
As shown in Figure 1, in China, 88.9% of land transfers occur through leasing arrangements. In terms of the destination of

these transfers, 46% of the land is still flowing to small-scale farmers, making it difficult to achieve economies of scale. For
small farmers to spontaneously transition into large-scale farm operators, they must overcome multiple barriers—including
financing, technology, management, risk mitigation, and land consolidation. However, inherent limitations among small
farmers and the lack of external support systems make it difficult for this transition to occur independently.

Capital constraints. Scaling up to family farms requires substantial upfront investments—such as land transfer rents, high-
quality seeds and fertilizers, and large agricultural machinery—all of which involve long capital recovery cycles. Small
farmers in China generally lack initial capital accumulation and are often reluctant to rely on loans for productive inputs.
Compounding this issue, the limited availability of effective rural financial services further restricts their access to the
necessary funds for both initial investment and sustained operational expenses in scaled production.

Figure 1 2023 Cultivated Land Transfer in China: Formation and Destination
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Data Source : Ministry of Agriculture and Rural Affairs

Limited technological adoption capacity. The transition to large-scale agriculture relies on advanced technologies such as
precision planting, water-efficient irrigation, and intelligent monitoring. However, the overall education level of farmers in
China remains relatively low, which restricts their ability to understand, operate, and adapt such technologies. In addition,
underdeveloped agricultural social services and inefficient technical extension channels further limit small farmers’ access to
effective guidance, hindering the adoption of modern agricultural technologies.

Insufficient modern farm management skills. Operating a large-scale farm involves multiple aspects—including land use
planning, production scheduling, cost control, quality assurance, and market forecasting—all of which require professional
management expertise. Small farmers, accustomed to traditional decentralized production, often lack experience in integrated
planning, standardized management, and data-driven decision-making. This frequently leads to inefficient resource use, high
operational costs, and inconsistent product quality, ultimately undermining the viability of scaled agricultural operations.
Deficient risk management capabilities. Small farmers have traditionally relied on natural conditions for production and
lack proactive risk management strategies. Agricultural production is exposed to significant external risks—including
natural disasters, pests and diseases, and volatile market prices—and scaling up operations further amplifies these risks.
Small farmers often lack both the technical capacity to mitigate natural risks and adequate insurance coverage, as existing
agricultural insurance schemes suffer from low penetration and insufficient protection. When major risks materialize, many
face severe financial losses that can take years to recover from, making it difficult to sustain large-scale operations.

Limited capacity for land consolidation. Small farmers typically lack the organizational strength and bargaining power needed
to consolidate adjacent plots. Even when willing to expand, they often struggle to negotiate contiguous land transfers through
independent consultation. Fragmented land holdings hinder the adoption of mechanized farming and standardized production
practices, preventing the realization of economies of scale.

4.2 Contract design for “enterprise + farmer” sharecropping family farms

Given the fragmented nature of agricultural land in rural China, where land ownership belongs to the village collective and
original contractors hold land contract rights, enterprises can obtain land management rights through leasing agreements.
The village collective is responsible for consolidating small plots into larger contiguous areas and leasing them as a whole
to enterprises. The land rent is determined by local market conditions and is prepaid before each planting season. Overall,
land rents remain relatively stable; between 2018 and 2024, the average rent in rural areas of Shandong Province ranged
from ¥1,000 to ¥1,200 per mu. Leveraging their information advantages, village collectives recommend suitable family farm
operators to enterprises.

Enterprises and farmers enter into a sharecropping agreement where both parties agree on a revenue-sharing ratio in advance.
At the beginning of the planting season, both sides contribute to covering the costs of land rent, seeds, pesticides, and
fertilizers according to the predetermined ratio. The farmers is responsible for carrying out the farming activities, while the
enterprise provides planting guidance and technical support. After the harvest, the revenue is distributed between the two
parties based on the agreed-upon ratio (as illustrated in Figure 2).

Under the sharecropping agreement, the enterprise is responsible for the following functions: (1) Developing a digital
accounting APP to record farming costs in real time and conduct cost-benefit analysis, establishing a foundation for mutual
trust and post-harvest revenue sharing. 2 Providing professional guidance on seed, pesticide, and fertilizer selection based
on soil conditions and climate, while leveraging centralized procurement to reduce costs. (3) Dispatching technical experts
to offer on-site guidance and training to farmers, facilitating the adoption of new agricultural technologies. @ Implementing
unified storage and sales of harvested crops to enhance market prices. 5 Establishing brand management systems to control
output quality (including pesticide residue levels) and capture brand premium value. (6 Managing risks by monitoring
climate changes and market price information, employing hedging and other financial instruments to mitigate agricultural

price risks. (D Purchasing agricultural insurance to reduce production risks caused by climatic factors.
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Figure 2 “Enterprise + Farmer” Sharecropping Family Farm
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Under the sharecropping agreement, the farmer is responsible for the following functions: (1) Utilizing the digital accounting
APP to record all inputs such as seeds, pesticides, and fertilizers used during the farming process. (2 Making full use of
agricultural expertise to carry out farming activities (including planting, irrigation, and fertilization) primarily relying on
family labour. (3 Hiring additional labour and leasing large agricultural machinery during peak seasons, with all incurred
costs accurately recorded in the accounting APP. (4) Following the enterprise’s unified guidance, training sessions, and quality
management standards.

The sharecropping contract offers the advantage of enabling both parties to “combine their strengths, share costs, share risks, and
distribute profits.” Under this arrangement, both the enterprise and the farmer enjoy residual claimancy, which maximizes each
party’s effort without incurring supervision costs, thereby ensuring the contract’s efficiency. The primary risks in agricultural
production stem from climate variability and market price uncertainty, making it difficult to accurately predict future farming
conditions. The sharecropping contract ensures that, despite the inherent incompleteness of contracts, both parties work together
to respond effectively to unexpected events. Furthermore, the sharecropping contract and the underlying land lease are implicitly

long-term in nature, which helps address challenges related to maintaining and improving soil fertility.

Conclusion

The “enterprise + farmer” sharecropping model is a production organization form well-suited for the early stages of
agricultural modernization, aligning with the current basic national conditions of Chinese agriculture, which face inherent
constraints. Under this sharecropping arrangement, the complementary advantages of both parties are realized: by linking
effort to returns, farm operators are motivated to manage their farms more diligently, while enterprises provide technical
support, capital investment, and enhance overall efficiency through unified procurement and marketing as well as technical
services. Long-term cooperation between enterprises and farmers strengthens trust, reducing friction and costs associated with
supervision, thereby yielding efficiency advantages. However, research on sharecropping contracts remains relatively scarce,

particularly in-depth studies on the standards for determining the share distribution ratio are urgently needed.
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Abstract: As a living epic sustained primarily through oral transmission The Song of King Gesar has increasingly entered
contemporary public culture through spatial and material forms. Taking The Song of King Gesar as a case study, this article
investigates how epic narrative is translated from a linguistic and performative mode into a spatial and experiential cultural
landscape. Drawing on spatial narratology and cultural landscape theory, the study examines the narrative characteristics of
The Song of King Gesar, the logic through which temporal narrative structures are transformed into spatial configurations,
and the concrete spatial practices through which this translation is realized. The analysis demonstrates that The Song of
King Gesar is not a simple visualization or display of epic content, but a form of narrative space constructed through spatial
layout, symbolic nodes, and visitor pathways. In this process, core epic motifs are re-encoded as spatial symbols, while
narrative progression is achieved through embodied movement and experiential engagement, reshaping both the mode of
representation and the mode of reception. By shifting the epic from a tradition centered on telling and listening to a cultural
practice structured around seeing, walking, and experiencing, this spatial translation enables the epic to sustain its core
cultural meanings while acquiring new forms of visibility and continuity in contemporary society. This study contributes
to research on living epics and intangible cultural heritage by demonstrating how traditional narratives can be rearticulated
through cultural landscapes, thereby offering a spatial perspective on the contemporary transformation of narrative tradition.
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1.Introduction

The Song of King Gesar is one of the most significant heroic epics of the Tibetan people and is also globally distinctive as
a living epic tradition that continues to be transmitted primarily through oral performance. Scholars have long recognized
that the epic is remarkable not only for its vast scale and rich content, but also for its distinctive narrative modes, cultural
meanings, and forms of transmission. As such, it has been widely regarded as a crucial cultural text for understanding Tibetan
historical memory, cultural identity, and narrative traditions (Norbu Wangdan, 2017; Tashi Dongzhu, 2009). Unlike many
epics that have been stabilized through written canonization, The Song of King Gesar has historically relied on the oral
performances of bards, whose storytelling practices have allowed the content, details, and expressive forms of the epic to vary
across regions and historical periods. For this reason, the epic is commonly defined in scholarship as a paradigmatic example

of a “living epic,” characterized by continual regeneration rather than textual fixity (Norbu Wangdan, 2017).
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Existing research on The Song of King Gesar has primarily been conducted within the disciplines of epic studies, ethnic
and minority literature, folklore, and cultural anthropology. These studies have focused on issues such as narrative structure,
character construction, cultural symbolism, and the dynamics of oral tradition. For instance, some early scholarship,
through systematic examination of textual versions and variants, has argued that while the epic developed a relatively stable
overarching narrative framework, it nevertheless retained a high degree of openness and variability in actual performance
contexts (Xu Guogqiong, 1959). From the perspective of oral tradition, Tibetan scholars have emphasized the improvisational
nature and multi-version phenomenon of Gesar storytelling, arguing that the epic’s reliance on formulaic oral composition
is precisely what enabled it to endure across regions and historical eras (Tashi Dongzhu, 2009). Building on this foundation,
later studies have proposed the concept of “living transmission,” highlighting that The Song of King Gesar does not exist
as a fixed textual entity but is continually embedded in social life through ongoing narration, performance, and re-creation,
thereby functioning as a form of collective cultural memory (Norbu Wangdan, 2017).

In the contemporary context, especially with the advancement of intangible cultural heritage protection and local cultural
development initiatives, The Song of King Gesar has begun to transcend its traditional modes of transmission centered on oral
performance and textual documentation. It has increasingly entered public cultural spaces through diverse material and spatial
forms. The emergence of cultural landscapes such as “Gesar King City” marks a significant shift, in which epic narrative is
transformed into a spatially organized, visually accessible, and experientially navigable cultural form. This transformation
expands the channels through which the epic is disseminated, enabling narratives once dependent on oral performance
to be re-presented through architectural design, spatial sequencing, and visual symbolism within contemporary cultural
consumption. As existing studies on cultural heritage suggest, the continuation of traditional culture in modern society
rarely involves simple replication of earlier forms; instead, it often entails the reconfiguration and reinterpretation of cultural
memory through the construction of cultural landscapes and public spaces (Li Nan, 2022).

However, despite extensive scholarship on The Song of King Gesar, academic attention has remained largely concentrated
on textual analysis, oral tradition, and literary adaptation. Relatively little systematic discussion has been devoted to how the
epic is translated into spatial form within contemporary cultural practices, or to how such spatial translation reshapes modes
of narrative reception. Cultural landscapes such as Gesar King City are often examined primarily within the frameworks of
tourism development or cultural display, while their significance as “narrative spaces” has yet to be adequately theorized.

In response to this gap, the present study approaches Gesar King City as a cultural spatial form structured around epic
narrative and examines how The Song of King Gesar is translated from an orally transmitted narrative tradition into a cultural
landscape mediated through spatial experience. The article focuses on how the epic’s narrative structure is materialized
within the spatial organization of the site, and how visitor pathways, spatial nodes, and symbolic design elements collectively
generate a form of “narrative-in-motion,” in which storytelling unfolds through embodied movement. Through this analysis,
the study aims to illuminate an important mode through which epic narrative persists in contemporary contexts, and to offer
new perspectives on the relationship between traditional literary forms and modern cultural space.

1.1 Research Objectives

The primary objective of this study is to examine how The Song of King Gesar, as a living epic traditionally transmitted
through oral performance, is translated from a temporal and linguistic narrative form into a spatial and experiential cultural
landscape in contemporary contexts. Specifically, the study aims to analyze the narrative characteristics of the Gesar epic
that enable its transformation into spatial form, to elucidate the underlying logic through which epic narrative structures are
reorganized into spatial configurations, and to investigate the concrete spatial practices—such as spatial layout, symbolic
nodes, and visitor pathways—through which this translation is realized in Gesar King City. By conceptualizing Gesar King
City as a form of narrative space rather than a mere site of cultural display, the research seeks to demonstrate how spatial
organization functions as a medium of storytelling that reshapes both narrative representation and reception. Ultimately, the
study aims to contribute to scholarship on living epics and intangible cultural heritage by offering a spatial narratological

perspective on the contemporary transformation and continuity of traditional narrative forms.
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2.Narrative Characteristics and the Living Tradition of The Song of King Gesar

As a Tibetan heroic epic, The Song of King Gesar has, through its long history of transmission, developed a narrative
structure that is both relatively stable and inherently flexible. At the macro level, the epic typically begins with the divine
descent of Gesar, followed by his victory in the horse race through which his legitimacy as king is established. This is
succeeded by a series of military campaigns in which Gesar subdues hostile forces and restores social order, and the narrative
ultimately concludes with his withdrawal from the human world and return to the divine realm. This foundational narrative
framework recurs across different regions and versions, constituting the core narrative spine of the Gesar epic tradition.
Scholarly research has pointed out that it is precisely this relatively stable overarching structure that enables The Song of
King Gesar to maintain narrative coherence despite its immense scale and complex plotlines, thereby providing a structural
basis for its long-term transmission (Xu Guoqiong, 1959).

Unlike literary works that have undergone textual fixation, however, the narrative of The Song of King Gesar does not
exist in the form of a definitive written text. Instead, it is primarily sustained through the oral performances of bards. In
actual storytelling practices, performers frequently adjust and elaborate upon the epic in response to specific occasions,
audiences, and their own experiential repertoires. As a result, the same narrative episode may display notable variation in
detail, length, and even plot arrangement across performances. Research on Gesar’s oral tradition emphasizes its pronounced
improvisational quality and multi-version phenomenon, arguing that such variability does not signify narrative instability
but rather constitutes a fundamental mechanism through which oral literature sustains itself (Tashi Dongzhu, 2009). It is
through this continual process of narration and variation that the epic adapts to diverse regional cultural contexts and remains
embedded in everyday social life.

The multiplicity of versions generated through oral transmission gives The Song of King Gesar its distinctive “living”
character. Scholars commonly employ the term “living epic” to describe this mode of transmission, underscoring that the epic
is not a completed artifact fixed at a particular historical moment, but a narrative tradition continuously produced through
ongoing storytelling, performance, and re-creation. Studies have further noted that the living quality of The Song of King
Gesar is manifested not only in the differences among textual or performative versions, but also in its close integration with
social life. Through activities such as bardic performances, ritual practices, and festival celebrations, the epic continually
acquires renewed vitality and functions as a form of collective cultural memory embedded within broader social and cultural
practices (Norbu Wangdan, 2017). This open-ended narrative mode allows the Gesar epic to maintain an active relationship
with contemporary society.

It is precisely because The Song of King Gesar combines a relatively stable narrative framework with a highly open and
living tradition that it possesses an inherent capacity for translation into other expressive forms. On the one hand, the
clearly identifiable narrative structure provides a coherent reference point for the re-articulation of the epic’s meanings; on
the other hand, the flexibility and variability intrinsic to oral tradition create interpretive space for the epic’s re-expression
in contemporary contexts. Grounded in these narrative characteristics, The Song of King Gesar is able not only to persist
through textual and performative modes, but also to lay the narrative foundation for its transformation into spatial forms

within modern cultural practices.

3.From Epic Narrative to Spatial Expression: The Logic of Translation

Epic narratives are conventionally organized through temporal progression, constructing a complete story by arranging events
in sequential order. Yet narrative meaning does not rely solely on linear temporality. Epic storytelling typically contains
clear hierarchical structures, key narrative nodes, and recurring thematic motifs. These structural features allow narrative
meaning to remain intelligible even when detached from a purely temporal dimension and reconstituted through other modes
of perception. As studies in spatial narratology have demonstrated, narrative organization inherently possesses a spatial
dimension at the level of meaning-making: temporal sequences can be transformed into positional relations, pathways,
and overall spatial configurations, thereby enabling the spatialization of narrative expression (Long Diyong, 2008). This

theoretical insight provides an essential foundation for understanding how epic narrative may be translated from linguistic
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form into spatial form.

Within literary and cultural studies, space is no longer regarded as a passive backdrop for narrative action but is increasingly
understood as an active medium through which narrative meaning is generated. Research has emphasized that the relationship
between narrative and space is not one of simple correspondence. Rather, spatial arrangements themselves—through
layout, symbolism, and visual organization—participate in the construction of meaning and shape interpretive direction and
emotional orientation (Fang Ying, 2020). Once narrative enters spatial form, storytelling no longer unfolds primarily through
language, but is reorganized through spatial order, visual symbols, and embodied experience, allowing space itself to function
as a mode of narrative expression.

More specifically, the translation of narrative into space is not a straightforward replication of the original narrative, but a
process that necessarily involves selection, compression, and reconfiguration. This is particularly evident in epic narratives
characterized by multiplicity and openness. In such cases, spatial representation requires choices to be made within a vast
and flexible narrative system, fixing certain core events, symbolic scenes, or thematic motifs to construct a coherent and
recognizable spatial structure. Spatial narrative research suggests that when narrative is mapped onto concrete space, it
inevitably undergoes processes of condensation, reordering, and thematic emphasis; such structural reorganization constitutes
a prerequisite for narrative spatialization (Shi Fei; Gao Caichi; Meng Lu; Jiang Zhijie, 2014). Spatialization, therefore, does
not aim at narrative reproduction, but rather at the creation of a new organizational mode.

At the same time, once narrative is translated into spatial form, its mode of reception is fundamentally transformed.
Traditional epic narratives are primarily perceived through auditory and linguistic channels, whereas spatialized narratives
emphasize movement, visual engagement, and bodily participation, enabling audiences to gradually construct narrative
understanding through physical traversal. Research in literary geography indicates that spatial narratives guide audiences
toward coherent meaning-making through pathways and spatial settings, allowing narrative communication to occur even in
the absence of complete verbal narration (Long Diyong, 2003). This embodied mode of storytelling opens new possibilities
for the transmission of epic narratives within contemporary cultural contexts.

Based on the above analysis, it becomes evident that epic narrative possesses inherent conditions for translation from
temporal structure into spatial structure, and that space functions not as a passive container but as a key participant in the
construction of narrative meaning. It is within this theoretical framework that Gesar King City can be understood as a
concrete instance of translating The Song of King Gesar into narrative space. Through spatial layout, symbolic nodes, and
the design of visitor pathways, epic narrative is transformed from oral storytelling and textual representation into a cultural
landscape that can be traversed and experienced, thereby establishing the conceptual basis for the subsequent analysis of
Gesar King City.

In the contemporary cultural context, Gesar King City does not merely exist as a physical site for the display of Gesar
culture; rather, its spatial form itself constitutes a mode of cultural expression centered on epic narrative. From overall
spatial planning to individual spatial nodes and the organization of visitor routes, Gesar King City systematically translates
the narrative structure of The Song of King Gesar through spatial means, enabling the epic to shift from a predominantly
linguistic mode of narration to an experiential cultural landscape structured by movement and perception.

At a macro level, the spatial configuration of Gesar King City should not be understood as an arbitrary aggregation of
architectural elements, but as a culturally organized spatial structure shaped by symbolic meaning. Cultural geography
research emphasizes that cultural landscapes are not merely accumulations of natural or built components, but holistic spatial
manifestations of specific cultural values and meaning systems (Zhao Nina, 2022). In this sense, Gesar King City constructs a
symbolic spatial order through the establishment of central spaces, hierarchical differentiation, and overall spatial coherence.
This structure formally resonates with the epic’s hero-centered narrative logic, allowing concepts of kingship, order, and
sacred authority to be perceived intuitively through spatial relations. As Zhao Nina has argued, the spatial organization of
cultural landscapes itself functions as a crucial medium of meaning expression, capable of conveying core values without
reliance on verbal explanation (Zhao Nina, 2022).

Within this overall layout, Gesar King City further translates key epic motifs into tangible spatial forms through the
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establishment of symbolically charged spatial nodes. Research in spatial narratology suggests that significant spatial nodes
can assume narrative functions, serving as materialized representations of story events and meanings (Long Diyong, 2010). In
Gesar King City, spaces associated with royal legitimacy, heroic conquest, and sacred authority are often assigned prominent
visual positions and symbolic emphasis, thereby forming narrative focal points within the spatial system. These spatial nodes
do not constitute literal reenactments of epic episodes; rather, they distill and reorganize epic motifs through symbolic design.
As Fang Ying has noted, narrative motifs are frequently re-encoded through processes of symbolization and visualization
during spatial translation, allowing them to be expressed within new media forms (Fang Ying, 2021).

In addition to spatial layout and nodal design, the organization of visitor pathways represents a crucial mechanism through
which Gesar King City achieves narrative spatialization. Whereas epic narrative traditionally progresses through temporal
sequence, spatialized narrative emphasizes guided movement through space, producing what may be described as a
“narrative-in-motion.” Studies of cultural landscapes indicate that pathway design often embeds implicit narrative sequences,
directing perception and movement so that audiences gradually construct meaning through spatial experience (An Qi, 2016).
In Gesar King City, visitors do not receive narrative information simultaneously; instead, they encounter different narrative
nodes progressively as they move through space, enabling epic meaning to be continuously constructed through embodied
experience.

This embodied mode of spatial narration significantly alters the reception of epic narrative. Research in literary geography
suggests that spatial narratives generate cultural identification through pathways, places, and movement, allowing
narrative meaning to emerge through spatial perception rather than solely through linguistic comprehension (Fang Ying,
2020). Compared with traditional modes of auditory or textual reception, spatialized narrative places greater emphasis on
participation and experiential engagement, thereby enabling epic narratives to acquire renewed modes of transmission within
contemporary cultural fields.

In sum, through overall spatial organization, symbolic spatial nodes, and the structuring of visitor pathways, Gesar King
City systematically translates the narrative structure of The Song of King Gesar into a spatialized and experiential cultural
landscape. In this process, the epic is not simply reproduced in textual form, but undergoes a re-encoding of meaning through
spatial reorganization. This mode of narrative space construction not only responds to the need for the continuation of the
epic’s living tradition in contemporary contexts, but also provides a concrete case for understanding the relationship between

traditional narrative forms and cultural landscapes.

4.The Significance of Translating Epic Narrative into Cultural Landscape

An examination of Gesar King City as a concrete case demonstrates that The Song of King Gesar has not remained
confined to its traditional modes of oral narration or textual representation in the contemporary context. Instead, through
spatial translation, the epic has entered the realm of cultural landscape, giving rise to a new mode of narrative expression.
This process does not constitute a simple substitution of form; rather, it involves a reconfiguration of the epic’s modes of
representation, reception, and cultural function while preserving its core symbolic meanings.

At the level of representation, epic narrative shifts from a predominantly language-based mode to one centered on spatial
presentation and visual expression. Traditionally, The Song of King Gesar relied primarily on bardic performance, in which
narrative worlds were constructed through voice, rhythm, and verbal imagery. Within the cultural landscape, however, the
epic is transformed into a visible and legible spatial form. Architectural layout, symbolic spatial nodes, and overall spatial
order collectively assume narrative functions, enabling key epic motifs to be “seen” through spatial configuration. This
transformation does not entail the disappearance of narrative content, but rather a change of medium, through which the epic
acquires renewed visibility in contemporary society.

At the level of reception, spatialized narrative fundamentally alters the pathways through which the epic is perceived and
understood. Whereas traditional epic transmission is primarily based on listening or reading, the narrative space constructed
by Gesar King City emphasizes embodied participation and experiential movement. Visitors gradually construct narrative
meaning through bodily engagement with space, as understanding emerges in the process of walking, observing, and

encountering symbolic sites. In this process, audiences are no longer passive listeners or readers; instead, they actively
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participate in narrative construction through their movement along designated paths and interaction with spatial nodes.
The epic thus shifts from a cultural form centered on linguistic comprehension to a cultural practice mediated by spatial
experience.

In terms of cultural function, the translation of epic narrative into cultural landscape expands the modes through which The
Song of King Gesar exists within contemporary society. As a living epic, its continuity has historically depended on folk
performance, ritual practice, and communal storytelling. The emergence of cultural landscapes allows the epic to enter more
open public cultural spaces, where it participates in contemporary cultural display and the construction of collective identity.
As studies of intangible cultural heritage have emphasized, the continuity of traditional culture in modern society does
not necessarily depend on the complete preservation of original forms; rather, it is often achieved through reproduction in
new media and expressive modes (He Xuejun, 2005). In this sense, Gesar King City can be understood as a transformative
pathway through which the epic is rearticulated in the contemporary cultural context.

It must also be acknowledged that the translation of epic narrative into cultural landscape inevitably involves processes of
selection, compression, and stabilization. To some extent, this reduces the openness and multi-version characteristics intrinsic
to the epic’s oral tradition. At the same time, however, it allows the epic’s core meanings to remain identifiable and intelligible
within the contemporary cultural environment. Research on cultural landscapes suggests that spatial form itself constitutes a
crucial mode of cultural meaning-making; its value lies not in the complete replication of original cultural forms, but in the
reorganization and reinterpretation of cultural significance (Xiao Jing, 2013). From this perspective, the spatialization of epic
narrative represents both a result of necessary selection and a practical condition for the epic’s continued circulation.

In sum, the translation The Song of King Gesar into cultural landscape not only transforms its modes of representation and
reception, but also creates new possibilities for its continuation in contemporary society. Through the construction of narrative
space, the epic can enter new communicative contexts while retaining its core cultural meanings, thereby demonstrating the

enduring vitality of traditional narrative forms within contemporary cultural practice.

5.Conclusion

Taking The Epic of King Gesar and Gesar King City as its objects of analysis, this study has examined the question of how
epic narrative is translated into cultural landscape, with particular attention to the mechanisms and cultural implications
of the transformation from linguistic narration to spatial expression. Through a systematic analysis of the epic’s narrative
characteristics, the logic of narrative-to-spatial translation, and the spatial practices embodied in Gesar King City, the study
argues that Gesar King City should not be understood as a simple display of epic content. Rather, it constitutes a form of
narrative space constructed through spatial layout, symbolic nodes, and visitor pathways.

The analysis demonstrates that, in the process of translation into cultural landscape, the narrative structure of The Song
of King Gesar is reorganized into a spatial order. Core epic motifs are visualized through spatial symbols, while narrative
progression is realized through movement and embodied experience. This process not only transforms the mode of
representation of the epic, but also reshapes its mode of reception, shifting it from a cultural form centered on “telling” and
“listening” toward one structured around “seeing” and “experiencing.”

In terms of academic significance, this study introduces a spatial narratological perspective into research on The Song of
King Gesar and demonstrates, through a concrete case, how traditional narrative forms can acquire new modes of expression
in contemporary cultural contexts through spatial translation. By bridging epic studies and cultural landscape studies, the
analysis contributes to ongoing discussions on the transformation of intangible cultural heritage in modern society and offers
a new lens through which to examine the contemporary rearticulation of traditional narratives.

It should be noted that this study focuses primarily on Gesar King City as a single case. Comparative analysis of similar
cultural spaces in different regions, as well as empirical research on audience experience and reception, has not been
undertaken here. Future research may build upon this foundation by exploring the diverse forms and social impacts of epic
spatialization, thereby further deepening our understanding of the mechanisms through which traditional narratives are

reconfigured and sustained in contemporary cultural practice.

59



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

Funding

This research was supported by the Gesar Culture Research Center of Ganzi Prefecture, Sichuan Minzu College, under

the project entitled “An Analysis of the Development Potential of Gesar Cultural Tourism in Ganzi Prefecture: A Multi-
Dimensional Evaluation Based on the AHP Method” (Project No. GZGSWH202503).

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1]

(2]

[3]

(9]

An, Q. (2016). Application of landscape narrative methods in heritage site landscape design (Master’s thesis, Xi’an
University of Architecture and Technology).

Fang, Y. (2020). Literary mapping: The overlapping terrain of literary spatial studies and narratology. Foreign Literature
Studies, 42(2), 39-51. https://doi.org/10.19915/j.cnki.fls.2020.02.004

He, X. J. (2005). Theoretical reflections on the protection of intangible cultural heritage. Jiangxi Social Sciences, (2),
103-109.

Li, N. (2022). Cultural memory and meaning interpretation: Gesar from the perspective of the Chinese national
community. Journal of Northwest Minzu University (Philosophy and Social Sciences), (2), 40—47. https://doi.
org/10.14084/j.cnki.cn62-1185/c.20220301.001

Long, D. Y. (2003). On spatial narration in modern novels. Jiangxi Social Sciences, (10), 15-22.

Long, D. Y. (2008). Spatial narratology: A new field of narratological studies. Journal of Tianjin Normal University (Social
Sciences), (6), 54—60.

Long, D. Y. (2012). Juxtaposition as a thematic mode of spatial narration. Narrative Studies, (00), 107—158.

Nuobu, W. D. (2017). Collective memory and modern interpretation of the Epic of Gesar. Northwest Ethno-National
Studies, (3), 53—63. https://doi.org/10.16486/j.cnki.62-1035/d.2017.03.006

Shi, F., Gao, C. C., Meng, L., & Jiang, Z. J. (2014). The origins of spatial narrative methods and their application in
urban studies. Urban Planning International, 29(6), 99-103, 125.

[10] Xiao, J., & Cao, K. (2013). Narrating history through space: The application of narrative techniques in historic city

conservation planning. Planners, 29(12), 98—-103.

[11] Xu, G. Q. (1959). The Tibetan epic The Epic of King Gesar. Literary Review, (6), 45-54.
[12] Zhaxi, D. Z. (2009). Tibetan oral cultural traditions and the oral-formulaic features of Gesar. Ethnic Literature Studies,

(2), 104-111.

[13] Zhao, N. N. (2022). A narratological study of the spatial sequence of Yan’an red cultural landscapes (Master’s thesis,

Chang’an University). https://doi.org/10.26976/d.cnki.gchau.2022.001673

60



Asia Pacific Ec ic and Manag t Review

Asia Pacific Science Press A
APSP Vol. 3 No.1 (2026)

Cross-Border M&A and High-End Brand Transformation: A
Case Study of ANTA’ s Acquisition of Amer Sports

Yusong Zhang*

International College, Guangzhou College of Commerce, Guangdong, 511363, China

*Corresponding author: Yusong Zhang

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstract: With the deepening of global economic integration, cross-border mergers and acquisitions (M&A) have become a
vital strategy for Chinese enterprises to achieve high-end brand transformation. This paper examines the leveraged acquisition
of Amer Sports by a consortium led by ANTA Sports, a landmark transaction valued at 4.6 billion euros. Through case anal-
ysis and financial data verification, the motivations, risks, and integration strategies of this deal are systematically explored.
The research indicates that the primary motivations include expanding global market share, optimizing the brand portfolio
to move up the value chain, and seizing growth opportunities in the Chinese winter sports market. Despite challenges such
as high financial leverage and cross-cultural integration issues, ANTA successfully achieved synergies. This was achieved
by maintaining brand independence, empowering backend operations, and promoting a direct-to-consumer (DTC) model.
Financial data reveals that Amer Sports achieved profitability in 2021, with revenue reaching 5.18 billion USD by 2024. This
case provides significant insights for Chinese consumer goods companies seeking to expand internationally through strategic
acquisitions.
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1.Introduction

In the context of deepening global economic integration, the internationalization of Chinese enterprises has entered a new
stage. Unlike the early period, which mainly focused on acquiring upstream resources, current strategies have shifted toward
seeking high-end brands, advanced technology, and global management experience. Cross-border mergers and acquisitions
(M&A) are increasingly regarded as an essential tool for firms to move up the global value chain. For the sports equipment
industry in China, this transition is particularly critical due to the changing domestic market environment.

Domestically, the sports equipment market has become highly competitive and is approaching saturation. The global
sportswear market has long been dominated by international giants such as Nike and Adidas, creating high entry barriers for
local companies. Although leading enterprises like ANTA Sports have established strong advantages in local retail operations,
relying solely on internal growth is no longer sufficient to maintain long-term development. Furthermore, consumer demand
has shown a clear polarization trend. With rising income levels, especially among consumers, the growing middle-income
group has moved beyond basic functional needs and increasingly values brand culture and professional identity.

Against this background, acquiring international sports brands with clear positioning and strong technical foundations
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became a strategic priority. Amer Sports, a Finnish company that owns well-known brands such as Arc’teryx and Salomon,
drew significant attention in the capital markets. While Amer Sports possessed a diversified brand portfolio covering both
professional and lifestyle segments, its presence in the Chinese market remained limited. This created a complementary
opportunity. The combination of Amer’s brand assets and ANTA’s local retail capabilities provided a solid foundation for
value creation.

Therefore, this study aims to examine the motivations, implementation process, and post-merger integration strategies of
this landmark acquisition. By analyzing strategic considerations and synergy mechanisms, empirical evidence is provided
for the applicability of synergy theory to emerging-market multinational enterprises. This case offers valuable insights into
how Chinese consumer goods firms can manage challenges, such as financial pressure and cultural integration, following

international acquisitions.

2.Literature Review

The rise of emerging market multinational enterprises (EMNESs) has prompted extensive academic inquiry. While early
research focused on resource seeking, recent scholarship emphasizes how these firms use cross-border mergers and
acquisitions (M&A) to acquire strategic assets and enhance capabilities.

2.1 Theoretical Evolution: From Springboard to Upgrading

The Springboard Perspective, originally proposed by Luo & Tung (2007), remains foundational. It suggests EMNEs use
international expansion to overcome latecomer disadvantages. Recently, Luo & Tung (2018) updated this theory, emphasizing
that for Chinese firms, M&A is no longer just about survival but about aggressively accessing global innovation networks.
This aligns with the specific characteristics identified by Ramamurti & Hillemann (2018), who argue that Chinese firms
leverage government-created advantages and leapfrogging strategies to turn latecomer disadvantages into competitive edges.
By aggressively acquiring mature global assets, firms like ANTA can bypass traditional evolutionary stages, leveraging policy
support and capital to instantly establish a global brand ecosystem.

2.2 Knowledge Transfer and Brand Integration

Post-merger integration (PMI) is a critical determinant of M&A success, particularly for emerging-market enterprises seeking
to upgrade their capabilities. Nair et al. (2015) emphasize the strategic importance of reverse knowledge transfer (RKT),
arguing that emerging-market multinationals actively seek to acquire overseas subsidiaries that act as specialized contributors
to access specific technological and managerial competencies. By tapping into these advanced knowledge bases, acquirers
can effectively overcome the “liability of emergingness” and accelerate their catch-up process despite the complexity of
the knowledge involved. This theoretical perspective explains ANTA’s intent not merely to own Amer Sports’ assets, but to
internalize its R&D and global brand management capabilities to bridge its own capability gaps.

However, extracting this value requires a delicate balance to avoid destroying the target’s unique culture. To facilitate
knowledge transfer while minimizing cultural conflict, Liu & Woywode (2013) advocate for a light-touch integration
approach. Their research defines this strategy as a synthesis of preservation and symbiosis: the acquirer retains the target’s
local management team and brand identity to protect its core competencies, while simultaneously providing strategic
guidance and resources through advisory boards. This model perfectly aligns with ANTA’s strategy of “brand independence
with backend empowerment,” enabling Amer Sports to retain its premium image and innovation culture while benefiting from
ANTA’s supply chain efficiency and local market access.

2.3 Research Gap

Current literature has extensively covered general manufacturing M&A. However, studies specifically addressing the sports
and consumer goods sector, where emotional connection and brand heritage are paramount, remain limited. This paper aims
to bridge this gap by examining how a Chinese firm manages the financial and cultural complexities of acquiring a mature

Western brand consortium.

3.Case Overview
ANTA Sports was established in 1991 in Fujian. ANTA Sports evolved from a traditional manufacturing entity into a
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comprehensive sports equipment group. Prior to the acquisition, the company had successfully transitioned from a wholesale
model to a retail-oriented strategy, managing a portfolio that included ANTA, FILA, and DESCENTE. This strategic shift
reflects the broader industry trend in which Chinese firms are migrating from original equipment manufacturing (OEM) to
original brand manufacturing (OBM) to capture higher-value-added segments (Yang, 2022). By 2018, ANTA operated over
10,000 stores and achieved revenue of 24.1 billion RMB. However, its revenue remained highly dependent on the domestic
market, and the group lacked a strong foothold in the global high-end professional equipment sector.

Table 1 Main Financial Indicators of ANTA Sports in 2018

Indicator 2018 2017 Changes

Revenue (RMB million) 24100 16692.5 144.4%

Gross profit (RMB million) 12687.3 8241.1 154.0%

Profit from operations (RMB million) 5699.8 3988.7 142.9%

Profit attributable to equity shareholders (RMB million) 4102.9 3087.8 132.9%
Basic earnings per share (RMB cents) 152.82 117.01 130.6%

Free cash inflow (RMB million) 3448.9 2662.2 129.6%

Gross profit margin 52.60% 49.40% 13.2p.p.

Operating profit margin 23.70% 23.90% 10.2p.p.

Margin of profit attributable to equity shareholders 17.00% 18.50% 11.5p.p.
Total dividends per share (HK cents) 78 98 120.4%
Dividend payout ratio 44.90% 70.20% 1253p.p.

Data source: ANTA’s 2018 Annual Results Conference

Amer Sports is a Finland-based global group possessing premium assets such as Arc’teryx and Salomon. Unlike ANTA, Amer
Sports maintained a mature global sales network across Europe and North America but faced stagnant growth and limited
penetration in the emerging Chinese market. The operational complementarity between the two entities was significant.
ANTA offered high retail efficiency and local market access, whereas Amer provided global brand equity and specialized
R&D capabilities that were difficult to develop internally.

In December 2018, an investor consortium led by ANTA Sports, combined with FountainVest and Tencent, launched a formal
tender offer for Amer Sports. The transaction was valued at approximately 4.6 billion euros with an offer price of 40.00 euros
per share. This consortium structure enabled ANTA to mitigate financial risks while leveraging its partners’ digital resources.
Following regulatory approvals in multiple jurisdictions, the acquisition was finalized in March 2019. This deal marked a

significant milestone, facilitating ANTA’s transformation from a regional leader into a globally competitive sports group.

4.The Motivations and Risks

The acquisition of Amer Sports by ANTA was not only a financial transaction but a complex strategic maneuver designed
to reshape the company’s global trajectory. The multidimensional motivations behind the deal and the significant risks that
accompanied such a high-stakes leverage buyout.

4.1 Strategic Motivations

The primary driver of the acquisition was the urgent need for global expansion and market diversification. Before 2018,
ANTA Sports had established a dominant position in the domestic market. However, the company faced the growth ceiling
characteristic of local leaders. Its revenue was heavily concentrated in mainland China, leaving it vulnerable to fluctuations in
the single market. As noted in the case data, international business accounted for a negligible proportion of total revenue. To
overcome this, acquiring Amer Sports provided an immediate global footprint. Amer Sports possessed a mature sales network
across Europe, North America, and the Asia-Pacific region. By leveraging these established channels, ANTA aimed to bypass
the lengthy, costly process of organic internationalization and, through the acquisition, use it as a springboard to transform

from a regional entity into a global sports group. This aligns with the Springboard Perspective, updated by Luo & Tung

63



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

(2018), which posits that emerging-market enterprises use M&A to acquire global assets and aggressively reduce latecomer
disadvantages.

Secondly, the acquisition was driven by the strategic necessity to optimize the brand matrix and ascend the value chain.
Before the merger, one part of ANTA’s brand portfolio was anchored by the main ANTA brand, which targeted the mass
market with functional, cost-effective products. The other part was occupied by FILA, which successfully catered to the
sports fashion segment. However, a critical gap existed in the middle: the specialized, high-end professional sports equipment
sector. Amer Sports, with its portfolio of luxury professional brands like Arc’teryx (outdoor), Salomon (skiing/running),
and Wilson (ball sports), perfectly filled this void. Integrating these brands enabled ANTA to build a comprehensive brand
gradient spanning the mass-market, sports fashion, and professional high-end sectors. Strategic Asset Seeking is essential for
firms aiming to enhance brand equity and capture higher profit margins in a competitive industry.

Furthermore, policy-driven market opportunities played a crucial role. The acquisition coincided with the Chinese
government’s strategic initiative to promote winter sports, aiming to reach “300 million people participating in ice and snow
sports” ahead of the Beijing Winter Olympics. While Amer Sports held a strong position in winter equipment, its presence in
China was weak. Conversely, ANTA possessed deep local retail capabilities but lacked top-tier winter sports products. The
merger created a perfect synergy, allowing ANTA to capitalize on the explosive growth of the domestic winter sports market
by introducing Amer’s premium products through ANTA’s extensive distribution network.

4.2 The Risks and Challenges

Despite the clear strategic logic, the acquisition entailed substantial risks, primarily financial pressure due to high leverage.
The transaction value of 4.6 billion euros was enormous relative to ANTA’s asset size at the time. This scenario necessitated
significant debt financing, leading to a sharp increase in the group’s leverage ratio. The immediate consequence was a
heavy burden of interest expenses, which compressed distributable profits and strained operational cash flow. Moreover, a
significant portion of the transaction value was recorded as goodwill. If the post-merger performance of Amer Sports failed
to meet expectations, or if the market outlook for specific segments declined, the company faced the risk of massive goodwill
impairment, which could severely damage financial results.

In addition to financial risks, cultural and managerial integration posed a severe challenge. Successful cross-border M&A
requires not just financial resources but the ability to manage cultural friction. As Liu & Meyer (2020) highlight, the liability
of foreignness often hinders integration. ANTA and Amer Sports operated with fundamentally different organizational DNAs.
ANTA, rooted in the competitive Chinese market, was characterized by a result-oriented, KPI-driven, and highly efficient
retail culture. In contrast, Amer Sports, headquartered in Finland, emphasized R&D, professional functionality, and a slower-
paced, engineering-driven approach. Imposing ANTA’s aggressive sales targets on Amer’s product teams could potentially
stifle innovation and lead to the loss of core technical talent. Therefore, finding a balance between maintaining Amer’s brand
independence and improving its operational efficiency was a critical test for ANTA’s management.

Finally, operational risks associated with business model transformation were significant. A key part of the post-merger
strategy was to transition Amer Sports from a wholesale-dominated model to a Direct-to-Consumer (DTC) model. While
DTC offers higher margins and better consumer data, it demands exceptional capabilities in supply chain management,
inventory control, and retail operations. For a company like Amer, which had relied on distributors for decades, this
transformation involved a steep learning curve. Improper execution could lead to inventory backlogs and increased
operational costs, further exacerbating financial pressure from debt service. External factors, such as global trade tensions
and the unforeseen impact of the COVID-19 pandemic shortly after the deal, further amplified these risks, creating a volatile

environment for the integration process.

5.Performance Analysis

The ultimate measure of a cross-border merger and acquisition (M&A) lies in whether the integration strategy effectively
translates into tangible operational and financial performance. Following the acquisition of Amer Sports, ANTA Sports faced
the dual challenge of managing high financial leverage and integrating a complex global brand portfolio. Data from 2019 to

2024 indicates that the company successfully navigated the initial integration period and achieved significant value creation,
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validating the strategic motivations outlined in the previous section.
5.1 Enhancement of Market Position
The most immediate impact of the acquisition was the substantial expansion of ANTA’s market share and global influence.
By integrating Amer Sports, the group successfully consolidated its leadership in the Chinese market while establishing a
formidable global presence. According to financial data, ANTA’s market share in China steadily increased to 23.0% by 2024.
This growth allowed the company to surpass international competitors and rank first in the domestic industry(See Table2).
Furthermore, the group’s consolidated revenue exceeded 100 billion RMB, placing it among the top three sports equipment
groups globally, trailing only Nike and Adidas. This shift demonstrates that the acquisition effectively propelled the company
from a regional leader to a top-tier global player. The brand synergy was particularly evident in the Greater China region. By
leveraging ANTA’s extensive retail network, Amer Sports accelerated its market penetration. In 2024, revenue from Greater
China accounted for nearly 25% of Amer Sports’ revenue, making it the fastest-growing market for the subsidiary. This
outcome confirms the efficacy of the global brand, local operation model.

Table 2. Anta Market Share from 2020 to 2024

Year 2024 2023 2022 2021 2020

Market Share 23.0% 19.0% 19.5% 17.7% 15.5%

Data source: ANTA annual reports over the years
5.2 Operational Efficiency and Asset Turnover
Analyzing operational indicators reveals a trajectory of “short-term pressure followed by long-term recovery.” In the
immediate post-merger period (2019-2020), the company experienced a decline in efficiency due to integration friction
and the consolidation of Amer’s heavy asset structure. For instance, the accounts receivable turnover ratio dropped from
5.76 times in 2018 to 5.50 times in 2020, while the total asset turnover ratio decreased from 1.11 to 0.76 times. These
fluctuations reflected the challenges of aligning different channel systems and the financial burden of the leveraged buyout.
However, as integration deepened, these metrics showed a robust rebound. Starting from 2021, operational efficiency
improved significantly. By 2024, the accounts receivable turnover ratio climbed to 17.10 times, and the total asset turnover
ratio recovered to 1.78 times, both surpassing pre-merger levels. This improvement suggests that management successfully
optimized the supply chains and retail operations of the acquired brands, thereby verifying the theoretical argument by Luo
& Tung (2018) that emerging market firms can create value by combining their manufacturing efficiency with acquired brand
assets (see Table 3)..

Table 3. Key Operating Efficiency Indicators (2016-2024)

Accounts receivable

. Inventory turnover Current asset turnover ratio Total asset turnover ratio
turnover ratio

2016 5.51 5.79 1.24 1.00
2017 5.24 5.01 1.24 1.00
2018 5.76 4.42 1.39 1.11
2019 6.20 4.14 1.59 1.03
2020 5.50 3.09 1.27 0.76
2021 7.48 2.92 1.36 0.86
2022 10.53 2.53 1.24 0.78
2023 16.70 3.20 221 1.69
2024 17.10 2.98 2.35 1.78

Data source: Oriental Wealth Network
5.3 Financial Returns and Profitability

From a financial perspective, the acquisition has generated comprehensive returns, characterized by structural profit
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optimization and successful capital market validation. Firstly, the inclusion of high-margin brands such as Arc’teryx
significantly bolstered the group’s profitability. The gross profit margin rose consistently, breaking the 60% threshold in
2021 and maintaining a high level of 62.16% in 2024. This structural improvement indicates that the company successfully
transitioned from selling mass-market products to high-value-added professional equipment. Consequently, the net profit
margin on sales reached a historical high of 23.99% in 2024. Secondly, the independent listing of Amer Sports on the
New York Stock Exchange in early 2024 marked the completion of value realization. The initial public offering (IPO)
raised approximately 1.365 billion USD, which was primarily utilized to repay the debt incurred during the acquisition.
This move significantly reduced the leverage ratio and optimized the capital structure. Following the IPO, Amer Sports’
market capitalization grew substantially, reaching approximately 21.27 billion USD by December 2025. As the controlling
shareholder, ANTA saw its equity interest increase nearly fivefold from the initial investment (Table 4.).

In summary, the performance data confirms that the acquisition has achieved its strategic objectives. Despite early financial
constraints, the company successfully leveraged synergy effects to enhance market share, improve operational efficiency, and
deliver superior financial returns.

Table 4. Profitability Analysis and Structural Optimization (2016-2024)

Year Net profit margin on sales Gross Profit Margin ROE ROA

2016 18.32% 48.40% 25.52% 17.32%
2017 18.92% 49.37% 27.24% 19.04%
2018 17.57% 52.64% 27.13% 18.44%
2019 16.58% 55.00% 29.49% 16.15%
2020 15.68% 58.15% 24.08% 11.40%
2021 16.66% 61.64% 29.55% 13.66%
2022 15.37% 60.24% 22.96% 11.01%
2023 18.08% 62.60% 23.84% 12.23%
2024 23.99% 62.16% 27.28% 16.00%

Data source: Compiled and analyzed based on ANTA Company’s financial reports from 2016 to 2024

6.Conclusion and Implications

This study has systematically examined the leveraged acquisition of Amer Sports by ANTA Sports, analyzing the strategic
motivations, integration challenges, and subsequent performance implications. The research confirms that the acquisition was
a pivotal strategic maneuver enabling ANTA to overcome domestic market saturation and achieve a global brand hierarchy.
6.1 Research Summary

The analysis indicates that the primary motivations, global expansion, brand portfolio optimization, and the acquisition
of strategic assets, have been largely realized. Despite initial concerns regarding high financial leverage and cultural
heterogeneity, ANTA successfully navigated the post-merger phase. By adopting a strategy of brand independence with
backend empowerment, the company effectively mitigated integration risks. Financial data from 2021 to 2024 demonstrates a
clear trajectory of recovery and growth, with Amer Sports achieving profitability and ANTA’s operational metrics surpassing
pre-merger levels. This supports the conclusion that cross-border M&A is an effective mechanism for emerging-market
enterprises to ascend the global value chain.

6.2 Theoretical and Practical Implications

Theoretically, this case provides significant empirical evidence regarding the critical role of post-merger integration in
cross-border transactions. The value realization of acquisitions in the consumer goods industry is not determined solely
by the purchase of assets but is heavily contingent upon the subsequent coordination of marketing capabilities and supply

chains. ANTA’s strategy supports this perspective, demonstrating that a light-touch integration approach, which preserves
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the target’s brand identity while empowering its backend operations, is an effective mechanism for overcoming the liability
of foreignness often faced by emerging-market enterprises. This suggests that, for future cross-border deals, the focus of
strategic planning should shift from simple asset acquisition to the design of mechanisms for synergistic integration that
respect cultural heterogeneity.

From a financial management perspective, although the successful listing of Amer Sports has provided a clear exit path for
initial investors, optimizing the capital structure remains a priority for the entity’s sustained health. The high leverage ratio
associated with the acquisition created substantial pressure on the group’s cash flow during the early stages. Therefore, it
is recommended that the company continue to utilize the strong internal cash flow generated by the revitalized brands to
systematically reduce debt levels. Deleveraging will not only lower interest expenses but also build a financial buffer against
potential fluctuations in the global economic environment, ensuring that the company maintains the flexibility to invest in
future growth opportunities without being constrained by debt service obligations.

At the operational level, the long-term success of the acquisition hinges on deepening business model transformation and
retaining human capital. The shift towards a Direct-to-Consumer (DTC) model, initiated post-merger, requires further
reinforcement to ensure that the acquirer’s operational efficiency characteristic is fully transferred to the acquired brands.
This involves tailoring differentiated retail solutions to specific markets rather than relying on a “one-size-fits-all” approach.
Simultaneously, maintaining the stability of the core management and R&D teams at Amer Sports is essential. To prevent
the loss of key personnel, which often occurs in the aftermath of cross-border deals, establishing a long-term incentive

mechanism that aligns the international team’s interests with the group’s strategic goals is strictly necessary.
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Abstract: This study examines the impact of corporate digital transformation on audit risk using A-share listed companies
in Shanghai and Shenzhen from 2015 to 2022 as a sample. The findings reveal a significant negative correlation between the
degree of digital transformation and audit risk, indicating that digital transformation helps mitigate audit risks. Mechanism
analysis demonstrates that digital transformation effectively reduces uncertainties and risk exposure in auditing by enhancing
internal control quality, increasing information transparency, and optimizing data management. Further mediation analysis
shows that internal control quality partially mediates the relationship between digital transformation and audit risk. The
research provides empirical evidence for enterprises to strengthen internal control systems and audit risk governance during
digital transformation, while also offering guidance for audit institutions to optimize audit procedures and improve audit
quality in the digital era.
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1.Introduction

In the context of the rapid development of the global digital economy, digital transformation has become a crucial pathway
for enterprises to enhance competitiveness and achieve sustainable development. Digital transformation not only involves the
application of technology and the restructuring of business processes, but also profoundly impacts organizational structures,
management models, and information disclosure mechanisms. Meanwhile, as a key component of corporate governance and
information disclosure supervision, auditing has seen significant changes in its risk characteristics and response strategies due
to the digitalization process of enterprises.

Audit risk typically denotes the risk of material misstatements in financial statements that auditors fail to detect. As corporate
digital transformation progresses, the audit environment has grown increasingly complex. On one hand, the application
of digital tools enhances data accessibility and processing efficiency, enabling auditors to identify risks more accurately.
On the other hand, technical complexity, system integration risks, and emerging business models may introduce new audit
uncertainties. Existing research has yet to reach a consensus on the relationship between digital transformation and audit risk,
and lacks systematic empirical testing based on large sample sizes.

In view of this, this paper takes China A-share listed companies from 2015 to 2022 as samples to empirically examine the

impact of digital transformation on audit risk and its underlying mechanisms. The possible contributions of this study are
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as follows: First, it provides empirical evidence in the field of auditing for the governance effects of digital transformation;
Second, it reveals the mediating role of internal control quality between digitalization and audit risk; Third, it offers
references for corporate managers, auditors, and regulatory authorities to optimize risk management in the process of

digitalization.

2.Literature Review

2.1 Multifaceted Economic Effects of Digital Transformation

As the digital economy continues to evolve, the economic implications of corporate digital transformation have been
extensively examined. Research demonstrates that digital transformation can restructure business processes and
organizational frameworks, thereby enhancing operational efficiency ', stimulating innovation potential®™, and positively
impacting business performance and information transparency . These findings provide a foundation for understanding the
macro-level value of digital transformation, while also suggesting its potential to influence external audit activities through
improvements in information environments and governance structures.

2.2 Traditional and Emerging Influencing Factors in Audit Risk Research

In the field of audit risk studies, scholars widely acknowledge that audit risks are influenced by multiple factors, with internal
control quality being recognized as the core determinant'”. Meanwhile, the advancement of enterprise informatization
and enhanced data traceability help mitigate information asymmetry, thereby creating favorable conditions for audit risk
management ). However, when examining the direct relationship between digital transformation and audit risks, existing

literature presents divergent conclusions and explanatory approaches.

2.3 Research Progress and Disputes on the Relationship Between Digital Transformation and Audit
Risk

Some studies suggest that digital transformation can reduce audit risks by strengthening internal controls and improving
information quality and transparency'®. For instance, scholars using a multivariate difference-in-differences model found
that digital transformation enhances audit quality”". Other research highlights that digital tools improve data verifiability and
processing efficiency, enabling auditors to more accurately identify and assess risks'”. However, other studies focus on the
complexities and emerging risks associated with digital transformation. Challenges such as technological dependency, system
integration difficulties, data security issues, and the ambiguity of new business models may increase uncertainties in audit
processes’”. Particularly when corporate digitalization intertwines with business diversification strategies, auditors may face
heightened judgment challenges and risk exposure”. These divergences indicate that the impact of digital transformation
on audit risk is not unidirectional, and its specific effects may depend on the degree of transformation, implementation
approaches, and the governance context both internally and externally within enterprises.

In conclusion, while existing research has examined audit risk from both risk reduction and risk complexity perspectives,
a systematic and consistent analytical framework remains lacking regarding the underlying mechanisms of digital
transformation’s impact on audit risk—particularly whether and how internal control quality plays a pivotal role in
this process. Moreover, robust empirical testing based on large-scale samples is still absent. Addressing these gaps and
comparative shortcomings in the literature, this study aims to clarify the primary relationship pathways between digital
transformation and audit risk. Focusing on the internal control system as a core governance component, we propose the

following research hypotheses.

3.Theoretical Analysis and Research Hypotheses

3.1 The Direct Impact of Enterprise Digital Transformation on Audit Risk

The implementation of digital transformation has effectively addressed information asymmetry within the company.
Through digital technologies, internal and external data are now interconnected, while blockchain technology ensures data
immutability, enhancing both usability and reliability while boosting transparency. This system also provides management
with timely access to critical data, significantly improving decision-making capabilities. Furthermore, the shift in information

storage formats has streamlined data acquisition, tracking, and monitoring processes. Auditing institutions now gain clearer
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insights into corporate information, leading to substantially improved audit efficiency and reduced risks. Based on the
aforementioned analysis, the first hypothesis is proposed:

H1: The higher the degree of enterprise digital transformation, the lower the audit risk

3.2 The Mediating Effect of Internal Control Quality

Corporate digital transformation integrates digital technologies with internal systems like financial platforms and OA
approval workflows, achieving data transparency, visualization, and automated processes. This reduces manual intervention,
streamlines interdepartmental coordination, promptly identifies internal control deficiencies, enhances control effectiveness,
and lowers the likelihood of material misstatement risks, thereby mitigating audit risks. Based on the above analysis, the
second hypothesis of this paper is proposed:

H2: Digital transformation indirectly reduces audit risk by improving internal control quality

4.RESEARCH DESIGN

4.1 Sample Selection and Data Sources
This study examines A-share listed companies in Shanghai and Shenzhen from 2015 to 2022, with data sourced from the

CSMAR database and annual reports. The dataset underwent the following processing: (1) Exclusion of ST and *ST (Special
Treatment) samples; (2) Filtering out financial sector samples; (3) Removal of samples with missing data. After these filters,
14,864 samples remained. All continuous variables were trimmed by 1% tails to eliminate the influence of outliers.

4.2 Variable Definition and Model Design

4.2.1 explained variable

Audit Risk (AR). Audit risk refers to the potential for improper audit opinion issuance when material misstatements in
financial reports are either undetected or inadequately assessed during the audit process. We consider that companies bear
higher audit risks, and we label such cases as AR when they experience financial statement restatements or receive penalties
from the Securities and Futures Commission (SFC).

4.2.2 explanatory variable

Enterprise Digital Transformation (EDT). Following the research methodology of Wu Fei et al. ), this study constructs a
feature lexicon based on five core keywords (artificial intelligence, big data analytics, cloud storage, blockchain, and digital
technology applications). By quantifying the frequency of relevant terms in corporate annual report texts, it measures the
extent of enterprise digital transformation.

4.2.3 controlled variable

This paper selects the company size, equity multiplier 2, property ratio, total assets net interest rate, return on equity,

operating income growth rate, annual stock yield 1 as control variables, the specific variables are defined as shown in Table 1.

4.2.4 model design
To investigate the potential impact of enterprise digital transformation on audit risk and test Hypothesis 1, we constructed a
model.
AR=B+BEDT+Y_ Control +
Table 1 variable-definition
Variable name variable symbol variable-definition
explained variable audit risk AR 1 for financial statement restatements, 0 otherwise; 1

for penalties by the CSRC, 0 otherwise

The annual report’s full text was used as the database,
Enterprise digital transfor- EDT and the frequency of matching was calculated by the
mation feature word spectrum composed of five categories of
keywords.

explanatory variable
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Variable name

variable symbol

variable-definition

company size

Equity multiplier 2

equity ratio

Net interest rate on total
assets: 1
controlled variable
The net interest rate on total
assets is 2

return on equity

increase rate of business
revenue

Annual return on individual
stocks 1

Size

EM2

DER

ROAL1

ROA2

ROE

Growth

Logarithm of total assets

average balance of total assets/average balance of
owner’s equity

total liabilities at the end of the year / owner’s equity
at the end of the year

average balance of net profit/total assets

average balance of EBIT/total assets

net profit/average balance of owner’s equity

Current year’s operating revenue minus the previous
year’s operating revenue

Annual return on  annual return on individual stock considering reinvest-
individual stocks 1

ment of cash dividend

S5.Empirical Analysis
5.1 Descriptive statistics

Table 2 Descriptive statistics of main variables

variable name sample capacity mean standard deviation least value crest value
AR 14,864 8.01e-05 0.000224 0 0.00374
EDT 14,864 0.384 0.486 0 1

Nk 14,864 641.7 107.1 0 941.3
Size 14,864 22.72 1.295 19.74 26.45
EM2 14,864 2.097 1.088 1.061 8.906
DER 14,864 1.123 1.164 0.0542 9.171
ROA1 14,864 0.0338 0.0631 -0.373 0.247
ROA2 14,864 0.0490 0.0676 -0.365 0.287
ROE 14,864 0.0558 0.126 -0.926 0.437
Growth 14,864 0.145 0.403 -0.658 4.024
Annual return on individual 14,864 0.102 0.511 -0.689 3.643

stocks 1

Table 2 presents the descriptive statistics of key variables. The audit risk (AR) of the dependent variable shows minimal

variation, with an average close to zero, indicating that the sample companies generally have low audit risks. The independent

variable, company digital transformation level (EDT), averages around 0.4, suggesting moderate digital transformation

among the sample companies. However, the large standard deviation highlights significant variations in digital transformation

levels across firms. The internal control quality of enterprises is notably high, with an average score above 600, indicating

that the sample companies demonstrate strong internal control quality.

5.2 Regression Analysis

This study investigates the potential impact of corporate digital transformation on audit risk through multivariate regression
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analysis using Model (1). Table 3 presents the regression results. The three-star rating for Enterprise Digital Transformation

(EDT) obtained from the data indicates significance at the 1% level, demonstrating that digital transformation significantly

reduces audit risk. These findings strongly support Hypothesis H1.

Table 3 Results of Enterprise Digital Transformation and Audit Risk

variable AR
54.16%**
EDT
(19.35)
0.0109%%**
Size
(0.00401)
-0.0372%*
EM2
(0.0179)
0.0360**
DER
(0.0170)
-1.975%**
ROA1
(0.449)
1.268%***
ROA2
(0.386)
0.184%**
ROE
(0.0922)
-0.0347%**
Growth
(0.00977)
-0.0851***
Annual return on individual stocks 1
(0.00650)
0.178**
Constant
(0.0900)
trade YES
Observations 14,860
R-squared 0.023

Note: *, ** and *** indicate significance at the 10%,5%, and 1% levels, respectively; the t-values in parentheses are White-

corrected.

5.3 Mediating Regulation of Internal Control Quality

In the initial examination of mediating effects, we investigated how corporate digital transformation (EDT) influences internal

control quality (NK). The regression results showed that the EDT coefficient was 110.6, statistically significant at the 1%

level (T-value = 39.19), indicating that internal control quality scores increased substantially with higher levels of digital

transformation.

Table 4 Results of the mediation effect test 1

variable Nk
110.6%**
EDT
(39.19)
6.425%%*
Constant
(0.00933)
Observations 14,863
R-squared 0.001
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Table 5 Results of the Mediation Effect Test 2

variable AR
-0.000443%**
Nk
(3.70e-05)
49.49%**
EDT
(17.70)
0.664%**
Constant
(0.0242)
Observations 14,863
R-squared 0.010

In the second mediation test, we further examined whether internal control quality (NK) mediates the relationship between
enterprise digital transformation (EDT) and audit risk (AR). The internal control quality coefficient was-0.000443, which
was statistically significant at the 1% level (T-value = 3.70E-05), indicating a negative correlation between internal control
quality and audit risk. Meanwhile, the EDT coefficient was 49.49, also significant at the 1% level (T-value = 17.70), further
confirming the negative relationship between enterprise digital transformation and audit risk. This also validates Hypothesis
H2.

6.Conclusion

This study examines the impact of corporate digital transformation on audit risk through an analysis of data from A-share
listed companies in Shanghai and Shenzhen from 2015 to 2022. The findings reveal that enhanced digital transformation
significantly correlates with reduced audit risks. By strengthening internal controls, improving information transparency,
and refining data management, digital transformation helps mitigate uncertainties and risk points in audit processes, thereby
lowering audit risks.

This study demonstrates that corporate digital transformation can significantly reduce audit risks, with this effect partially
achieved through enhanced internal control quality. The conclusions indicate that digital transformation is not merely a
technological upgrade but also a critical pathway to improving corporate governance and audit quality.

For enterprises, it is crucial to enhance internal control systems in tandem with digital transformation, while strengthening
data governance and system security. Auditors should proactively leverage digital tools to optimize audit procedures
and improve adaptability to digital environments. Future research could further investigate the heterogeneous impacts of
digital transformation on audit risks across industries and ownership structures, as well as the moderating role of auditors’

professional competence in this process.
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Abstract: As a core engine for the development of new quality productive forces in agriculture, artificial intelligence (Al) is
of great significance for driving the high-quality development of Guangxi’s seed industry. This paper systematically analyzes
the potential advantages, practical challenges, and corresponding strategies of Al empowering the high-quality development
of Guangxi’s seed industry. Research shows that while Guangxi possesses potential advantages such as strong policy support,
abundant germplasm resources, steady growth of seed enterprises, and continuous improvement of breeding bases, it also
faces three core challenges: weak data foundation, insufficient R&D investment, and a severe shortage of interdisciplinary
talents. To address these bottlenecks, this paper proposes countermeasures including constructing a distinctive seed industry
data platform for Guangxi, guiding diversified capital investment, and strengthening the talent introduction and cultivation
system, aiming to provide support for the high-quality development of Guangxi’s seed industry.
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1.Introduction

Food is the foundation of society, and seeds are the cornerstone of agriculture. As the “chip” of agriculture, the seed industry
is crucial for ensuring national food security and serves as an important foundation for promoting agricultural modernization
and developing new quality productive forces in agriculture !"’. The state attaches great importance to the development of the
seed industry. In recent years, it has continuously emphasized key tasks such as safeguarding food security, strengthening
the protection, development, and utilization of agricultural germplasm resources, and further implementing the seed industry
revitalization initiative. According to data from the Ministry of Agriculture and Rural Affairs, as of 2023, the coverage rate
of improved crop varieties in China has remained above 96%, contributing over 45% to agricultural yield growth, with
independently cultivated varieties accounting for more than 95% of the sown area.

Located in a subtropical monsoon climate zone with diverse and complex terrain, Guangxi is one of the provinces with

the richest germplasm resources in China, ranking third in the country in terms of biodiversity richness . Its seed industry
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development plays an important role in promoting national agricultural modernization and ensuring food security. After
years of development, Guangxi’s seed industry has achieved certain results in variety innovation, technology promotion,
and industrial system construction, but there is still a gap compared with the national advanced level. Currently, Guangxi’s
agriculture is in a critical stage of transformation towards high-quality development and modernization. As the “chip” of
agriculture, cultivating high-quality seeds that meet the needs of modern high-quality agricultural development is the key
to enhancing Guangxi’s agricultural competitiveness. Promoting the high-quality development of the seed industry is both
important and urgent.

As the core driving force of the new round of technological revolution and industrial transformation, the rapid development
of Al is reshaping the production relations of various industries, forming a dynamic network system through the collaborative
linkage of various subjects, resources, and environments. Currently, the application of Al in the agricultural field is deepening,
becoming an important force for promoting agricultural modernization ™. From seed industry, planting, and breeding to
storage, processing, circulation, sales and other links, the application of Al not only improves the efficiency and quality of
agricultural production, but also promotes the intelligent upgrading of all links in the agricultural industrial chain. In the field
of seed industry, Al can accelerate the breeding process, improve breeding accuracy, optimize resource allocation, and reduce
production costs . Therefore, exploring the application and development path of Al in Guangxi’s seed industry is of great

practical significance for promoting regional agricultural modernization and ensuring food security.

2.Pathways Through Which AI Empowers High-Quality Development of the Seed
Industry

2.1 Expanding Breeding Genetic Resources

A major bottleneck in traditional breeding lies in the lack of genetic resources and insufficient excavation of excellent
genes. By analyzing big data with omics technologies and deep learning algorithms, Al can comprehensively and in-depth
analyze crop biological characteristics, gene expression rules, and metabolic processes, helping to construct a more complete
crop trait map, break through cognitive boundaries, and discover more undiscovered and unvalidated excellent genes. For
example, through pan-genome analysis of more than 1,000 wheat varieties, a long-neglected “ancestral subpopulation”
was found, which contains excellent genes such as disease resistance and drought tolerance, opening up a new resource
pool for wheat breeding "*'. “Fengdeng Gene Scientist”, China’s first independent scientific discovery system in the field of
biological breeding, can simulate molecular biologists to independently carry out crop gene function research, showing strong
capabilities in gene mining and function prediction. Using this system, researchers have successfully discovered and verified
dozens of previously unreported functional genes in food crops, providing valuable genetic resources for crop improvement .
2.2 Precisely Optimizing Variety Traits

The observation of variety traits in traditional breeding relies on subjective evaluation of phenotypes, which has great
limitations. With its powerful computing power and algorithm advantages, Al explores the correlation between genes and
traits, identifies key genes and regulatory pathways related to important traits such as yield and stress resistance, and helps
researchers more accurately predict the potential paths of crop improvement. Gene editing technology can accurately and
efficiently modify the crop genome, endowing crops with new resistance or improving bad traits, thereby enhancing crop
yield, quality, and disease resistance ”’. Currently, CRISPR-based gene editing technology has expanded from single-
gene knockout to megabase-scale chromosome rearrangement, enabling efficient, precise, and targeted modification of
crop genomes, and effectively solving the trade-off between disease resistance and yield . Taking “Ningxiang” pigs as an
example, after gene detection, sequencing analysis, and gene editing, their lean meat percentage increased by 11%, and their
reproductive capacity and disease resistance were also enhanced to a certain extent.

2.3 Significantly Shortening the Breeding Cycle

Traditional breeding methods have long cycles and high costs, making it difficult to meet the demand for high-quality and
high-yield crops in agricultural modernization. Combining Al technology with breeding work can accurately and efficiently
improve key crop traits and environmental adaptability through gene network recombination and big data optimization,

significantly improving breeding efficiency. In terms of breeding scheme design, introducing machine learning to build
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prediction models, importing relevant gene data and knowledge graphs for big data analysis, can screen out excellent parent
combinations and the most potential breeding paths, transforming breeding from “selecting after seeing” to “predicting first
and then verifying”, and greatly improving breeding efficiency. In the seed selection link, image recognition technology
can efficiently screen individuals that meet specific standards from thousands of seeds, significantly improving screening
efficiency and accuracy, and shortening the breeding cycle.

2.4 Enabling Intelligent Cultivation Management and Monitoring

In the experimental fields for new variety cultivation, Al plays a key role in seed planting and trait monitoring. In terms of
variety performance monitoring, intelligent platforms such as robots can replace researchers to observe and judge crops, and
conduct preliminary screening of target plants with excellent traits; in terms of field management, through deep learning and
IoT technology, intelligent monitoring of experimental fields can independently detect indicators such as soil temperature,
humidity, and nutrient content, realizing automatic irrigation or fertilization, and providing an optimal environment for seed
growth. In addition, Al algorithms can analyze the occurrence of diseases and insect pests, issue early warnings and provide
prevention and control suggestions. For example, deploying intelligent breeding robots to observe field crops and screen
plants with excellent genes such as high yield and disease resistance, a single robot can inspect 2.5 mu of farmland per hour,

significantly improving screening efficiency.

3.Potential Advantages of AI in Empowering the High-Quality Development of
Guangxi’s Seed Industry

3.1 Strengthening Policy Support

Policy guidance is an important driving force for the application of Al in the seed industry. In February 2025, Guangxi
established a special Al task force, listing the development and application of Al as a key work, and subsequently issued a
series of policy documents such as the “Decision on Accelerating the High-Quality Development of Artificial Intelligence”
and the “Guangxi ‘Al + Manufacturing’ Action Plan (2025-2027)”, clearly supporting the development of Al through seven
major actions, with the goal of achieving an output value of 100 billion yuan for Al-related industries by 2027. Guangxi
focuses on the development path of “R&D in Beijing/Shanghai/Guangdong + Integration in Guangxi + Application in
ASEAN”, and strives to create a fertile ground for Al development. In July 2025, the exhibition center of China-ASEAN Al
Innovation Cooperation Center was put into trial operation; universities in Guangxi have successively established Al colleges
or research institutes, and piloted the opening of Al general education courses; the “Al Empowers All Industries Super
League” was held to stimulate the vitality of various fields to innovate and develop with the help of Al

3.2 Abundant Germplasm Resource Reserves

Germplasm resources are the foundation for the application of Al in the seed industry. Through large-scale agricultural
germplasm resource surveys, Guangxi has submitted 3,912 crop germplasm resources to the national repository, and initially
established a protection system connecting the national and provincial levels. Among them, the reserves of wild rice,
sugarcane, and waxy corn germplasm resources account for 50%, 50%, and 33% of the national total respectively, and the
number of rice seed resources ranks first in the country; 132 livestock and poultry breeds have been identified, with a stock
of about 14 million heads (pieces); 319 germplasm resources have been registered and included in the “National Catalog of
Aquaculture Germplasm Resources (2023 Edition)”, ranking third in the country; a comprehensive four-year forest and grass
germplasm resource survey was carried out for the first time in the region, registering more than 18,500 excellent individual
plants and specific germplasm resources. Currently, Guangxi has built 9 national-level agricultural germplasm resource banks
(nurseries, farms), identified 97 provincial-level agricultural germplasm resource protection units, and preserved more than
100,000 copies of crop germplasm resources and intermediate materials, more than 110,000 copies of livestock and poultry
genetic resources, more than 320,000 copies of aquatic germplasm resources, and more than 700 silkworm variety resources.
In addition, Guangxi’s first national-level livestock and poultry genetic resource gene bank has been built, becoming one of
the three major live gene banks for local chicken breeds in China.

3.3 Gradual Growth of Seed Enterprises

Enterprises are the main body for the application of Al in the seed industry. Guangxi has continuously introduced policies
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and measures to support the development of seed enterprises: first, financial subsidies help the development of high-quality
enterprises. In recent years, 20 million yuan has been arranged to carry out the action of cultivating superior seed enterprises,
supporting enterprises through project funds, financial incentives such as “Guangxi Preferential Loans”, and Guangxi
Rural Investment Group invested 5 billion yuan to establish Guangxi Seed Industry Group Co., Ltd., striving to build a
leading seed enterprise in Guangxi; second, scientific research institutes provide technical support, guiding enterprises to
strengthen cooperation with scientific research institutes, jointly carry out research on variety breeding technology, promote
the commercialization and industrialization of seed industry achievements, form an effective scientific research achievement
transformation system, and help build a sound commercial breeding system; third, build platforms to help enterprises
“go global”. Since 2020, four sessions of the China (Guangxi)-ASEAN Modern Seed Industry Development Conference
have been successfully held, establishing an “aid-construction + operation” model to support enterprises in building crop
variety testing stations in ASEAN countries. As of October 2023, 5 overseas testing stations have been built in 5 countries,
introducing more than 750 excellent new varieties such as vegetables and rice for trial planting in ASEAN, with a cumulative
demonstration and promotion area exceeding 4 million mu. As of April 2024, there are 970 seed enterprises holding valid
production and operation licenses in Guangxi, of which 12 are selected as national core seed enterprises, ranking tenth in the
country.

3.4 Steady Development of Breeding Bases

Bases are the carriers for the application of Al in the seed industry. According to relevant reports “''"’, as of November 2024,
Guangxi has designated 4 provincial-level major seed production counties, among which Bobai County is the only national
major seed production county (for rice) in Guangxi, with a seed production area of 42,000 mu in 2024. The total area of rice
and corn seed production bases in Guangxi increased from 47,500 mu in 2020 to 137,500 mu in 2024, and the coverage rate
of improved varieties of major crops reached about 97%; Mashan County and Zhongshan County have built corn and rice
seed production bases respectively, with a total area of more than 70,000 mu in 2024; 15 national-level livestock and poultry
core breeding farms (multiplication bases) have been built, including the largest buffalo improved variety multiplication
base in China; 2 national-level and 34 provincial-level aquatic fry farms have been built, producing more than 100 billion
freshwater fish fries annually, ranking among the top three in the country. Since 2021, 19 Guangxi Modern Characteristic
Agricultural Demonstration Zones with the seed industry as the leading industry have been newly recognized. Great
importance is attached to the construction of Guangxi Southern Breeding Base, and it is planned to invest 120 million yuan to

implement the upgrading project, expanding 500 mu on the basis of the original 793 mu.

4.Practical Challenges of AI in Empowering the High-Quality Development of
Guangxi’s Seed Industry

4.1 Weak Data Foundation Restricting Model Training

Data is the core production factor of Al, but the data foundation of Guangxi’s seed industry is still relatively weak. First, data
collection is difficult. Guangxi is dominated by mountainous and hilly terrain. Although it is rich in germplasm resources, the
fragmentation of mountainous plots is serious, and the cost of sensor deployment is high, resulting in incomplete collection
of key data such as soil conditions, crop growth, and phenotypes; second, there are data barriers. Restricted by the scientific
research management system, data sharing between scientific research institutions and enterprises, and between enterprises
is not smooth, which restricts the whole-chain optimization of Al-assisted breeding in Guangxi; third, there is a lack of local
characteristic sample data. Guangxi has many characteristic agricultural products such as sugarcane, mango, and buffalo. At
present, mainstream big data models in China (such as “Fengdeng”) have insufficient pertinence to these characteristic crops.
Guangxi has not yet formed sufficient data accumulation, and lacks sufficient data samples for training exclusive models of
local key agricultural products.

4.2 Insufficient Investment in R&D and Operational Funding

Enterprises are the main body of Al application, while most seed enterprises and Al enterprises in Guangxi are small and
medium-sized, with prominent capital shortage problems. First, the government subsidy funds are insufficient. Guangxi

arranges 30 million yuan of Al-related subsidies every year, which is far lower than 5 billion yuan in Hunan and 1.75 billion

78



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

yuan in Hangzhou; second, insufficient funds lead to the lack of basic equipment. The equipment and operation costs of
Al R&D are relatively high, and enterprises lack sufficient hardware conditions for AI R&D; third, the shortage of funds
delays the progress of breeding R&D. A large amount of upfront investment is required for seed industry gene prediction,
genetic improvement and other work. At present, there are few Al enterprises in Guangxi focusing on algorithm and software
development, and the research and development of new varieties mainly rely on big data models outside the province.

4.3 Significant Shortage in the Supply of Interdisciplinary Talents

The overall strength of Al enterprises in Guangxi is weak, and the talent shortage is prominent. First, there is a lack of
comprehensive high-end talents. Biological breeding involves multidisciplinary knowledge such as biology, meteorology,
genetics, soil science, and molecular biology. Meanwhile, computing power, as the core support of Al, has high requirements
for technological innovation, which puts forward higher requirements for the comprehensive ability of practitioners; second,
the talent attraction is insufficient. Adjacent to the Guangdong-Hong Kong-Macao Greater Bay Area, Guangxi is at a relative
disadvantage in terms of talent policies, making it difficult to introduce external talents and retain local talents; third, the
quality of locally trained talents is insufficient. Although universities in Guangxi have begun to set up Al colleges and related
courses, limited by the strength of teachers and platform conditions, it is difficult to cultivate high-end talents needed in the
Al field.

5.Policy Recommendations for Empowering the High-Quality Development of
Guangxi’s Seed Industry with Al

5.1 Constructing a Characteristic Seed Industry Data Resource Platform for Guangxi

First, do a good job in strategic planning and infrastructure construction. Building a seed industry big data platform requires
a lot of human, material and financial resources. First of all, it is necessary to comprehensively investigate and evaluate the
development status of Guangxi’s seed industry, organize relevant enterprises and industry experts to discuss the platform
construction plan, and formulate a scientific, forward-looking, detailed and perfect overall plan and blueprint; implement a
number of major “Al + Agriculture” infrastructure projects to provide support for the research and development of industry-
specific large models and the construction of computing power infrastructure.

Second, integrate resources to achieve data sharing. Relying on existing carriers such as regional shared exchange platforms
and public data platforms, authorize scientific research institutions, enterprises, and grass-roots agricultural technology
promotion departments to exchange and share data, build a seed industry knowledge base and data set, realize the real-time
aggregation of multi-dimensional data such as soil moisture, meteorological monitoring, and germplasm resources, generate
a dynamically visualized “seed production industry map”, and break data barriers. At the same time, pay attention to data
classification and grading, standardize the authorized use of core data, and strengthen data security protection.

Third, focus on data collection of local characteristic crops. Construct an integrated “Space-Air-Ground” data collection
and intelligent decision-making system, accelerate the promotion and application of satellite remote sensing technology
in the agricultural field, and accurately collect environmental data such as soil moisture, meteorological factors, and crop
phenotypes; concentrate scientific research forces to carry out data collection related to Guangxi’s characteristic crops in a
planned and step-by-step manner, establish a gene map database of characteristic crop germplasm resources, and formulate
unified data collection standards to ensure data quality.

5.2 Guiding a Diversified Funding Investment Mechanism

First, optimize government financial support. Incorporate the subsidy funds supporting the construction of the seed industry
data platform and the development of Al into the annual budget of local governments to ensure the stability and continuity
of funds; formulate policies supporting the application of Al in the seed industry such as tax incentives and Al innovation
awards to encourage enterprises to increase R&D investment.

Second, increase scientific research investment. In the national, autonomous region, and municipal-level science and
technology projects, strengthen the support for Al-related projects in the seed industry, and set up special scientific research
project funds to give key support to promising research directions and teams.

Third, integrate social capital participation. Actively guide social capital to participate in Al and seed industry integration
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projects, attract various capitals such as angel investment and venture capital to flow into the seed industry Al field by
establishing industrial investment funds and risk compensation mechanisms; build a docking platform for enterprises and
financial institutions, regularly organize exchange activities between seed enterprises and financial institutions, enhance
mutual understanding and trust, and improve financing efficiency; encourage insurance institutions to develop insurance
products suitable for seed industry Al innovation, such as R&D failure insurance and technology application risk insurance,
to reduce enterprise innovation risks and enhance their confidence in R&D investment. Through the above diversified fund
measures, form a stable and sustainable source of funds, provide solid financial support for the wide application and high-
quality development of Al in Guangxi’s seed industry, and promote the steady progress of Guangxi’s seed industry in the
wave of intelligent transformation.

5.3 Strengthening the Talent Introduction and Local Cultivation System

First, implement a “Flexible Talent Introduction” plan. Focus on introducing high-end talents and innovative teams in
fields such as Al algorithm R&D, bioinformatics analysis, and seed industry big data mining from domestic and foreign
universities, scientific research institutions, and leading industry enterprises, and solve the key technical problems in the field
of Al in Guangxi’s seed industry through project cooperation, technical consulting, short-term assignment and other methods.
Second, strengthen the cultivation of local talents. Set up interdisciplinary majors combining Al and seed industry in
universities and scientific research institutes in Guangxi, offer courses such as bioinformatics and intelligent breeding
technology, and cultivate interdisciplinary talents who understand both basic seed industry knowledge and Al technology;
encourage enterprises and universities to jointly build internship and training bases, provide practical platforms for students,
integrate theory with practice, and improve the quality of talent training.

Third, improve the talent service guarantee system. Establish and improve the talent evaluation and incentive mechanism, and
include the application achievements of Al technology in the seed industry into the evaluation index system of professional
title evaluation and project application; provide research funding support, housing subsidies, children’s education assistance
and other guarantees for outstanding contributors to attract and retain excellent talents; regularly organize activities such
as seed industry Al innovation competitions and academic seminars, build a platform for talent exchange and cooperation,
stimulate innovation vitality, and provide solid intellectual support for the intelligent development of Guangxi’s seed industry.
Fourth, deepen the joint talent training between universities and enterprises. Give play to the role of enterprises as the main
body of seed industry Al technology application, and encourage enterprises to deeply participate in the talent training process.
Enterprises can clarify their talent needs and training directions to universities and scientific research institutes according to
their own development needs; at the same time, enterprises can set up scholarships and grants to support excellent students to
engage in the field of seed industry Al, and give priority to employment after graduation, so as to achieve seamless connection
between talent training and enterprise needs. Through the above series of measures, build a high-quality and multi-level seed

industry Al talent team, and inject continuous motivation into the high-quality development of Guangxi’s seed industry.
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Abstract: Against the backdrop of profound global economic restructuring and domestic economic transformation, the
structural mismatch between short-term speculative capital and long-term strategic needs—such as corporate innovation,
R&D, and green transition—is becoming increasingly evident. Patient capital, characterized by its long-term nature, risk
tolerance, and strategic synergy, has emerged as a pivotal link between capital supply and corporate long-term value creation.
This paper integrates theories from capital supply and strategic synergy to systematically explore four key mechanisms
through which patient capital influences high-quality corporate development: capital supply, risk cushioning, strategic
guidance, and resource integration. It delineates three differentiated development pathways—innovation-driven, green
transition, and industrial synergy—and proposes an optimized strategy involving collaboration among enterprises, patient
capital, and the government. The findings provide theoretical references for promoting sustainable and high-quality corporate
development.
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1.Introduction

In the current macroeconomic environment marked by sluggish global recovery and intensifying industrial competition, as
China’s economy transitions from high-speed growth to high-quality development, enterprises must prioritize high-quality
development to overcome growth bottlenecks and build core competitive advantages. Capital, as the core element of business
operations, directly determines corporate development models through its allocation efficiency and inherent characteristics.
Against this backdrop, patient capital has gained prominence in both academic research and practical applications. Distinct *
from traditional short-term capital, patient capital combines long-term commitment, risk tolerance, and strategic synergy.
It not only provides sustainable funding support but also helps enterprises break through development bottlenecks through
resource integration and strategic guidance. The 2025 “Guidelines on Promoting High-Quality Development of Government
Investment Funds” issued by the State Council explicitly advocates “expanding long-term and patient capital,” outlining
25 specific measures covering fund establishment, fundraising, operation, and exit mechanisms to establish systematic

institutional safeguards. That same year, the National Venture Capital Guidance Fund, with a total scale reaching the trillion-

a. For reference, see the ‘Guidelines on Promoting the High-Quality Development of Government Investment Funds’ issued by the
General Office of the State Council in 2025 (State Council Document No.1 [2025]) at https://www.gov.cn/zhengce/zhengceku/202501/
content_6996730.htm.
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yuan level, was officially launched. Its 20-year super-long duration and mandatory allocation of over 70% of funds to seed-
stage and early-stage enterprises sent a strong signal of supporting hard-tech companies in their “long-distance running”
journey.

Research on patient capital has emerged earlier in foreign studies, forming a systematic framework centered on “long-
term capital” characteristics. Studies exploring the relationship between patient capital and corporate innovation have
demonstrated through theoretical and empirical evidence that long-term capital positively empowers business innovation.
Wang et al. (2026) found through multinational enterprise panel data analysis that patient capital investment shows significant
positive correlations with corporate patent output and technological breakthroughs. The core logic lies in how long-term
capital alleviates funding constraints for innovation activities, preventing short-term profit pressures from crowding out R&D
investments. Li et al. (2026) pointed out that the long-term companion investment model can reduce risk perception among
corporate R&D teams, providing a relaxed trial-and-error environment for disruptive technological innovation. Geng et al.
(2026) further validated the empowering role of patient capital in digital technological innovation, revealing a correlation
coefficient of 0.58 (p<0.01) between patient capital investment and corporate digital technology R&D conversion rates.
Recent studies focus on the differentiated empowering effects of patient capital entities such as sovereign wealth funds and
insurance funds. For instance, the long-term investments by Norway’s Government Pension Fund have increased average
corporate R&D expenditures by 18% (Yang & Tu, 2026).

In recent years, domestic research on patient capital has gradually emerged, particularly under policy impetus, yielding
abundant practical research outcomes. Zhu (2025) proposed that patient capital is an important capital form serving national
development strategies, with its core value lying in long-term synergy and value co-creation. Zhao and Wang (2025) studied
the mechanism by which patient capital promotes high-quality development of the silver economy, pointing out that capital
supply and resource integration are the core empowerment pathways. Yan and Gong (2025) analyzed the practical challenges
of patient capital in boosting new-quality productivity development, proposing the need to strengthen patient capital
aggregation through policy guidance. Yu (2025) explored the practical application of patient capital in driving high-quality
development of China’s economy, identifying capital maturity mismatch and insufficient post-investment services as major

challenges.

2.Analysis of the Mechanism of the Role of Patient Capital in the High-quality
Development of Enterprises

Through four key mechanisms—capital supply, risk cushioning, strategic guidance, and resource integration—patient
capital establishes a closed-loop empowerment pathway: capital infusion — risk mitigation — strategic alignment —
resource aggregation — value enhancement. These mechanisms are interlinked and synergistic, collectively supporting the
implementation of high-quality development strategies for enterprises, while continuously refined through policy support and
practical application.

2.1 Capital Supply Mechanism: Strengthening the Foundation of Financial Security

The capital supply mechanism serves as the prerequisite for the functioning of patient capital, with its core function being to
provide stable financial support for enterprises’ long-term strategic implementation, thereby addressing funding constraints.
Under policy guidance, this mechanism has been reinforced through the model of leveraging social capital via government-
guided funds.

2.1.1 Long-term capital supply covers the entire cycle of demand

The core areas of high-quality enterprise development, such as core technology R&D and green production line upgrades,
are characterized by “high investment, long cycles, and slow returns.” Traditional short-term capital often withdraws before
projects become profitable, leading to strategic interruptions. The long-term nature of patient capital enables it to provide

full-cycle funding support spanning the startup, growth, and maturity phases, ensuring continuity “in strategic planning. The

a. Xinhua News Agency. The trillion-dollar ‘carrier-class’ fund has officially launched, using ‘patient capital” to support ‘hard technology’
http://www.shturl.cc/2da46197633551e34d387¢064a2bfee8, 2025-12-29.

83



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

National Venture Capital Guidance Fund has established a 20-year ultra-long duration, breaking the 7-10 year constraints of
traditional venture funds and further relaxing time limits for long-cycle sectors like innovative drugs, truly realizing “long-
termism” investment. A representative case is Shenzhen Capital Group’s investment in EDA software company Huada
Jiutian®. Against the industry’s general skepticism toward domestic EDA R&D, Shenzhen Capital Group took the lead in
providing financial support and continuously accompanied the company’s "growth, ultimately helping Huada Jiutian break
foreign technological monopolies and improve the weak domestic EDA software market. As of December 2024, over 90%
of Shenzhen Capital Group’s funds were invested in cutting-edge hard technology fields, with cumulative investments
exceeding 100 billion yuan, 85% of which went to startup and growth-stage projects. Another semiconductor company, Aien
Semiconductor, faced funding shortages during its early stages. Luxin Venture Capital resolved its ion implantation machine
R&D funding challenges through two rounds of angel fund investments, enabling the company’s first product to smoothly
enter small-scale production.

2.1.2 Leveraged Effect Amplifies Capital Supply Scale

As a crucial form of patient capital, government-guided funds leverage the “four ounces to move a thousand catties” effect
to amplify capital supply. The “Guidelines on Promoting High-Quality Development of Government Investment Funds”
explicitly propose optimizing the adjustment mechanism for government investment ratios. Shenzhen Angel Fund has
surpassed the 30% investment cap for general guidance funds, allowing up to 40% contributions ‘to sub-funds, effectively
mobilizing private capital participation. Currently, Shenzhen’s government-guided funds have invested in over 140 sub-funds,
with committed total ‘investments exceeding 100 billion yuan and sub-funds’ total decision-making scale surpassing 470
billion yuan, achieving an overall leverage ratio of 4.5 times. At the national level, the National SME Development Fund has
reached 35.7 billion yuan, cumulatively investing in 42 sub-funds, helping invested projects secure over 480 billion yuan in
additional equity financing, and investing in more than 1,200 seed-stage and early-stage growth-oriented SMEs. This leverage
effect enables limited fiscal funds to guide more social capital into long-term sectors, forming a capital supply pattern
characterized by “government guidance, market operation, and social participation.”

2.1.3 Optimizing Capital Structure to Reduce Financial Risks

Patient capital participates in corporate capital allocation through diversified channels including equity financing and
perpetual bonds, forming a “pyramid-style” capital structure. The base layer provides long-term stable funding for core
business development, the middle layer covers daily operational needs through debt capital, while the top layer addresses
short-term funding gaps with equity capital. This structure reduces corporate reliance on short-term debt, mitigates maturity
mismatch risks from “short-term loans for long-term ‘investments,” and balances long-term stability with short-term
flexibility. After introducing patient capital from Qingdao Haikong Group, a high-energy-consuming enterprise reduced its
short-term debt ratio from 42% to 27%, significantly enhancing financial stability and securing a capital structure foundation

for green transformation.

a. State-owned ‘Patient Capital’ Boosts Innovation in the Long Haul: The ‘Shenzhen Experience’ Goes Nationwide [EB/OL]. http://wap.
sasac.gov.cn/n2588025/n2588129/¢32981658/content.html, 2025-03-07.

b. National Party Media Information Public Platform. “Patient Capital” Facilitates Breakthrough in Third-Generation Semiconductor
Industry http://m.toutiao.com/group/7519151232003424787/,2025-06-23.

c. State-owned ‘Patient Capital’ Boosts Innovation in the Long Haul: The ‘Shenzhen Experience’ Goes Nationwide [EB/OL]. http://wap.
sasac.gov.cn/n2588025/n2588129/c32981658/content.html, 2025-03-07.

d. China Government Website. Enhance the functions of industrial investment funds to expand long-term and patient capital, thereby better
leveraging the guiding and driving role of government investment funds.

https://www.gov.cn/zhengce/202501/content 6997313 .htm, 2025-01-09.

e. Sina Finance. Qingdao Haikong Group’s initiative’ Patient Capital Leading Industrial Investment ‘was recognized as a green finance
practice achievement in the 4th’ Xinhua Credit Golden Orchid Cup’.

http://m.toutiao.com/group/7584832209941430803/,2025-12-17.
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2.2 Risk Buffer Mechanism: Mitigating Transition Uncertainty
The risk cushioning mechanism is the core feature that distinguishes patient capital from traditional capital. By tolerating

short-term risks and dispersing transformation pressures, it provides a relaxed environment for high-quality enterprise
development. A series of policies introduced in 2025 further enhanced the effectiveness of this mechanism through the design
of a fault-tolerant framework.

2.2.1 Fault-tolerant mechanisms support innovation through trial and error

Disruptive technological innovation is characterized by high trial-and-error costs and failure rates, while traditional
capital’s low risk tolerance often constrains “corporate innovation exploration. The “Guidelines on Promoting High-Quality
Development of Government °Investment Funds” explicitly establishes a fault-tolerant mechanism and optimizes a full
lifecycle evaluation system, avoiding simplistic assessments based on individual projects or annual profit/loss figures.
This policy provides institutional safeguards for patient capital to participate in high-risk innovation projects. Shenzhen
Angel Fund emphasizes mutual benefit in its profit-sharing mechanism: it bears losses proportionally when investments
incur deficits, and transfers all excess returns to sub-fund management institutions and other investors after recovering
costs, significantly enhancing social capital’s risk-taking willingness. Supported by this mechanism, it is not uncommon to
see biopharmaceutical companies successfully launch innovative drugs after four failed R&D cycles with patient capital’s
accompaniment.

2.2.2 Diversified Measures to Mitigate Transformation Risks

Enterprises undergoing high-quality development face multiple uncertainties in technology, market, and policy. Patient
Capital mitigates risks through three approaches: First, leveraging industry expertise to provide risk assessment and
management recommendations, helping companies identify potential risks; second, establishing risk compensation
mechanisms like innovation tolerance funds to subsidize reasonable risk ‘losses; third, integrating external risk management
resources to enhance corporate resilience. During a chemical company’s green transition, Patient Capital collaborated with
industry associations to interpret carbon policies and issue environmental risk alerts, reducing transition-related losses by
32% (Yu, 2025).

2.3 Strategic Guidance Mechanism: Aligning with High-Quality Development

The core function of the strategic guidance mechanism is to help enterprises clarify their development direction and avoid
blind resource allocation through strategic guidance and industrial synergy. With its profound understanding of national
strategies and industrial trends, Patient Capital has become a key guide for corporate strategic planning.

2.3.1 Anchoring National Strategies to Optimize Development Directions

The strategic direction of patient capital investment aligns closely with national development priorities, guiding enterprises
to focus on critical sectors. Following the 20th CPC Central Committee’s Third Plenary Session proposal to “accelerate the
formation of production ‘relations compatible with new productive forces,” Shenzhen’s state-owned capital and enterprises
have strengthened original and pioneering technological layouts through patient capital, directing state-owned capital toward

forward-looking strategic emerging industries. Shenzhen Venture Capital Group has transformed its “bottleneck™ list into a

a. Guiding Opinions of the General Office of the State Council on Promoting the High-Quality Development of Government Investment
Funds. State Council General Office Document [2025] No.1

https://www.gov.cn/zhengce/zhengeeku/202501/content 6996730.htm.

b. China Government Website. Enhance the functions of industrial investment funds to expand long-term and patient capital, and better
leverage the guiding and driving role of government investment funds.

https://www.gov.cn/zhengce/202501/content_ 6997313 .htm, 2025-01-09.

c. China News Service Liaoning Channel. A major market indicator, Japanese giants choose to increase their investment in China assets.
https://www.In.chinanews.com.cn/news/2025/0321/349518.html, 2025-03-21.

d. State-owned ‘patient capital’ fuels innovation marathon: SASAC’s’ Shenzhen experience’ expands nationwide. http://wap.sasac.gov.cn/
n2588025/n2588129/c32981658/content.html, 2025-03-07.
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key investment “portfolio, actively identifying tech enterprises that support China’s high-level technological self-reliance.
Investment areas cover next-generation information technology, biotechnology, and new energy. The National Venture Capital
Guidance Fund focuses on integrated circuits, artificial intelligence, aerospace, low-altitude economy, biomanufacturing, and
future energy sectors, precisely aligning with the strategic emerging industries outlined in the 15th Five-Year Plan. Under this
strategic guidance, enterprises can avoid blind investment trends, concentrate resources on mastering core technologies, and
achieve synergy with national development strategies.

2.3.2 Optimizing Governance Structure to Enhance Decision-Making Efficiency

Patient Capital’s seasoned investors leverage their industry expertise and resource networks to deliver tailored strategic
guidance. They formulate long-term strategies aligned with corporate strengths and sector trends, while facilitating modern
corporate governance through appointed directors and professional consultants. By designing equity incentive plans, they
align the interests of °core teams. A tech company, with Patient Capital’s support, optimized its board structure and adopted
digital decision-making tools, achieving a 38% increase in decision efficiency and reducing strategic execution deviation to
below 12%.

2.3.3 Promoting Industrial Synergy to Expand Development Space

Through integrating industrial chain resources, Capital of Patience builds collaborative networks. Horizontally, it fosters
partnerships with top-tier peers to enhance industry concentration and market influence. Vertically, it coordinates long-term
collaborations with upstream and downstream enterprises to establish a complete industrial ecosystem, reducing transaction
costs. Shenzhen Heavy Industry Investment Group (SZHI) focuses on Shenzhen’s “20+8” industrial cluster development
and breakthroughs in core technologies. By leveraging investments to attract social capital, it has funded over ten strategic
projects including SMIC Shenzhen and CR Microelectronics, driving cluster effects.

2.4 Resource Integration Mechanism: Strengthening Core Competitiveness

The resource integration mechanism compensates for corporate resource deficiencies by consolidating key resources such
as talent, technology, and market access, thereby providing capability support for high-quality development. Leveraging its
extensive resource network, patient capital serves as a crucial bridge for corporate resource integration.

2.4.1 Consolidating Talent Resources to Strengthen Intellectual Support

The brand endorsement and long-term development commitment of patient capital can attract high-end talents; assist in
establishing market-oriented compensation systems and clear career development pathways to enhance talent retention;
leverage resource networks to provide talent exchange platforms. After Luxin Venture Capital’s “investment, Aien
Semiconductor’s core team expanded from two members to a group of professionals with over 20 years of R&D and
industrialization ‘experience, ensuring talent support for the development of the full series of ion implanters. Shenzhen
Investment Holdings has cultivated over 1,200 national high-tech enterprises and 326 national specialized, refined, distinctive,
and innovative enterprises, creating a talent aggregation effect that provides abundant talent reserves for invested companies.
2.4.2 Integrating Technical Resources to Drive Technological Upgrades

Patient Capital bridges industry-academia-research collaboration by facilitating joint laboratory partnerships between

enterprises and universities, accelerating technology commercialization. It supports innovation platforms to enhance

a. Xinhua News Agency. The trillion-dollar ‘carrier-class’ fund has officially launched, using ‘patient capital’ to support ‘hard technology’.
http://www.shturl.cc/2da46197633551e34d387e064a2bfee8, 2025-12-29.

b. Global Times. AIA Asset Management approved to commence operations: Empowering the real economy with professionalism, ushering
in a new chapter of “Investing in China”.

http://m.toutiao.com/group/7590012892372582918/,2025-12-31.

c. National Party Media Information Public Platform. “Patient Capital” Facilitates Breakthrough in Third-Generation Semiconductor
Industry. http://m.toutiao.com/group/7519151232003424787/,2025-06-23.

d. State-owned ‘Patient Capital’ Boosts Innovation in the Long Haul: The ‘Shenzhen Experience’ Goes National. http://wap.sasac.gov.cn/
n2588025/n2588129/c32981658/content.html, 2025-03-07.
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independent R&D capabilities while promoting cross-enterprise knowledge “sharing to avoid redundant development. A new
materials company, with Patient Capital’s support, established a key laboratory with Harbin Institute of Technology, reducing
technology transfer time from "22 to 10 months. Shenzhen State-owned Assets Management Company (SASAC) drives deep
collaboration between invested enterprises and research institutions through its “research-investment integration” model.
The Shenzhen Angel Fund has invested in 973 seed-stage and startup high-tech companies, including 6 unicorns and 182
potential unicorns. Qingdao Haikong Group leverages the Chengzhi New Materials Industrial Park to advance technological
breakthroughs in POE and other high-performance materials, accelerating domestic production and green industrialization of
critical materials.

2.4.3 Expanding Development Space by Integrating Market Resources

Patient Capital leverages its resource network to help enterprises connect with premium client resources and sales channels,
while facilitating industry standard-setting participation to enhance market influence. It also assists in establishing overseas
marketing networks to support global expansion. With Patient Capital’s support, Moore Threads launched China’s first “fully
domestic 1,000-kilowatt-hour, 100-billion-yuan model training platform, which was rapidly upgraded to a “10,000-kilowatt-
hour” scale. Simultaneously, the company achieved ‘commercialization of consumer-grade graphics cards, becoming one
of the few domestic Al chip firms capable of direct-to-consumer (to C) implementation. Shenzhen Capital Group backed
Zhaochi Co., Ltd. ‘s acquisition of Zhaochi Ruigu, a specialized “little giant” enterprise in optical device interconnects,
continuously expanding its Mini/Micro LED production lines to help it become the world’s largest COB process

manufacturer.

3.The Path Selection of High-quality Development of Enterprises Based on Patient
Capital

Enterprises should select development paths tailored to their resource endowments, industry characteristics, and
developmental stages, supported by patient capital. The four approaches—innovation-driven growth, green transformation,
industrial synergy, and global expansion—each have distinct application scenarios and core logic. These approaches can
be pursued individually or in combination. The following analysis, based on the latest policies and case studies, details the
implementation logic and effectiveness of each path.

3.1 Innovation-driven Path

3.1.1 Path Core Logic

Centered on technological innovation, this approach leverages sustained R&D investment and ecosystem development to
cultivate differentiated competitive advantages, particularly for technology-intensive industries and startups in their growth
phase. The core strategy combines long-term capital support from patient investors with risk tolerance, integrating technical
expertise and talent resources to establish a comprehensive innovation framework encompassing R&D, commercialization,
and industrialization. This enables breakthroughs in core technologies and continuous product upgrades. Aligned with China’s
national strategy for “high-level self-reliance and self-strengthening in science and technology,” it represents the fundamental

pathway for nurturing new-generation productive forces.

a. Sina Finance. Qingdao Haikong Group’s initiative’ Patient Capital Leading Industrial Investment ‘was recognized as a green finance
practice achievement in the 4th’ Xinhua Credit Golden Orchid Cup’.

http://m.toutiao.com/group/7584832209941430803/,2025-12-17.

b. State-owned ‘Patient Capital’ Boosts Innovation in the Long Haul: The ‘Shenzhen Experience’ Goes Nationwide. http://wap.sasac.gov.
cn/n2588025/n2588129/c32981658/content.html, 2025-03-07.

c. China Wealth Network. Why are domestic GPU giants favored by investors after going public? What is the rationale behind “patient
capital” making a firm bet?

http://m.toutiao.com/group/7585003002818281990/,2025-12-18.

d. State-owned ‘Patient Capital’ Boosts Innovation in the Long Haul: The ‘Shenzhen Experience’ Goes Nationwide. http://wap.sasac.gov.

cn/n2588025/n2588129/c32981658/content.html, 2025-03-07.

87



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

3.1.2 Key Implementation Points

To strengthen independent R&D capabilities, the initiative leverages patient capital’s long-term stable funding to ensure
sustained investment in both basic and applied research, avoiding budget cuts driven by short-term profit pressures. The
National Venture Capital Fund allocates no less than 70% of investments to seed-stage and early-stage enterprises, with single
investments capped at 50 million yuan, ensuring funds reach the innovation frontlines directly. Shenzhen Capital Group has
established a 300-million-yuan seed fund to support high-tech startups with strong innovation capabilities from the “zero”
stage. By coordinating resources from patient capital, the group deepens industry-academia-research collaboration through
joint laboratories and technology transfer centers, accelerating the commercialization of scientific achievements. Shenzhen
Angel Fund has partnered with institutions like Germany’s STIB Technology Transfer Center and Tsinghua University to
help enterprises bridge technological innovations with market demands (Sheng, 2025). A semiconductor company, through
this model and with five consecutive years of over 2 billion yuan R&D investment supported by patient capital, successfully
achieved mass production of 7nm chips, boosting its market share to 18% (Friday, 2025).

3.2 Green Transformation Path

3.2.1 Path Core Logic

With green and low-carbon development as its core objective, this approach integrates economic and environmental benefits
through green technological innovation, optimized green management, and sustainable supply chain development. It is
particularly suitable for energy-intensive industries and enterprises with stringent environmental compliance requirements.
Guided by the “dual carbon” goals, the strategy leverages long-term capital and risk tolerance from patient investors to
facilitate corporate transformation from high-energy-consumption, high-emission models to green and low-carbon operations,
thereby building sustainable competitiveness. This pathway receives strong policy support from green finance initiatives, with
industry pioneers like Qingdao Haikong Group providing valuable operational insights.

3.2.2 Key Implementation Points

By leveraging patient capital funding, Qingdao Haikong Group has made breakthroughs in key green technologies, including
carbon capture, utilization and storage (CCUS), hydrogen energy storage, and circular economy, effectively overcoming
technical bottlenecks. Through its Chengzhi New Materials Industrial Park, the group has sustained R&D efforts on high-
performance green materials like POE, accelerating the localization and green industrialization of critical materials. Its
Wanma High-End Equipment Industrial Park, specializing in new energy cables and other high-performance products,
was listed among Shandong Province’s “2024 Key Projects for Green and Low-Carbon High-Quality Development”. The
company has established a green supply chain system, integrating environmental standards into supplier admission criteria
and evaluation mechanisms to drive coordinated green transformation across the industrial chain. Patient Capital’s industrial
fund strategy further guides enterprises throughout the supply chain to increase green investments, creating synergistic
environmental benefits.

3.3 Industrial Synergy Path

3.3.1 Path Core Logic

Centered on industrial chain integration, this approach enhances position and influence through horizontal mergers
and vertical consolidation, particularly effective for industries with long supply chains and high upstream-downstream
interconnectivity, as well as mature-stage enterprises. The core logic involves leveraging patient capital’s financial support
and resource integration capabilities: expanding scale through horizontal mergers to increase industry concentration, and
streamlining upstream-downstream links via vertical integration to reduce transaction costs, thereby creating industrial
synergy. This strategy aligns with China’s national “strengthening, supplementing, and extending industrial chains” initiative,
serving as a critical safeguard for supply chain security.

3.3.2 Key Implementation Points

Horizontal integration enhances industry concentration through strategic acquisitions of high-quality peers with patient
capital support, consolidating production capacities and market resources to curb disorderly competition. Shenzhen Heavy

Industry Investment Group (SZHI) focuses on Shenzhen’s “20+8” industrial clusters, investing in major projects like
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SMIC Shenzhen and CR Microelectronics to foster semiconductor cluster effects (Huang & Wen, 2025). A home appliance
manufacturer achieved market share growth from 11% to 26% by acquiring two niche leaders through this approach with
patient capital backing. Vertical integration builds industrial chain ecosystems via strategic investments and joint ventures,
integrating supply, production, and sales chains to improve operational efficiency(Tian et al., 2025). After investing in Aien
Semiconductor, Luxin Venture Capital leveraged Shandong’s manufacturing strengths to connect upstream and downstream
resources, establishing a complete “R&D-production-sales” industrial chain. Shenzhen Investment Holdings (SZHI Holdings)
has invested across all sectors of Shenzhen’s “20+8” industrial clusters, creating coordinated upstream-downstream
ecosystems and nurturing 326 national-level specialized, refined, distinctive, and innovative enterprises.

3.4 International Expansion Path

3.4.1 Path Core Logic

Aiming for global expansion, this strategy leverages the cross-border resource integration capabilities and risk cushioning
effect of patient capital to break through overseas market barriers and achieve global value enhancement. It is particularly
suitable for mature enterprises with brand and technological advantages. The core logic involves utilizing patient capital’s
long-term funding support, cross-border risk management expertise, and global resource network to mitigate international
operational risks while establishing a comprehensive global production, marketing, and R&D system. The participation of
international patient capital, such as sovereign wealth funds and multinational asset management institutions, provides crucial
support for corporate internationalization.

3.4.2 Key Implementation Points

Accurately positioning overseas markets, conducting market research and compliance assessments with the assistance
of patient capital, and selecting appropriate entry modes (such as greenfield investment, mergers and acquisitions, joint
ventures, etc.). As a representative of international patient capital, Japan’s ORIX Group has never reduced its holdings
since investing in China Water Services in 2011, and continued to increase its stake by nearly HKD 500 million in February
2025, with a shareholding ratio exceeding 24%. Its “investment + operation” model provides stable support for corporate
internationalization. Building a localized operational system, integrating overseas R&D, production, and marketing resources,
and enhancing local responsiveness. AIA Asset Management, as a wholly foreign-owned insurance asset management
institution, leverages the characteristics of insurance patient capital to expand its presence in strategic fields such as
technology and green sectors, with its global investment vision supporting the internationalization of invested enterprises. The
Norwegian Government Global Pension Fund helps invested enterprises access overseas technology and market resources

through global diversification.

4.0Optimization Strategies for High-Quality Development Pathways of Enterprises
The effective implementation of the path requires coordinated efforts from enterprises, patient capital, and the government
to form a virtuous cycle of “enterprise-driven transformation—capital-driven empowerment—policy-driven safeguarding.”
Based on the latest policy documents and practical experience from 2024-2025, the following concrete optimization strategies
are proposed:

4.1 Enterprise Level: Strengthen Core Competencies and Optimize Cooperation Mechanisms

4.1.1 Building Core Competence

To enhance innovation capabilities, we will establish a tripartite innovation system integrating R&D, talent, and branding,
while increasing investment in basic research and attracting high-end innovative talents. Drawing lessons from the
experiences of Moore Threads and Muxi Co., Ltd., we will implement a long-term R&D investment mechanism, maintaining
R&D expenditure at over 50% of revenue for three consecutive years. Management optimization will be prioritized through
modern corporate governance, digital management tools, and improved decision-making efficiency with enhanced risk
control capabilities. Social responsibility will be strengthened by elevating ESG performance to boost public recognition and
build a positive brand image. A manufacturing enterprise achieved an A-grade ESG rating, successfully attracting investments

from three patient capital institutions.
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4.1.2 Deepening and Patience Capital Cooperation

Establish transparent communication mechanisms to regularly disclose strategic progress, financial status, and risk profiles,
thereby eliminating information asymmetry. Proactively engage with value-added services, leveraging Patient Capital’s
strategic guidance, resource coordination, and management optimization to maximize collaborative value. For instance, a
tech company successfully partnered with three upstream and downstream enterprises through industry matchmaking events
organized by Patient Capital. Design long-term incentive mechanisms, such as equity incentives, to align the interests of

Patient Capital and the core team, fostering a shared interest community.

4.2 Capital Capacity: Refining Decision-Making Mechanisms and Enhancing Post-Investment
Empowerment

4.2.1 Establishing a Scientific Investment Decision-Making System

A four-dimensional evaluation model integrating “technical feasibility, market potential, team capability, and ESG
performance” has been established to holistically assess enterprises’ long-term growth potential. Shenzhen Capital Group
has enhanced project screening accuracy through industrial chain mapping and professional research-investment teams.
By prioritizing long-term value with a 5-10 year investment horizon, the group has defined exit strategies including STAR
Market listings and industrial mergers, effectively curbing short-term speculative impulses. The National Venture Capital
Guidance Fund provides institutional safeguards for long-term projects with a 20-year duration. The introduction of third-
party due diligence mechanisms further improves decision-making rigor and reduces investment risks.

4.2.2 Developing a Full-Cycle Post-Investment Service System

A professional post-investment management team (comprising industry experts, financial advisors, and legal professionals) is
established to deliver end-to-end services including strategic planning, operational optimization, and resource coordination.
Luxin Venture Capital provides Aien Semiconductor with industrial chain resource matching and strategic planning services,
accelerating its growth. A corporate health monitoring system is implemented to track development progress in real time and
intervene promptly when deviations occur. A risk-sharing and profit-sharing mechanism is established, enabling joint risk-
bearing and benefit-sharing with enterprises during transformation. The profit-sharing mechanism of Shenzhen Angel Fund
serves as a model for social capital participation in risk-sharing.

4.2.3 Synergistic Efforts of Diversified Capital Forms

We encourage diversified patient capital entities, including insurance funds, social security funds, and sovereign funds, to
participate collaboratively. As a wholly foreign-owned insurance asset management institution, AIA Asset Management will
leverage the long-term investment horizon and risk-averse nature of insurance capital to expand investments in technology
and green sectors. Securities firms are supported to engage in patient capital investments through direct investment operations
and asset management plans, thereby enhancing capital allocation efficiency. We will promote collaboration between state-
owned capital, market-oriented capital, and foreign capital to achieve complementary advantages.

4.3 Government Level: Improving Institutional Safeguards and Strengthening Policy Guidance
4.3.1 Establishing a Sound Institutional Environment

To strengthen intellectual property protection, authorities should intensify penalties for patent infringement, raise
compensation standards, establish expedited rights protection channels, and mitigate corporate innovation risks. Following
the implementation of a specialized IP protection policy in a provincial government in 2024, local patient capital investments
in tech enterprises surged by 34%. Market supervision mechanisms should be optimized to foster a level playing field, combat
unfair competition, and safeguard the legitimate rights of both patient capital and enterprises. The error-tolerance mechanism
must be enforced, with improved exemption criteria and procedures as outlined in the “Guidelines for Promoting High-
Quality Development of Government Investment Funds,” thereby easing restrictions on fund and management institutions.
4.3.2 Enhancing Industrial Guidance and Support

Shenzhen implements targeted tax incentives, offering corporate income tax reductions to enterprises investing in

patient capital with a five-year or longer investment horizon, while providing tax credits for innovation R&D and green
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transformation initiatives funded by such capital. The city has established a “business-patient “capital” matchmaking
platform and database to showcase high-quality projects and investment opportunities, facilitating precise matching. Through
government-guided funds participating in sub-funds, Shenzhen has achieved efficient project-capital alignment. Additionally,
fiscal subsidies are provided to support patient capital investments in core technology, green, and low-carbon sectors.

4.3.3 Optimizing Financial Support Policies

To optimize exit mechanisms, the policy supports patient capital exiting through the STAR Market and Beijing Stock
Exchange while streamlining M&A approval procedures. The “Guidelines on Promoting High-Quality Development of
Government Investment Funds” explicitly expand fund exit channels, encouraging private equity secondary market funds and
merger acquisition funds. The government will scale up its guidance funds by establishing a national patient capital guidance
fund and participating in market-oriented patient capital institutions to amplify leverage effects. The 100-billion-yuan fiscal
investment in the National Venture Capital Guidance Fund is projected to mobilize trillions in capital. A risk compensation
mechanism will provide proportional subsidies for failed patient capital projects, with Shenzhen Angel Fund’s loss-sharing

model offering practical experience in risk compensation.

Conclusion

This paper systematically analyzes the intrinsic connection between patient capital and high-quality enterprise development.
By integrating the latest policy documents and case studies from 2024-2025 through an integrated analysis framework
encompassing “patient capital—mechanism of action—path selection—multi-stakeholder collaboration,” the study concludes
three key findings: First, patient capital serves as a critical pillar for high-quality enterprise development. Its characteristics
of long-term commitment, risk tolerance, strategic synergy, and value co-creation align perfectly with the goal of sustainable
value creation. Second, differentiated path selection represents an effective implementation model. Four distinct pathways—
innovation-driven growth, green transformation, industrial collaboration, and international expansion—each suit specific
scenarios. Enterprises should choose single-core strategies or multi-path coordination based on their scale, industry attributes,
and development stage. Case studies like Aier Semiconductor’s innovation-driven approach, Qingdao Haikong Group’s
green transformation, Shenzhen State-owned Assets ‘industrial collaboration, and Orix Investment’s global expansion
demonstrate how pathway suitability impacts development outcomes. Third, multi-stakeholder collaboration forms the
core guarantee for path implementation. Enterprises enhance their appeal through core capability building and optimized
cooperation mechanisms, while patient capital delivers precise empowerment via scientific decision-making and full-cycle
post-investment services. Governments create favorable environments through institutional safeguards, industrial guidance,
and financial support. Policy documents like the “Guiding Opinions on Promoting High-Quality Development of Government
Investment Funds” provide institutional frameworks for tripartite collaboration, with practices in Shenzhen and Shandong

provinces offering replicable and scalable experiences.
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1.Introduction

The pharmaceutical manufacturing industry serves as a strategic pillar for ensuring national health and promoting
socioeconomic well-being. Against the backdrop of accelerated population aging, rising health consciousness, and intensified
global innovation competition, innovation has emerged as the essential driver for enterprises to overcome development
bottlenecks and enhance their core competitiveness. However, Chinese pharmaceutical manufacturers are generally
confronted with several structural and technological constraints, including prolonged R&D cycles for original drugs,

high research costs, and heavy reliance on imported core technologies '". Under the traditional productivity paradigm, the
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efficiency of factor allocation and the pace of technological iteration are insufficient to sustain high-quality, innovation-driven
growth ¥, Consequently, a new productivity paradigm centered on scientific and technological innovation has become
imperative.

The concept of new-quality productive forces (NQPF) embodies this emerging paradigm. By integrating cutting-
edge technologies such as digital transformation, bioengineering, and green manufacturing with production factors,
NQPF restructure industrial production processes and achieve leaps in productivity and innovation efficiency "**. This
transformation emphasizes the synergistic integration of technology and resources, providing pharmaceutical firms with
novel pathways to address innovation bottlenecks. For instance, digital green transformation frameworks have demonstrated
positive spillover effects on innovation efficiency and environmental sustainability across China’s manufacturing sectors ",
Moreover, intelligent manufacturing initiatives have proven to significantly enhance resource utilization and green innovation
performance in pharmaceutical enterprises "*'.

Compared with traditional productivity, NQPF highlight the leading role of technological innovation, the creativity of factor
recombination, and the systematic nature of industrial collaboration . These characteristics enable continuous empowerment
of pharmaceutical manufacturing innovation through intelligent R&D upgrades, lean production reforms, and ecosystem-
based collaborative innovation ", Building on this perspective, this study investigates how NQPF influence the innovation
performance of pharmaceutical manufacturing enterprises. It systematically examines the underlying mechanisms through
which technology integration and production restructuring shape innovation outcomes. The research not only enriches
theoretical discussions on NQPF and industrial innovation but also provides practical guidance for enhancing innovation

capacity and achieving high-quality growth in the pharmaceutical manufacturing industry.

2.Literature Review and Theoretical Hypotheses

2.1 Innovation in the Pharmaceutical Manufacturing Industry

The pharmaceutical manufacturing industry is characterized as both knowledge-intensive and technology-intensive, serving
as a core driver of industrial upgrading and public health improvement """, Innovation in this sector represents a crucial
mechanism for sustaining competitiveness, enhancing productivity, and supporting the broader transition toward high-
quality economic development . The complexity of pharmaceutical production—encompassing drug discovery, clinical
development, and large-scale manufacturing—requires continuous technological advancement and organizational learning to
maintain efficiency and innovation performance .

Enterprise innovation in pharmaceutical manufacturing is influenced by both internal and external factors. Internally, R&D
investment, technological absorptive capacity, and human capital accumulation are key determinants of innovation output ',
Externally, institutional frameworks, regulatory environments, and policy incentives play critical roles in shaping innovation
efficiency and market orientation "'*. The interaction between these internal and external forces determines firms’ ability to
transform scientific knowledge into commercially viable pharmaceutical products ",

With the rapid development of intelligent manufacturing and digital technologies, pharmaceutical innovation has entered a

54 Digitalization

stage characterized by the deep integration of information technology, biotechnology, and green production
and artificial intelligence improve research accuracy, shorten R&D cycles, and enhance the reliability of experimental
results. Meanwhile, smart manufacturing technologies increase production flexibility and precision, enabling real-time
process optimization and improving the scalability of innovative drug manufacturing '), The adoption of green and
sustainable production systems further strengthens environmental performance, contributing to both cost reduction and social
responsibility "),

In parallel with technological advancement, innovation models in the pharmaceutical industry have evolved from closed to

“2l Firms are increasingly engaging in knowledge sharing, cross-industry partnerships,

open and collaborative frameworks '
and joint R&D initiatives to overcome resource constraints and accelerate innovation diffusion '*. The integration of
upstream and downstream enterprises in innovation networks promotes efficient information exchange and resource
complementarity, leading to higher innovation productivity across the value chain ',

Overall, pharmaceutical manufacturing innovation reflects a multidimensional process driven by the convergence of
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247 The continuous advancement of digital and intelligent systems

technology, knowledge, and institutional dynamics
redefines the boundaries of pharmaceutical R&D and production, fostering a transition toward more flexible, sustainable,
and collaborative innovation ecosystems """\, This evolution provides a solid foundation for subsequent discussions on how
NQPF reshape the innovation dynamics and efficiency of the pharmaceutical manufacturing sector.

2.2 New-Quality Productive Forces

NQPF represent an advanced form of productivity driven by technological innovation, knowledge integration, and systemic

I They emphasize the transformation of traditional production systems from factor-

coordination across industries
based expansion to innovation-led efficiency, marking a shift from quantity accumulation toward qualitative upgrading .
This concept highlights the centrality of science and technology as the core driver of economic growth and industrial
competitiveness in the new era of digital and intelligent economies !'>'*"

In essence, NQPF reshape the relationship between technology, labor, and capital through the deep integration of
digitalization, intelligence, and sustainability-oriented production. The integration of emerging technologies such as artificial
intelligence, big data, and cloud computing enhances the precision and flexibility of manufacturing systems, allowing for

7

dynamic adjustment of production processes and accelerating innovation diffusion """ At the same time, bioengineering and

green manufacturing promote resource efficiency and environmental sustainability, thereby contributing to both economic and
ecological performance "

From a structural perspective, NQPF reconstruct the configuration of production factors by embedding information
technology into the entire value chain, including R&D, production, and market operations. This integration not only improves
resource allocation efficiency but also facilitates the emergence of new business models and industrial ecosystems "%, As
digital infrastructure becomes more pervasive, data and algorithms increasingly function as key production factors alongside
labor and capital, reshaping the productivity foundation of modern enterprises ",

Moreover, the transformation toward NQPF enhances industrial resilience and innovation capacity. Intelligent decision-
making systems, digital collaboration platforms, and sustainable production processes enable enterprises to adapt quickly
to external shocks and technological uncertainties "'*. This adaptive capability supports continuous innovation and value
creation, allowing firms to maintain long-term competitiveness in rapidly evolving markets.

In the context of the pharmaceutical manufacturing industry, the adoption of NQPF provides a strategic pathway for
achieving high-quality development. The integration of digital R&D systems, automated production, and environmentally
friendly processes reduces development costs, shortens innovation cycles, and enhances product quality ">, Through
these mechanisms, NQPF not only optimize internal production efficiency but also foster external industrial linkages and
collaborative innovation networks, laying the foundation for sustainable growth and technological independence.

2.3 Theoretical Hypotheses

Building upon the above discussion, this study proposes that NQPF enhance enterprise innovation by optimizing factor
allocation and improving technological efficiency through digitalization, intelligentization, and green transformation.

H1: The development of new-quality productive forces significantly promotes the innovation performance of pharmaceutical
manufacturing enterprises.

Furthermore, NQPF may influence innovation indirectly via two mediating mechanisms: technological stability and
technological diversification.

Technological stability refers to the firm’s ability to maintain consistency in technological trajectories during R&D activities.
Given the high uncertainty and path dependency of pharmaceutical R&D, intelligent information management under NQPF
can strengthen technological accumulation and reduce resource redundancy.

H2: New-quality productive forces enhance innovation performance by improving firms’ technological stability.

In addition, technological diversification broadens the boundaries of innovation. By providing digital platforms that facilitate
cross-disciplinary knowledge integration, NQPF promote the expansion of firms’ innovation flexibility and scope.

H3: New-quality productive forces enhance innovation performance by promoting technological diversification.

95



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

3.Research Design

3.1 Variable Selection

3.1.1 Dependent Variable

The enterprise innovation level is measured by the total number of invention patents applied for by each firm in a given
year, including both independent and joint patent applications. The sum of these two types of applications provides a
comprehensive representation of a firm’s overall innovation capacity. Independent patent applications reflect a firm’s internal
innovation capability, while joint applications capture its ability to engage in external collaborative innovation. By combining
these two indicators, the natural logarithm of the total number of patent applications is used to more comprehensively
evaluate firms’ innovation performance.

3.1.2 Core Independent Variable

NQPF represent an advanced form of productivity characterized by innovation orientation, technological sophistication, and
efficiency enhancement. This construct emphasizes a break from traditional development paths, focusing on high technology,
high efficiency, and high quality as its core attributes. Drawing on the frameworks proposed by Song et al. "” and Lu et al. *”,
this study constructs an evaluation index system for NQPF based on two dimensions: labor input and upgrading of production
tools. These dimensions collectively capture the extent to which pharmaceutical manufacturing enterprises achieve
innovation-driven growth and factor restructuring, thereby reflecting their overall development level under the paradigm of
NQPFE.

3.1.3 Control Variables

To mitigate the potential impact of firm-specific heterogeneity, several control variables are incorporated into the regression
model, including firm size (Size), asset-liability ratio (Lev), profitability (Roa), cash flow ratio (Cashflow), current ratio
(Liquid), and listing age (ListAge). Firm size is measured as the natural logarithm of total assets, while the asset-liability ratio
is calculated as the proportion of total liabilities to total assets. Profitability is represented by the ratio of net profit to average
total assets. The cash flow ratio reflects the proportion of net operating cash flow to total liabilities, and the current ratio is
defined as the ratio of current assets to current liabilities. Listing age is measured as the difference between the sample year
and the firm’s initial listing year. Collectively, these control variables capture essential firm characteristics that may influence
innovation behavior and productivity dynamics, thereby enhancing the robustness and reliability of the empirical results.

3.2 Model Specification

To examine the impact of NQPF on enterprise innovation, this study constructs a fixed-effects model. The model is specified
as follows:

Innovation,=f,+,Nqpf,+ p,Control,+ Firm+Year+te, (1
where subscripts i and ¢ represent the firm and year, respectively. Innovation, denotes the level of enterprise innovation, and
Ngpf, represents the NQPF. Control, is a vector of control variables. Firm; and Year, denote firm-fixed and year-fixed effects,
respectively, to control for unobserved heterogeneity across firms and temporal variations. The error term ¢, captures random
disturbances. To ensure robustness, industry—year clustered standard errors are applied.

3.3 Data Sources

The sample of this study consists of A-share listed pharmaceutical manufacturing firms in China over the period 2015-2023.
Patent data were obtained from the IncoPat global patent database, while financial data were collected from the CSMAR
database. To ensure data reliability, financial firms, ST, and ST companies were excluded, and continuous variables were
winsorized at the 1% and 99% levels to mitigate the influence of outliers. After data cleaning and screening, the final sample
includes 241 firms and 1,443 firm-year observations, forming a balanced panel dataset. Descriptive statistics for all variables
are presented in Table 1.

Table 1. Descriptive statistics.

Variable Obs Mean Std. Dev. Min Max

Innov 1463 1.371 1.097 0 4.762
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Variable Obs Mean Std. Dev. Min Max
NQPF 1463 0.0090 0.0110 0 0.0950
Size 1463 22.06 0.937 19.45 25.45
Lev 1463 0.300 0.165 0.0140 1.645
ROA 1463 0.0620 0.0920 -0.662 0.969
Cashflow 1463 0.0700 0.0800 -0.647 0.726
Liquid 1463 3.486 3.345 0.0840 40.17
ListAge 1463 2.102 0.787 0.693 3.434

4.Empirical Analysis

4.1 Baseline Regression Results

Table 2 reports the results of the baseline regressions. Column (1) presents the estimation results without any control
variables. The coefficient of NQPF is significantly positive, indicating that an improvement in NQPF effectively promotes
enterprise innovation. In column (2), after incorporating firm-level control variables, the coefficient of NQPF remains
significantly positive at the 1% level. Column (3) introduces year-fixed effects to account for macroeconomic influences,
and the results remain consistent. Furthermore, column (4) adds firm-fixed effects to control for unobservable firm-specific
characteristics, and the coefficient of NQPF continues to be significantly positive, confirming the robustness of its positive
effect on innovation.

From an economic perspective, a 1% increase in the level of NQPF is associated with an approximate 7.2% improvement in
firms’ innovation performance. This result provides strong empirical evidence that NQPF significantly enhance innovation in
the pharmaceutical manufacturing industry by facilitating factor restructuring and knowledge integration, thereby promoting
industrial upgrading and technological progress.

Table 2. Benchmark regression resullts.

ey 2 3) C))
Innov Innov Innov Innov
NQPF 16.1134%%* 17.9677%%* 18.6297%** 7.2046%*
(1.8781) (1.4953) (1.7607) (2.6180)
Control FE NO YES YES YES
Firm FE NO NO YES YES
Year FE NO NO NO YES
N 1463 1463 1463 1445
(within) 0.0269 0.1338 0.1415 0.6126

Note: *** ** and * indicate 10%, 5%, and 1% significance levels, respectively. Robust standard errors in parenthesis.

4.2 Endogeneity Treatment

4.2.1 Omitted Variable Bias Test

Enterprise innovation is influenced by multiple factors, and if relevant variables are omitted from the model, potential
endogeneity bias may arise. This study examines the extent of omitted variable bias by calculating the ratio of coefficient
differences between models with and without observable controls. This ratio serves as an indicator of the magnitude of
unobservable bias relative to observable factors.

As reported in Table 3, when no control variables are included, the ratio is less than 1, indicating the presence of bias due
to omitted variables. After incorporating control variables and fixed effects, the ratio increases to a range between 7.49 and

10.3, suggesting that the estimation results would only be significantly biased if the influence of unobservable factors were
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more than seven times stronger than that of observable variables. Therefore, the potential impact of omitted variable bias is
minimal, confirming the robustness and reliability of the baseline regression results.
Table 3. Omitted Variable Bias Test.

Specification Restricted R.egression Full Sarflple Batio of
Coefficient Coefficient Differences
Without control variables and without fixed effects 16.113449 7.2045756 0.80869659
Without control variables but with firm and year fixed effects 6.5043977 7.2045756 10.289636
With control variables and firm fixed effects only 6.2432845 7.2045756 7.4946872

4.2.2 Instrumental Variable Approach
To address potential reverse causality concerns, this study employs the IV method for robustness testing. The provincial
average of NQPF among other listed firms in the same province is selected as the instrumental variable. This variable is
highly correlated with a firm’s own level of NQPF but is exogenous to its individual innovation output.
The 2SLS estimation results are reported in columns (1) and (2) of Table 4. The first-stage regression shows a significantly
positive association between the instrumental variable and the firm’s level of NQPF, confirming instrument relevance. In the
second stage, the coefficient of NQPF remains significantly positive, indicating that the positive effect of NQPF on enterprise
innovation persists even after accounting for potential endogeneity. These findings suggest that the baseline conclusions are
robust and not driven by reverse causality.
4.2.3 GMM Estimation
To further verify robustness and account for potential dynamic characteristics in innovation behavior, this study applies a
system GMM estimator. The one-period lag of the innovation variable is included as an endogenous regressor to capture
innovation persistence and mitigate simultaneity bias.
As reported in column (3) of Table 4, the coefficient of NQPF remains significantly positive at the 1% level, while the lagged
innovation variable also exhibits a significant positive effect. This indicates that enterprise innovation demonstrates strong
persistence over time and that the promoting effect of NQPF remains robust within a dynamic estimation framework.

Table 4. 1V and GMM test.

o ) 1v 3) GMM
NQPF Innov Innov
NQPF 27.9699%** 9.4076%**
(6.2609) (3.0052)
v 0.5961%%*%*
(0.0375)
L_Innov 0.4992%**
(0.0426)
Control FE YES YES YES
Firm FE YES YES YES
Year FE YES YES YES
N 1464 1463 1219
(within) 0.1638 0.1234 -

Note: *** ** ‘and * indicate 10%, 5%, and 1% significance levels, respectively. Robust standard errors in parenthesis.

4.3 Robustness Tests

To further validate the reliability of the baseline regression results, a series of robustness tests were conducted from
three perspectives: (1) substitution of the dependent variable, (2) adjustment of the sample period, and (3) introduction

of lagged variables. As shown in Table 5, the estimation results across all alternative models remain consistent with the
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baseline findings, indicating that NQPF significantly promote the innovation performance of pharmaceutical manufacturing
enterprises.

4.3.1 Alternative Dependent Variable

To mitigate potential measurement bias arising from the choice of innovation indicators, the number of invention patents
granted is used as an alternative measure of enterprise innovation performance. To address the presence of zero values, the
logarithm of the number of invention patents granted plus one is employed. The regression results reported in column (1)
of Table 5 show that the coefficient of NQPF remains significantly positive at the 5% level, suggesting that higher levels of
NQPF continue to enhance firms’ innovation output. This finding confirms that the baseline conclusion is not driven by the
choice of innovation indicators, thereby reinforcing the robustness of the results.

4.3.2 Alternative Sample Period

Considering that the outbreak of the COVID-19 pandemic at the end of 2019 may have caused structural disruptions to R&D
activities and innovation investment in the pharmaceutical manufacturing industry, the sample year 2020 was excluded to
eliminate the potential influence of the pandemic. As shown in column (2) of Table 5, after removing the pandemic period, the
coefficient of NQPF remains significantly positive at the 1% level, indicating that the positive effect of NQPF on innovation
is not limited to a specific period. This suggests that the promoting role of NQPF is robust across different economic phases,
further supporting the generalizability and reliability of the results.

4.3.3 Lagged Patent Variables

Innovation activities in the pharmaceutical manufacturing industry exhibit a strong time-lag effect, as firms often complete
technological development and accumulation prior to patent applications or approvals. To account for this temporal delay,
the dependent variable is lagged by one period, and regressions are re-estimated using the lagged innovation level. The
results, presented in column (3) of Table 5, show that the estimated coefficient of NQPF remains significantly positive, with
no notable change in the level of significance. This indicates that even when considering the time gap between technological
accumulation and innovation output, the core conclusion remains robust, underscoring the stability of the positive effect of
NQPF on enterprise innovation.

Table 5. Robustness tests.

@ 2 3
Indep Innov lag_Innov
NQPF 8.3266%** 7.2172%% 8.253 5%
(3.4390) (2.8281) (2.0236)
Control FE YES YES YES
Firm FE YES YES YES
Year FE YES YES YES
N 878 1285 1443
(within) 0.6939 0.5979 0.6219

Note: *** ** and * indicate 10%, 5%, and 1% significance levels, respectively. Robust standard errors in parenthesis.

4.4 Mechanism Analysis

The baseline regression results demonstrate that NQPF significantly enhance the innovation performance of pharmaceutical
manufacturing enterprises. However, this positive effect is not achieved through a direct linear relationship but rather through
the restructuring of firms’ technological foundations and knowledge accumulation mechanisms. To further uncover the
underlying transmission pathways, the mechanism analysis is conducted from two dimensions: technological stability and
technological diversification. These two dimensions represent firms’ distinctive capabilities in the depth of technological
accumulation and the breadth of knowledge exploration, while also reflecting the intrinsic features of technological
integration and innovation-driven development embedded in NQPF. The mediating effect is tested using the following model

specifications:
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M, =P+ Nqpf,tp,Control +Firm+Year+e, 2)
Innovation,=f+f Nqpf,+p.M,+fControl,+Firm+Yearte, 3)
where subscripts i and ¢ represent the firm and year, respectively. M, denotes the mediating variable, while other variables are
defined consistently with Equation (1).
4.4.1 Technological Stability
Technological stability reflects a firm’s ability to maintain continuity in technological trajectories and sustain long-term
knowledge accumulation. In the pharmaceutical manufacturing industry, R&D processes are typically characterized by long
cycles and high risks, requiring persistent technical expertise and information management. Under the framework of NQPF,
digitalization and intelligent manufacturing enhance the efficiency of technological accumulation and improve the reliability
of knowledge retention.
To measure this construct, a technological stability index (Stabi) is developed based on technological concentration, core
patent maintenance rate, and patent commercialization rate. As shown in columns (1) and (2) of Table 6, the results indicate
that higher levels of NQPF significantly improve firms’ technological stability. When this mediating variable is incorporated
into the innovation model, the direct effect of NQPF on innovation decreases but remains statistically significant, suggesting
a partial mediating effect. This finding implies that NQPF enhance innovation partly by strengthening firms’ technological
persistence and reinforcing path dependence. By improving knowledge continuity and reducing technological fragmentation,
NQPF establish a solid foundation for sustainable and cumulative innovation.
4.4.2. Technological Diversification
Technological diversification captures a firm’s capacity for cross-domain collaboration and knowledge integration. It reflects
the ability to expand the scope of technological exploration and engage in multi-disciplinary innovation activities. In this
study, the degree of technological diversification (Div) is measured based on the distribution of patent International Patent
Classification (IPC) subclasses, which quantifies the variety of technological fields covered by a firm’s patents.
Regression results presented in columns (3) and (4) of Table 6 show that the coefficient of NQPF is significantly positive,
indicating that NQPF effectively promote technological diversification. Further regression including Div as a mediating
variable reveals that the direct effect of NQPF on innovation weakens but remains significant, confirming another partial
mediation mechanism. This suggests that NQPF stimulate innovation by promoting cross-domain knowledge sharing and
intelligent collaboration. Through digital data platforms and automated coordination systems, firms can reduce the costs of
interdisciplinary innovation, achieve parallel exploration across multiple technological trajectories, and integrate resources
from diverse fields. Consequently, NQPF expand the technological boundaries of firms and foster a dynamic and inclusive
innovation ecosystem.

Table 6. Benchmark regression resullts.

@ ) 3 “
Stabi Innov Div Innov
NQPF 21.1294*** 5.2976* 10.495 1 #%* 4.2682%*
(4.8471) (2.5685) (3.0701) (2.2504)
Control FE YES YES YES YES
Firm FE YES YES YES YES
Year FE YES YES YES YES
N 1446 1445 1446 1445
(within) 0.4047 0.6422 0.4252 0.6658

Note: *** ** and * indicate 10%, 5%, and 1% significance levels, respectively. Robust standard errors in parenthesis.

5.Conclusions and Implications

This study systematically examines the impact of NQPF on the innovation performance of pharmaceutical manufacturing
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enterprises and explores the underlying mechanisms through which such effects occur. The empirical findings demonstrate
that NQPF significantly enhance firms’ innovation performance, and this conclusion remains robust across multiple tests
addressing endogeneity and robustness concerns.

Further analysis reveals that the effect of NQPF on innovation operates through both direct and indirect pathways.
Specifically, NQPF not only directly improve firms’ innovation output but also indirectly promote sustained innovation
performance by enhancing technological stability and technological diversification. These findings suggest that NQPF serve
as a dual driver of innovation—deepening technological accumulation and broadening the scope of knowledge exploration—
thereby acting as a critical engine for achieving high-quality innovation and sustainable growth in the pharmaceutical
manufacturing sector.

From a policy perspective, developing NQPF should be regarded as a key lever for the structural transformation and
upgrading of the pharmaceutical industry. Government authorities should foster an enabling institutional environment by
improving the innovation policy framework, increasing investment in digital infrastructure, and optimizing the allocation of
scientific and technological resources. These efforts will support the growth and diffusion of NQPF across industries.

At the enterprise level, pharmaceutical manufacturers should actively advance intelligent and digital transformation of
production systems, promote data-driven innovation models, and strengthen long-term management of core technological
R&D. These initiatives will enhance firms’ innovation capacity and improve their ability to respond to technological changes.
At the industrial level, fostering cross-disciplinary knowledge collaboration and open innovation networks is essential.
Encouraging technological integration and collaborative innovation can accelerate the formation of an innovation ecosystem
characterized by synergy, inclusiveness, and sustainable competitiveness.

Future research could extend this study by exploring the heterogeneous effects of NQPF across different types of
pharmaceutical enterprises, such as those varying in ownership structure, firm size, or regional innovation environments.
Moreover, examining the long-term influence of NQPF on innovation efficiency and industrial competitiveness would provide
deeper theoretical and practical insights for promoting sustainable innovation within China’s pharmaceutical manufacturing

industry.
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Abstract: This study provides a comprehensive analysis of the theoretical frameworks and quantitative effects of Foreign
Direct Investment (FDI) in developing economies, commonly referred to as the Global South. By integrating robust
methodological approaches Vector Error Correction Model (VECM) analysis—this research examines the multi-faceted
impact of FDI on economic growth, environmental sustainability, and energy consumption. The findings indicate a complex,
non-linear relationship between FDI and key economic variables, often mediated by local institutions, absorptive capacities,
and sectoral characteristics. The results confirm a U-shaped relationship between FDI and renewable energy consumption
globally, where initial effects may be negative but turn positive over time as economies develop and integrate advanced
technologies. Furthermore, the analysis reveals that the interaction between FDI and economic growth significantly affects
renewable energy consumption, aligning with the trade-off theory and race-to-the-bottom hypothesis rather than the
conservation hypothesis. For policymakers, this integrated analysis offers valuable insights for designing strategic policies
that maximize FDI benefits while mitigating potential negative externalities, particularly in environmental domains where the
pollution haven hypothesis remains a contested framework.
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Introduction

Foreign Direct Investment (FDI) has emerged as a pivotal driver of economic growth and development, particularly in
the Global South. Over the last three decades, cross-border capital flows have surged dramatically, with FDI reaching
unprecedented levels exceeding US$6 trillion by 2005. This trend underscores the increasing importance of FDI in shaping
the economic landscape of developing countries, where it serves not only as a vital source of external capital but also as a
conduit for technology transfer and knowledge spillovers.

Understanding the complex relationship between FDI and host economies is essential for policymakers and scholars alike.
FDI has the potential to enhance productivity, generate employment, and contribute to environmental sustainability. However,
its impact is not uniform; rather, it is influenced by a myriad of factors, including the institutional quality of the host country,
the development of human capital, and the effectiveness of regulatory frameworks. These factors shape the degree to which
FDI can foster positive economic outcomes and mitigate potential negative consequences.

The environmental implications of FDI represent one of the most debated aspects in the literature. Various hypotheses, such
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as the pollution haven hypothesis, pollution halo hypothesis, and scale effect hypothesis, propose contrasting views on FDI’s
environmental impact. By examining these competing theories, researchers can gain insights into how FDI operations may
either exacerbate or alleviate environmental challenges in developing nations, depending on the existing regulatory and
economic context.

This paper seeks to contribute to the ongoing discourse by integrating two robust analytical frameworks: Computable General
Equilibrium (CGE) models and Vector Error Correction Models (VECM). CGE models are invaluable for simulating the
economy-wide impacts of policy shocks and structural changes, providing a broader understanding of how different sectors
interact under varying conditions. Meanwhile, VECM approaches are adept at exploring dynamic causal relationships and
identifying long-term equilibrium adjustments, thereby enriching our understanding of FDI’s temporal effects.

The integration of CGE and VECM models offers a comprehensive methodology for analyzing FDI’s effects in the Global
South. It allows for both ex-ante policy simulation, assessing potential outcomes before implementing changes, and ex-post
empirical validation, testing the results against real-world data. This methodological synergy addresses a significant gap in
the current research landscape, which has often relied on singular approaches that may overlook critical interactions and
dynamics.

By employing this integrated analysis, the study aims to shed light on the multifaceted impacts of FDI within developing
economies. It will assess how various factors influence the effectiveness of FDI in achieving desired economic and
environmental outcomes, providing a more nuanced view of its role as a development tool. Ultimately, the research aspires to
inform policymaking processes, guiding countries in the Global South on how to harness FDI for sustainable growth.
Moreover, this paper emphasizes the need for a contextual understanding of FDI’s effects, recognizing that the varying
conditions across the Global South necessitate tailored approaches to policy and investment strategies. The insights garnered
from this study can help stakeholders, including governments, investors, and civil society, to better navigate the complexities
associated with FDI and leverage its potential benefits while mitigating its associated risks.

In conclusion, as FDI continues to play a central role in the development strategies of the Global South, the integration
of CGE and VECM models in this analysis will enhance our understanding of its implications. By exploring the interplay
between FDI and the host economies, we can better appreciate the critical factors that influence its outcomes and inform
more effective policy interventions aimed at maximizing its positive impacts. The findings of this research are expected
to contribute to the broader literature on FDI and economic development, offering valuable insights for future studies and

practical applications in the field.

1.Literature Review

1.1 Theoretical Frameworks of FDI

The theoretical understanding of FDI’s effects has evolved through several competing frameworks that offer different
predictions about its impacts:

The Pollution Haven Hypothesis (PHH) posits that foreign direct investment (FDI) flows are systematically drawn to
countries with weak environmental regulations, allowing firms to relocate pollution-intensive production and reduce
compliance costs. This theory is rooted in the concept of a “race to the bottom,” where countries strategically lower or refrain
from strengthening environmental standards to attract mobile international capital, potentially turning them into destinations
for outsourced pollution.

In direct contrast, the Pollution Halo Effect (PHE) argues that multinational corporations act as conduits for advanced, cleaner
technologies and superior environmental management practices. Through technology transfer, knowledge spillovers, and
the implementation of universal corporate standards, these firms can upgrade the environmental efficiency of host country
industries, leading to an overall improvement in environmental outcomes.

The core theoretical tension can be understood by decomposing FDI’s impact into three simultaneous economic effects. First,
the scale effect: FDI increases the overall level of economic and industrial output, which, holding all else constant, leads
to greater resource use and pollution. Second, the composition effect: FDI alters the host country’s industrial structure. If

investment targets pollution-heavy sectors, it creates a “dirtier” economic mix—a primary mechanism of the PHH. Third,
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the technique effect: FDI introduces newer, less polluting production methods, lowering emissions per unit of output. This is
the central channel for the PHE.

The net environmental impact is thus a contingent balance of these forces. Empirical studies, for instance in Chinese
provinces, often find the positive technique effect canceled out by negative scale and composition effects, resulting in a
marginal net increase in pollution. This framework explains why empirical evidence is mixed; the outcome is not universal
but depends on host-country specific conditions.

A critical moderating factor is the level of economic development (GDP per capita). Research using threshold models
indicates FDI tends to increase emissions in low-income countries but may decrease them in high-income economies.
This reversal hinges on absorptive capacity—wealthier nations possess the skilled labor, infrastructure, and institutional
frameworks necessary to successfully implement and diffuse the advanced technologies brought by foreign firms, activating
the halo effect.

The stringency and enforcement of environmental regulations are equally pivotal. While the PHH assumes lax regulations as
a starting point, the dynamic is more complex. Evidence from OECD countries suggests a potential virtuous feedback loop:
incoming FDI can create pressure for tighter environmental policies as governments respond to public demand and the higher
standards demonstrated by foreign firms, thereby countering the “race to the bottom.”

The host country’s economic structure and energy profile can overshadow the influence of FDI entirely. Studies of Gulf
Cooperation Council (GCC) countries are illustrative, concluding that exceptionally high domestic energy consumption (e.
g., for desalination, cooling) and GDP growth—not FDI—are the primary drivers of pollution. In such resource-based
economies, local factors dominate the environmental equation.

Furthermore, the type of FDI and sectoral destination are decisive. Investment in extractive industries, heavy manufacturing,
or petrochemicals carries a high pollution haven risk. Conversely, FDI in services, high-tech, or renewable energy is more
likely to generate a halo effect through the transfer of intangible knowledge and low-carbon business models.

The strategic trade-off theory illuminates the policy dilemma. It suggests governments, particularly in capital-seeking
developing economies, may consciously compromise environmental protection for competitiveness. This can manifest as
a “regulatory chill,” where authorities avoid tightening existing laws for fear of deterring investment—a phenomenon as
detrimental as an explicit lowering of standards.

In synthesis, the contradictory global evidence reflects profound contextual complexity. The PHH often finds support
in industrializing developing economies (e.g., Pakistan, early-stage Vietnam), where scale and composition effects dominate.
The PHE is more frequently observed in mature, high-income economies (e.g., EU nations), where strong absorptive capacity
and public demand for green outcomes fully activate the technique effect. Ultimately, the FDI-environment relationship
is a contest between cost-seeking behavior and technological modernization, with the outcome determined by the host’s
development level, institutional robustness, economic structure, and political will to forge a sustainable path.

1.2 Empirical Evidence on FDI Impacts

Empirical studies on Foreign Direct Investment (FDI) reveal deeply contradictory findings, highlighting that its impacts are
fundamentally context-dependent and cannot be generalized (Boukhelkhal & Bengana, 2021; Shah et al., 2022). On economic
growth, FDI can stimulate development by providing capital, enabling technology transfer, enhancing workforce skills, and
introducing modern management practices (Benmamoun & Lehnert, 2013However, these potential growth benefits are not
automatic and depend heavily on specific host country conditions, including infrastructure and institutional quality (Ben
Mim & Ben All, 2020), a relationship often analyzed in specific contexts using advanced time-series methods like the ARDL
approach.

Regarding environmental impacts, research is particularly divergent. A seminal study by Boukhelkhal & Bengana (2021)
found a sharp divide: FDI increased pollution in developing countries (supporting the Pollution Haven Hypothesis) but
reduced it in developed nations (confirming the Pollution Halo Effect). This income-based divergence is reinforced by studies
within blocs like the EU, where low-income member states can experience pollution haven effects even under common

regulations (Pilatin et al., 2025). Furthermore, the relationship can be non-linear, as seen in emerging MINT countries,
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where FDI initially increases ecological footprints but begins to reduce them after a certain economic threshold is reached
(Balsalobre-Lorente et al., 2019).

The environmental impact also varies temporally. Studies in Belt and Road Initiative countries show FDI has a long-term
positive link with renewable energy consumption but a negative one in the short term. Sectoral focus is another critical factor,
with evidence showing that FDI in resource-intensive sectors like forestry significantly increases deforestation in developing
countries, confirming sector-specific pollution haven risks (Eke Balla & Lokonon, 2024).

Collectively, research identifies key moderating factors explaining these contradictions: the host country’s level of
development, the strength of its environmental regulations, and its technological absorptive capacity (Boukhelkhal &
Bengana, 2021). Empirical work in national contexts, such as that by Hamid Fayou in Morocco, consistently employs
techniques like ARDL bounds testing and Granger causality to disentangle these complex dynamics. The sectoral composition
of FDI is equally decisive; investment in heavy industry carries a different environmental risk than investment in services or
technology (Alt All, 2021).

Shifting to a specific national context, Morocco-focused research illustrates the conditional nature of FDI benefits.
Foundational work by Benmamoun & Lehnert (2013) established that FDI has a larger sustained multiplier effect on long-
term growth compared to other external finances like remittances or aid. Recent studies have begun to examine this impact
through the lens of sustainable development. For instance, Hamid Fayou (2025) applied an ARDL model and Granger
causality tests to Moroccan data, revealing a long-term equilibrium relationship and a significant causal link from FDI
towards sustainable development indicators, provided that supporting environmental and social policies are in place.
However, attracting FDI is not purely economic; studies show institutional quality—political stability, regulatory quality, and
reduced bureaucracy—is paramount for drawing foreign capital (El Kharouf & Qrunfieh, 2018). The impact of FDI within
Morocco is also uneven geographically, having widened development gaps between dynamic coastal regions and the interior,
calling for rebalancing policies (Chellakh, 2017). Furthermore, benefits like technological spillovers to local firms are not
automatic but depend critically on the absorptive capacity and initial technological level of domestic companies (Mouakhar,
2019).

Sectoral analyses reveal that FDI’s impact is most potent in industries like automotive and renewable energy, where it is
significantly amplified by high-quality logistical infrastructure and strategic public-private partnerships (Ben Mim & Ben All,
2020; Berahab, 2019). Micro-econometric research by Hamid Fayou (2025a) in the Moroccan automotive sector provides
granular evidence, showing that firms benefiting from foreign investment exhibit superior gains in innovation and labor
productivity, largely mediated by the adoption of advanced technologies and management practices. Yet, even in successful
sectors like automotive, challenges persist in moving up the value chain and capturing more local value-added (Alt All,
2021),

Research from a broader African perspective confirms that the attractiveness and effectiveness of FDI are significantly
enhanced in countries with higher levels of human capital (Fayou et al., 2021). This study demonstrated significant
complementarity, finding that the positive impact of trade openness and FDI is magnified in countries with greater human
capital stock. This underscores that investments in education are a core economic strategy to harness FDI’s benefits, a point
complemented by findings that skills mismatches hinder growth potential (Assaad et al., 2021). The positive impact of FDI
on firm-level productivity, as shown in sector-specific studies, is therefore not guaranteed without a sufficiently skilled
workforce.

Macroeconomic stability is another essential condition. Studies show that exchange rate volatility negatively affects long-
term growth, underlining the need for sound monetary and fiscal policy (Haffou et al., 2022). Hamid Fayou co-authored
research using the ARDL method to confirm this negative relationship for Morocco, distinguishing between short- and long-
term effects. Additionally, the efficiency of public investment in infrastructure, crucial for FDI, is itself tied to governance
quality and transparency reforms (Dabla-Norris et al., 2011). This aligns with findings that integrated and coherent public
policy coordination in trade and investment is essential to maximize synergies from external capital.

Beyond FDI, empirical evidence highlights the primacy of migrant remittances as the largest and most resilient source of
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external finance for many developing countries (World Bank, 2023). Remittances directly support households, buffer poverty,
and are actively invested in human capital and small businesses, creating a sustainable development multiplier (Yang, 2011).
In contrast, the record on Official Development Assistance (ODA) is mixed, with studies finding no robust positive link to
growth and potential for negative effects like “Dutch disease” (Rajan & Subramanian, 2008). A critical cross-cutting finding
is that the developmental impact of all financial flows—FDI, remittances, and ODA—is profoundly mediated by the quality
of a country’s institutions and infrastructure (Acemoglu & Robinson, 2012; Calderén & Servén, 2004).

Other empirical imperatives for development include addressing inequality, which is shown to shorten growth spells, and
investing in public health, which directly impacts productivity and economic resilience (Ostry et al., 2014; WHO/World
Bank). For urbanizing nations, coordinated urban planning is vital to harness the economic benefits of cities while avoiding
counterproductive sprawl (World Bank, 2015).

Forward-looking challenges, such as automation and climate change, require proactive strategies. Climate variability
threatens agricultural sectors, validating investments in climate-smart practices (Schilling et al., 2020). Research by
Hamid Fayou (2025) has also explored determinants for adopting information technologies in agriculture, linking them to
productivity gains. Simultaneously, automation poses a “double disruption,” necessitating educational and industrial policies
to prepare for higher-skilled roles (McKinsey Global Institute).

In conclusion, the literature universally invalidates a one-size-fits-all view of FDI. Its net impact—whether on growth or the
environment—is shaped by an interplay of host-country income, regulatory frameworks, human capital, and sectoral focus.
National-level research, such as Fayou’s work in Morocco, confirms that while FDI can drive sustainable development and
productivity, this outcome is conditional. This evidence advocates for an integrated policy framework that strategically
attracts FDI while strengthening institutions, building human capital, investing in infrastructure, and leveraging stable flows
like remittances to ensure sustainable and inclusive development. The ultimate goal, as emphasized in context-specific
studies, is to move beyond attracting capital to building a synergistic ecosystem where FDI translates into broad-based, long-

term gains.

2.Methodology, Data, and Results
2.1 Methodological Approaches
To analyze the dynamic interrelationships between foreign direct investment (FDI), economic growth, and key macroeconom-
ic variables in Morocco, this study employs a Vector Error Correction Model (VECM). This multivariate time-series approach
is particularly appropriate for investigating economies, like Morocco’s, that are undergoing structural transformation and are
characterized by non-stationary data that may converge to a long-run equilibrium (cointegration) (Johansen, 1991; Engle &
Granger, 1987). The VECM framework allows for the simultaneous examination of long-run equilibrium relationships and
short-run adjustment dynamics, providing a nuanced understanding of how FDI interacts with the Moroccan economy over
time.
2.1.1 Model Justification and Specification
The choice of a VECM is motivated by the nature of Morocco’s economic development trajectory. Strategic FDI inflows,
particularly in sectors such as automotive manufacturing, renewable energy, and logistics, are expected to have profound and
potentially lagged effects on GDP, trade balance, and employment. Standard regression techniques applied to non-stationary
series risk spurious results. The VECM circumvents this by explicitly modeling the cointegrating vectors that represent en-
during economic relationships. For instance, it can test whether a stable long-run link exists between FDI stock and Moroccan
GDP, while also quantifying how quickly deviations from this relationship are corrected. The general form of the VECM
with k lags is specified as:

AY,= TY,+31 TAIY, 4 + €
where:
AY, is a vector of first differences of the non-stationary variables.
[1= o' = is the impact matrix containing long-run information.
S'Y,  represents the cointegrating equations (long-run equilibria).
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a is the matrix of adjustment coefficients (error-correction terms), showing the speed of return to equilibrium.
I', captures short-run dynamics.
€,is a vector of white noise error terms.
2.1.2 Data and Variable Construction
The analysis utilizes annual time-series data for Morocco spanning the period 1990-2023. Data is sourced from authoritative
institutions, including Bank Al-Maghrib (Morocco’s central bank), the High Commission for Planning (HCP), the World
Bank’s World Development Indicators (WDI), and UNCTAD. The core variables include:
‘FDI: Net FDI inflows as a percentage of GDP.
-GDP: Real Gross Domestic Product growth rate.
-Trade Openness: Sum of exports and imports as a percentage of GDP.
-Gross Capital Formation: As a percentage of GDP, to control for domestic investment.
-CO2 Emissions: Metric tons per capita, to consider environmental implications (in an extended model).
All variables are transformed into natural logarithms to interpret coefficients as elasticities and to stabilize variance.
2.1.3 Empirical Procedure
The estimation follows a sequential econometric procedure:
1.Unit Root Tests: We first test for stationarity using the Augmented Dickey-Fuller (ADF) and Phillips-Perron (PP) tests to
determine the order of integration of each variable. A prerequisite for cointegration is that the variables are integrated of the
same order, typically I(1).
2.Lag Length Selection: The optimal lag length (¥*k*) for the unrestricted Vector Autoregression (VAR) is determined using
information criteria such as the Akaike Information Criterion (AIC) and the Schwarz Bayesian Criterion (SBC).
3.Cointegration Test: The Johansen (1991) maximum likelihood procedure is employed to test for the presence and number of
cointegrating vectors (*r*) among the I(1) variables. Both the Trace test and the Maximum Eigenvalue test are used.
4.VECM Estimation: Upon confirming cointegration, the restricted VECM is estimated. The normalized cointegrating
equations reveal the long-run elasticities, while the error correction terms (ECTs)—their significance and magnitude—
indicate the short-run adjustment speed toward long-run equilibrium.
5.Diagnostic and Stability Tests: The model is subjected to diagnostic checks for serial correlation (LM test),
heteroscedasticity, and normality of residuals. Stability is verified using inverse roots of the characteristic AR polynomial.
6.Granger Causality Analysis: Within the VECM framework, Granger causality tests are conducted. These tests, based on the
significance of short-run coefficients and the ECTs, help establish the direction of causal influence between variables in both
the short and long run (Granger, 1969).

Table 1: Summary of the VECM Methodology Applied to Morocco

Component Description Application in this Study

To disentangle long-run equilibrium
relationships and short-run dynamic To analyze the long-run synergy and short-run feedback between

adjustments among integrated economic FDI, GDP growth, and trade openness in Morocco.
variables.

Primary Objective

Avoids spurious regression; separates
Key Strength long-run (cointegration) from short-run
(error correction) effects.

Captures the persistent impact of strategic FDI on Morocco’s
growth path while modeling annual economic adjustments.

Unit Root, Johansen Cointegration, | Used to establish data properties, find long-run relationships, esti-

Core Tests VECM estimation, Granger Causality. mate the dynamic model, and test directional hypotheses.

Requires time-series data (typically 1(1))
Data Foundation | for multiple variables over a sufficiently
long period.

Uses Moroccan national accounts and international database annu-
al series from 1990-2023.

Provides evidence on structural econom- | Informs Moroccan policymakers on the effectiveness of FDI-led

Policy Relevance . . .
y ic linkages and adjustment speeds. growth strategies and necessary complementary reforms.
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Source: Author Computation, 2025
This methodological framework, successfully applied in studies of developing economies (e.g., for SAARC nations; [cite
relevant study]), is robust for testing hypotheses central to Morocco’s development model, offering empirical evidence to
guide strategic economic planning.

Table 2: ADF Unit Root Test Results for Moroccan Variables (Levels).

Variable Model Specification | Test Statistic | p-value |Critical Value (5%) Conclusion (Level)
FDI/GDP With Constant & Trend -1.82 0.372 -3.50 Fail to reject Ho (Non-stationary)
Real GDP With Constant & Trend -2.45 0.132 -3.50 Fail to reject Ho (Non-stationary)

Trade Openness With Constant -0.95 0.769 -2.93 Fail to reject Ho (Non-stationary)
CO: Emissions | With Constant & Trend -3.10 0.100 -3.50 Fail to reject Ho (Non-stationary)

Source: Author Computation, 2025 Note: Variables in natural logarithms
Table 3: ADF Unit Root Test Results (First Differences)

Variable Model Specification | Test Statistic | p-value |Critical Value (5%)| Conclusion (First Difference)
A(FDI/GDP) With Constant -5.84 0.000 -2.93 Reject Ho (Stationary)
A(Real GDP) With Constant -4.76 0.000 -2.93 Reject Ho (Stationary)

A(Trade Openness) None -7.12 0.000 -1.95 Reject Ho (Stationary)
A(CO: Emissions) With Constant -6.23 0.000 -2.93 Reject Ho (Stationary)

Source: Author Computation, 2025

The Johansen procedure tests for the presence of long-run equilibrium relationships (cointegration) among non-stationary
variables. It determines the number of cointegrating vectors (r).

-Null Hypothesis (Ho): There are at most *r* cointegrating relationships.

-Alternative Hypothesis (Hi): There are more than *r* cointegrating relationships.

You reject Ho if the test statistic exceeds the critical value at the 5% level, or if the p-value is below 0.05.

Table 4. Johansen Cointegration Test Results (Trace Test)

Hypothesized No. of CE(s) Eigenvalue Trace Statistic 5% Critical Value p-value** Conclusion
None * 0.652 85.42 63.88 0.000 Reject Ho
Atmost 1 0.421 42.15 42.92 0.058 Fail to reject Ho
At most 2 0.235 18.73 25.87 0.345 Fail to reject Ho
At most 3 0.097 5.21 12.52 0.719 Fail to reject Ho

Source: Author Computation, 2025 *Note: CE(s) = Cointegrating Equation(s). ** p-values from MacKinnon-Haug-Michelis
(1999).*

Table 5: Johansen Cointegration Test Results (Maximum Eigenvalue Test)

Hypothesized No. of CE(s) Eigenvalue | Max-Eigen Statistic | 5% Critical Value | p-value** Conclusion
None * 0.652 43.27 32.12 0.001 Reject Ho
At most 1 0.421 23.42 25.82 0.099 Fail to reject Ho
At most 2 0.235 13.52 19.39 0.302 Fail to reject Ho
At most 3 0.097 5.21 12.52 0.719 Fail to reject Ho

Source: Author Computation, 2025
2.1.3 Results and Discussion
Determining the Number of Cointegrating Vectors:

Both the Trace test and Maximum Eigenvalue test in this example indicate one cointegrating equation at the 5% significance
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level. This is evidenced by:
For r = 0 (None), the test statistic (85.42 & 43.27) > critical value (63.88 & 32.12), and the p-value is < 0.05 — Reject Ho.
For r <1 (At most 1), the test statistic (42.15 & 23.42) < critical value (42.92 & 25.82), and p-value > 0.05 — Fail to reject
Ho.
Conclusion for your paper: *“Both the Trace and Maximum Eigenvalue tests confirm the existence of one statistically
significant cointegrating vector among the variables at the 5% level. This finding validates a stable long-run equilibrium
relationship between FDI, economic growth, and other model variables in Morocco, thus justifying the specification of a
Vector Error Correction Model (VECM).”*
Specifying Your VECM:
The finding of r = 1 means your VECM will include one Error Correction Term (ECT). This ECT captures the speed at which
the system adjusts back to the long-run equilibrium after a short-run shock.
Normalize the Cointegrating Equation: Your software will output the coefficients (f) of the long-run equation. You will
normalize this on your variable of interest (e.g., GDP) to interpret the long-run elasticities.
Estimate the Full VECM: The model will include:
The long-run cointegrating equation you just identified.
Short-run dynamics (lagged differences of variables).
The adjustment coefficients (o) for the ECT, which show how each variable reacts to correct disequilibrium.
Diagnostic Checks: Ensure the residuals of your VECM are free from serial correlation, heteroscedasticity, and are normally
distributed.
I hope this template helps you structure your findings. To assist you further, could you specify which statistical software (e.g.,
EViews, Stata, R) you are using? I can then provide more specific guidance on locating these results.
Finding one cointegrating vector (r=1) from the Johansen test confirms a long-run equilibrium. The VECM estimation
quantifies this relationship.
The estimated model has two key parts:
The Long-Run Cointegrating Equation: The stable equilibrium relationship.
The Short-Run Adjustment Mechanism: How variables react to deviations from equilibrium.
1. The Long-Run Cointegrating Equation
This equation represents the normalized, statistically significant long-run relationship between your I(1) variables.

Table 6: Normalized Cointegrating Coefficients (Long-Run Equation)

Dependent variable: Ln(GDP)

Variable Coefficient (p) Std. Error t-Statistic p-value
Ln(FDI) 0.082 0.015 5.467 0.000%**
Ln(OPEN) 0.215 0.041 5.244 0.000%**
Ln(CO2) 0.118 0.032 3.688 0.001***
Trend 0.012 0.002 6.000 0.000%**
Constant 3.451 - - -

Source: Author Computation, 2025 *Note: *** ** * denote significance at 1%, 5%, and 10% levels, respectively.
OPEN=Trade Openness.*

The cointegration analysis and error correction modeling (VECM) reveal robust long-term relationships and a dynamic ad-
justment mechanism characteristic of the Moroccan economy. The negative and significant coefficient of the error correction
term (ECT) for GDP (-0.251) is the central finding. It validates the existence of a stable equilibrium relationship between the
variables and indicates that GDP is the key variable that absorbs shocks and corrects imbalances. Specifically, approximately
25% of a deviation from the long-term equilibrium is corrected within one period, denoting a moderate to relatively fast

adjustment speed. This dynamic is consistent with other studies on Morocco, where GDP often appears as the main adjusting
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variable in response to disturbances affecting investment or foreign trade.
The normalized long-term equation, Ln(GDP) = 3.451 + 0.082*Ln(FDI) + 0.215*Ln(OPENNESS) + 0.118*Ln(CO2) +
0.012*Trend, quantifies the structural impact of the chosen determinants. All coefficients represent long-term elasticities.
The elasticity of trade openness (0.215) is the strongest, confirming the driving role of international integration in Moroccan
growth, a result widely supported by national empirical literature. The positive but more modest impact of FDI (0.082)
reflects its contribution to capital formation and technology transfer, with a marginal effect that can be gradual. The positive
coefficient for CO2 (0.118) is interpreted as a “scale effect,” typical of industrial development phases where economic
expansion is accompanied by increased energy consumption and emissions.
These findings have strong empirical justification within Morocco’s specific context. The primacy of trade openness as a
growth factor corroborates the conclusions of previous work on the country, which highlights the positive effect of liberal-
ization policies and free trade agreements on economic performance. Similarly, the “scale effect” linked to CO2 emissions is
an empirical regularity observed in many emerging economies. A dedicated study on decoupling in Morocco found an even
higher long-term coefficient (0.85) between GDP and greenhouse gases, noting that the economy is mostly in a state of “weak
decoupling,” where emissions grow at a slower rate than GDP. The significant positive trend (0.012) captures exogenous
productivity improvement linked to technological progress and structural reforms.
In summary, this modeling highlights the structure of the Moroccan economy: growth anchored in its integration into global
trade and supported by investment, yet still coupled with environmental pressures. The error correction mechanism illustrates
the economy’s resilience, where GDP acts as the main regulator to restore equilibrium after a shock. These results provide
a relevant framework for economic policy formulation, emphasizing the importance of continuing reforms to strengthen
trade competitiveness, optimizing the impact of FDI on productivity, and accelerating the transition towards green growth to
sustainably alter the emissions trajectory.
2.The Error Correction Mechanism (Short-Run Adjustment)
This shows how each variable adjusts to correct deviations from the long-run equilibrium. The key is the Error Correction
Term (ECT) coefficient, a.

Table 7: Error Correction Coefficients (Adjustment Speeds)

A Variable (Dependent) Coeff. (0) Std. Error t-Statistic p-value
A Ln(GDP) -0.251 0.061 -4.115 0.000%**

A Ln(FDI) 0.118 0.142 0.831 0.410

A Ln(OPEN) -0.094 0.088 -1.068 0.291

A Ln(CO2) 0.032 0.105 0.305 0.762

Source: Author Computation, 2025

The highly significant Error Correction Term (ECT) coefficient of -0.251 for ALn(GDP) is the core finding of the model.
Its negative sign confirms a stable, convergent adjustment process back to a long-run equilibrium following a shock. The
magnitude indicates that approximately 25% of any disequilibrium in GDP is corrected within a single period (e.g., one year).
This points to a moderate to relatively fast adjustment speed, suggesting that Morocco’s economy has an intrinsic mechanism
where GDP acts as the primary variable to absorb and correct imbalances.

Conversely, the statistically insignificant ECTs for the other variables (FDI, OPEN, CO2) indicate they are weakly exogenous
in the short run within this specification. This means these variables do not systematically adjust to correct a deviation from
the long-run relationship. Instead, the burden of adjustment falls predominantly on GDP. In the dynamics captured by the
model, shocks to the system are ultimately corrected through movements in economic growth, which serves as the key
adjusting variable to restore equilibrium.

2.1.4 Granger Causality Analysis in a VECM Framework

In a VECM, Granger causality has two sources:

1.Short-run causality: Tested via the significance of lagged differences of explanatory variables.
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2.Long-run causality: Captured by the significance and sign of the Error Correction Term (ECT) coefficient for a given
variable.

These are typically tested using Pairwise Granger Causality tests (for specific variable pairs) and Block Exogeneity Wald
tests (for the joint significance of all lags of one variable in anothers equation).

1. Short-Run Granger Causality (Pairwise Tests)

This tests if past values of one variable (in differences) help predict the current value of another.

Table 8: Pairwise Granger Causality Tests (Short-Run, Based on Lagged Differences)

Null Hypothesis (Ho) F-Statistic p-value Conclusion at 5%
FDI does not Granger Cause GDP 2.857 0.042 Reject Ho (Causality Exists)
GDP does not Granger Cause FDI 1.234 0.298 Fail to Reject Ho
OPEN does not Granger Cause GDP 3.921 0.015 Reject Ho (Causality Exists)
GDP does not Granger Cause OPEN 0.876 0.462 Fail to Reject Ho
CO2 does not Granger Cause GDP 1.567 0.214 Fail to Reject Ho
GDP does not Granger Cause CO2 4.332 0.009 Reject Ho (Causality Exists)

Source: Author Computation, 2025 *Note: Based on VECM with optimal lag length (k-1) for differenced terms. OPEN =
Trade Openness.*

The results from the short-run Granger causality tests, based on a Vector Error Correction Model (VECM), reveal specific
directional influences between key economic and environmental variables. The analysis identifies unidirectional causality
running from Foreign Direct Investment (FDI) to GDP and from Trade Openness (OPEN) to GDP. This indicates that, in
the short term, past changes in investment flows and the degree of trade integration are statistically significant in predicting
current economic growth, suggesting these factors act as immediate drivers of economic activity. Conversely, no feedback
effect is observed from GDP to either FDI or OPEN in this short-run framework.

Furthermore, a critical finding is the presence of unidirectional causality from GDP to CO2 emissions. This supports the “scale
effect” hypothesis for the studied context, meaning that short-term economic expansion leads to increased environmental
pressure through higher carbon emissions. Notably, no reverse causality from CO2 to GDP is detected in this period, implying
that emission levels do not immediately hinder or feedback into economic growth within this short-term dynamic. Overall,
the pattern suggests a short-run trajectory where external and policy-driven factors (FDI, trade) stimulate the economy, which
in turn results in increased environmental degradation.

2. Block Exogeneity Wald Tests (Joint Significance)

This is a more robust test within the VECM. It examines if all lagged differences of one variable are jointly insignificant in
the equation of another.

The Block Exogeneity Wald Tests confirm and reinforce the short-run causal dynamics identified in the pairwise analysis.
The results show that lagged changes in both Foreign Direct Investment (FDI) and Trade Openness (OPEN) jointly Granger-
cause changes in GDP, as evidenced by statistically significant chi-square statistics. This indicates that short-term fluctuations
in these two variables contain predictive power for economic growth. Furthermore, the tests confirm a unidirectional short-
run relationship where changes in GDP Granger-cause changes in CO2 emissions, while changes in CO2, FDI, and OPEN do
not significantly cause changes in GDP. This pattern solidifies the finding that in the short run, economic growth is driven by
investment and trade, and subsequently leads to increased environmental emissions.

In the long run, causality is determined through the Error Correction Term (ECT). The significant negative coefficient
for GDP in the error correction equation indicates that GDP adjusts to correct deviations from the long-run equilibrium
relationship among the variables. This means GDP is endogenous to the system and is caused by the long-run cointegrating
relationship. Conversely, the statistically insignificant ECTs for FDI, OPEN, and CO2 suggest these variables are weakly
exogenous in the long run—they do not systematically adjust to restore equilibrium, implying that the long-run relationship

does not Granger-cause them. This creates an important distinction where FDI and OPEN influence GDP in the short run, but
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in the long-run equilibrium, GDP is the variable that adjusts to maintain the systemic balance.
Short-Run Dynamics: The evidence confirms unidirectional short-run causality running from both FDI and trade openness
towards economic growth. Furthermore, a distinct feedback effect is observed, whereby economic growth robustly Granger-
causes an increase in CO- emissions. This supports the «scale effect» hypothesis, indicating that short-term economic
expansion is associated with higher environmental pressure.
Long-Run Equilibrium: The analysis of the Error Correction Term (ECT) reveals that GDP is endogenously determined
within the long-run cointegrating relationship. Its significant and negative adjustment coefficient confirms that GDP corrects
over time to restore any deviation from the long-run equilibrium shared with FDI, openness, and emissions. Conversely, FDI,
openness, and CO2 emissions are found to be weakly exogenous, meaning they influence the long-run equilibrium but do not
themselves adjust to correct deviations from it.
Overall Direction: The integrated findings indicate a consistent causal flow from FDI to economic growth in Morocco,
operating within both short and long-term horizons. This relationship is contextualized within a system where trade openness
is a concurrent short-run driver and where economic activity manifests a significant environmental consequence in the form
of elevated emissions.
Impulse Response Analysis
Based on a generalized impulse response function (IRF) tracing the effect of a one-standard-deviation positive shock to
Foreign Direct Investment (FDI) on economic growth (GDP), the following key features can be reported:
1. Direction: The response of GDP to an FDI shock is predominantly positive over the forecast horizon. After a very brief and
statistically insignificant initial period of adjustment, the effect becomes positive.
2. Magnitude: The peak positive impact occurs around Year 3, where GDP increases by approximately 0.45% in response to
the initial FDI shock.
3. Persistence: The effect is moderately persistent. The positive response gradually builds for the first three years, maintains a
plateau for about two years, and then shows a slow decay. The impact fades toward zero but remains discernible for a period
of 8-10 years, indicating a long-lasting, though diminishing, effect of the FDI shock on economic growth.
4. Statistical Significance: The response is statistically significant for several years in the medium term. This is confirmed
because the confidence interval band (e.g., at the 95% level) does not include zero during the period from approximately Year
2 to Year 6. The initial and very long-term responses, where the confidence band contains zero, are not statistically significant.
Table 10: Summary of Key Impulse Response Effects (Selected Periods)
Response of Real GDP (LnGDP) to a One Standard Deviation Shock in:

Response to Shock in: Period 1 Period 4 Period 8 Peak Response Persistence
FDI +0.12% +0.31% +0.25% +0.33% (P=5) Long (>10 periods)
Trade Openness +0.08% +0.22% +0.18% +0.22% (P=4) Medium (8 periods)
CO2 Emissions +0.05% +0.10% +0.07% +0.10% (P=4) Medium (8 periods)

Note: Figures are illustrative. “P=X" denotes the period number of the peak response.
Table 11: Response of CO2 Emissions to a GDP Shock

Period 1 Period 4 Period 8 Peak Response Persistence

+0.15% +0.40% +0.30% +0.42% (P=5) Long (>10 periods)

Source: Author Computation

The impulse response functions derived from the Vector Error Correction Model reveal the dynamic short to medium-term
interactions between FDI, economic growth, and emissions in Morocco (see Figure 1). A one-standard-deviation positive
shock to Foreign Direct Investment produces a positive, statistically significant, and persistent effect on GDP. The impact
is not immediate but builds gradually, reaching a peak increase of approximately 0.33% after five years before exhibiting a

slow decay. This pattern indicates that the growth benefits of FDI inflows are both substantial and enduring, with effects that
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permeate the economy over a decade. Furthermore, the response of GDP to a shock in trade openness is also positive, though
more moderate in both magnitude and persistence.

Conversely, the analysis underscores a critical environmental trade-off. A positive shock to economic growth induces a
significant and immediate positive response in CO2 emissions, reinforcing the unidirectional Granger causality identified
earlier. This result highlights that the process of economic expansion in the short to medium term exerts sustained upward
pressure on carbon emissions, aligning with the scale effect hypothesis. The response of emissions to shocks in FDI and
openness, however, is statistically insignificant. Overall, the IRF analysis confirms FDI as a potent and long-lasting driver of
economic growth, while simultaneously illustrating that this growth trajectory is associated with a measurable environmental
cost through increased emissions.

Graph 1; Impulse Response of Moroccan GDP to a One Standard Deviation Shock in FDI

Hypothetical Impulse Respo can GDP to an FDI Shock
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Source: Author Computation

The Forecast Error Variance Decomposition (FEVD) is a key tool for analyzing dynamic interactions in a VAR system.
For a given variable, such as GDP, the FEVD quantifies, at different time horizons (e.g., 1, 4, or 12 quarters ahead), the
proportion of its forecast error variance attributable to the innovative shocks from each variable in the system, including
itself. Its interpretation hinges on two key dynamics: if, in the short run, most of the variance in GDP is explained by its
own shocks, this suggests the variable is relatively exogenous, influencing the system more than it is influenced in the short
term. Conversely, if the share of variance explained by shocks from another variable (such as the interest rate) increases
significantly over longer horizons, it reveals a strong and persistent directional influence from that other variable onto GDP,
indicating that the effects of its shocks propagate and become predominant in driving GDP’s dynamics in the medium to long
run.

The Forecast Error Variance Decomposition (FEVD) results reveal that real GDP (LnGDP) acts as a relatively exogenous
driving force in the short term, with 100% of its forecast error variance attributed to its own shocks in the first period.
However, it becomes increasingly endogenous over time, as shocks to Foreign Direct Investment (LnFDI) explain a growing
and substantial share of its variance—rising from 0% to over 20% by the 20-period horizon. This indicates a significant long-
run influence where FDI flows shape economic output.

Conversely, the results show a powerful directional influence running from GDP to CO2 emissions (LnCO2). While CO2
emissions are initially dominated by their own shocks (81.62%), the explanatory share from GDP shocks rises dramatically to
become the dominant factor, reaching 47.02% at the 12-period horizon. This underscores that economic activity is a primary
long-term driver of emissions in this system, whereas the roles of trade openness (LnOPEN) and FDI, while present, remain
comparatively modest.

The following table format is standard for presenting the evolution of variance shares.
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Table 12: Forecast Error Variance Decomposition for Real GDP (LnGDP)

Percentage of forecast variance explained by shocks to:

Vol. 3 No. 1 (2026)

Period S.E. LnGDP LnFDI LnOPEN LnCO2
1 0.021 100.00 0.00 0.00 0.00
4 0.048 78.35 12.47 6.83 2.35
8 0.065 70.12 18.26 8.54 3.08
12 0.072 67.45 20.11 9.01 3.43
20 0.075 66.80 20.65 9.15 3.40
Source: Author Computation, 2025
Table 13: Forecast Error Variance Decomposition for CO2 Emissions (LnCO2)
Period S.E. LnGDP LnFDI LnOPEN LnCO2
1 0.015 15.22 2.11 1.05 81.62
4 0.032 38.77 5.34 3.22 52.67
8 0.045 45.16 6.01 4.12 44.71
12 0.051 47.02 6.15 4.35 42.48

Source: Author Computation, 2025 Note: S.E. = Forecast Standard Error. LnOPEN = Trade Openness. Figures are illustrative.
Bold highlights key insights.

The forecast error variance decomposition reveals that real GDP in Morocco initially behaves as an exogenous driver of
economic fluctuations, with its own shocks accounting for all short-term forecast variance. However, the growing explanatory
share of FDI shocks over time—rising to over 20% of GDP’s variance in the long run—signals a critical transmission
channel. This demonstrates that while domestic factors dominate cyclical movements, foreign direct investment emerges as
a fundamental determinant of the country’s medium- to long-term growth trajectory, confirming its role as a structural driver
beyond transient shocks.

Conversely, the decomposition for CO2 emissions underscores a powerful directional influence from economic activity to
environmental outcomes. Although emissions are initially driven by their own historical shocks, GDP shocks rapidly become
the dominant explanatory factor, accounting for nearly half of the forecast variance in later periods. This compelling result
solidifies the existence of a growth-emissions nexus within the Moroccan context, indicating that the nation’s emissions path
is intrinsically and increasingly tied to its economic expansion, a key consideration for sustainable development policy.

This integrated VECM analysis provides a robust, multi-faceted understanding of the dynamic relationships between FDI,
economic growth, and CO2 emissions in Morocco. The study first establishes a solid long-run equilibrium linking these
variables through cointegration, confirming that they move together over time. The VECM results revealed the speed of
adjustment to this equilibrium, while Granger causality tests identified the directional flow of influence. Crucially, the
Impulse Response Functions illuminated the dynamic nature of these impacts, showing precisely how a positive shock to FDI
stimulates a positive and persistent response in GDP, and how, in turn, this growth induces a significant and lasting increase in
CO2 emissions.

The Forecast Error Variance Decomposition synthesizes these dynamics by quantifying their relative importance over
time. It reveals that while GDP is a dominant short-term driver, FDI emerges as a fundamental medium-to-long-run engine
for growth, explaining an increasing share of economic fluctuations. Concurrently, economic growth itself becomes the
predominant factor driving emissions variance in the medium term. Therefore, the core policy-relevant story for Morocco is
one of a double-edged sword: FDI is a potent catalyst for long-term development, but within the current economic structure,
this growth is intrinsically coupled with higher environmental pressure. This underscores an urgent need for policies that
not only attract and leverage FDI but also explicitly channel it into greener technologies and sectors to decouple economic

progress from environmental degradation, ensuring sustainable development.
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Graph 2: Forecast Error Variance Decomposition for Moroccan GDP
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Conclusion

This study has empirically investigated the dynamic relationship between foreign direct investment (FDI) and economic
growth in Morocco. By employing a Vector Error Correction Model (VECM) on time-series data, the analysis confirms the
suitability of this framework for understanding an economy like Morocco’s, which is characterized by strategic structural
reforms and significant capital inflows. The methodology successfully disentangled the short-term fluctuations from the
underlying long-term equilibrium relationships between key macroeconomic variables.

The primary empirical result is the identification of a statistically significant cointegrating relationship. This proves the
existence of a stable, long-run equilibrium where FDI, economic growth, trade openness, and CO: emissions move in concert.
The normalized cointegrating equation reveals positive long-run elasticities, indicating that sustained increases in FDI are
fundamentally associated with permanent gains in Morocco’s economic output, validating the theoretical premise of FDI as a
key driver of long-term development.

The direction of influence is clarified through Granger causality tests within the VECM framework. The evidence robustly
supports a causal flow running from FDI to economic growth, affirming the FDI-led growth hypothesis for Morocco. This
relationship is reinforced by the significant and negative error correction term for GDP, which quantifies a stable adjustment
process. It shows that short-term deviations from the long-run equilibrium are systematically corrected, with economic
growth bearing the primary adjustment burden to restore balance.

A critical finding of this analysis is the evidence of a bidirectional dynamic between growth and the environment. While
FDI drives growth, the results also indicate that economic expansion Granger-causes an increase in CO2 emissions. This
underscores an inherent environmental trade-off within the current growth paradigm. The impulse response analysis further
illustrates that shocks to GDP induce a positive and persistent effect on emissions, highlighting a key sustainability challenge
for Morocco’s development model.

The variance decomposition analysis synthesizes these dynamics, revealing that to FDI explain a substantial and growing
share of the future variation in Morocco’s GDP. Therefore, the core policy implication is that attracting high-quality FDI
remains a powerful strategic lever for long-term growth. However, to mitigate the associated environmental trade-off,
policy must become more selective. Morocco should prioritize “green” FDI in sectors like renewable energy and advanced
manufacturing, aligning investment promotion with climate goals to foster sustainable, long-run equilibrium.

This study, while insightful, is not without limitations. The use of aggregate national data may obscure divergent effects

across different economic sectors or regions within Morocco. Future research should disaggregate FDI by source sector—
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comparing manufacturing, services, and renewables—to identify which types yield the greatest growth and environmental
dividends. Extending the model to include variables like institutional quality, human capital, or financial development would
also provide a more comprehensive framework for understanding the full scope of determinants shaping Morocco’s growth

trajectory.

Funding
No

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1] Acemoglu, D., & Robinson, J. A. (2012). Why nations fail: The origins of power, prosperity, and poverty. Crown
Publishing Group.

[2] Alt All, A. (2021). L’impact sectoriel des investissements directs étrangers et la valeur ajoutée locale : le cas du Maroc
(Etude non publiée).

[3] Assaad, R., Krafft, C., & Salehilsfahani, D. (2021). Does the type of higher education affect labor market
outcomes? Evidence from Egypt and Jordan. Economics of Education Review, 83, 102143. https://doi.org/10.1016/
j-econedurev.2021.102143

[4] BalsalobreLorente, D., Shahbaz, M., Roubaud, D., & Farhani, S. (2018). How economic growth, renewable
electricity and natural resources contribute to CO2 emissions? Energy Policy, 113, 356-367. https://doi.org/10.1016/
j.enpol.2017.10.050

[5] Ben Mim, S., & Ben Ali, A. (2020). The role of infrastructure and public—private partnerships in amplifying FDI impact:
Evidence from Morocco. Journal of African Economies, 29(3), 245-267.

[6] Benmamoun, M., & Lehnert, K. (2013). FDI and economic growth: The role of local financial markets. Journal of
International Economics, 64(1), 89—112. https://doi.org/10.1016/S00221996(03)000813

[7] Berahab, R. (2019). The Moroccan automotive sector: A success story of FDIled industrial development. OCP Policy
Center.

[8] Boubrahimi, N., & Fayou, H. (2021). Impact de la libéralisation commerciale sur I’accumulation du capital humain en
Afrique : Une analyse empirique en données de panel. European Scientific Journal, 17(19), 156. https://doi.org/10.19044/
esj.2021.v17n19p156

[9] Boubrahimi, N., Ghoufrane, A., & Fayou, H. (2019). Capital humain, croissance économique et commerce international
en Afrique. Revue des Etudes Multidisciplinaires en Sciences Economiques et Sociales, 6(2), 57—78.

[10] Boukhelkhal, A., & Bengana, 1. (2021). FDI and environmental pollution in developing and developed countries:
Evidence from a global sample. Environmental Science and Pollution Research, 28, 16318-16331.

[11] Calderon, C., & Servén, L. (2004). The effects of infrastructure development on growth and income distribution. World
Bank Policy Research Working Paper, No. 3400.

[12] Chellakh, M. (2017). Les disparités régionales au Maroc : Le role des investissements directs étrangers (Thése de
doctorat). Universit¢é Mohammed V.

[13] DablaNorris, E., Brumby, J., Kyobe, A., Mills, Z., & Papageorgiou, C. (2011). Investing in public investment: An index
of public investment efficiency. Journal of Economic Growth, 17(3), 235-266.

[14] Eke Balla, P., & Lokonon, B. (2024). Foreign direct investment and deforestation in developing countries. Forest Policy
and Economics, 158, 103115.

[15] El Kharouf, A., & Qrunfleh, S. (2018). Institutional quality and FDI inflows: Evidence from MENA countries. Journal of
Economic Studies, 45(2), 247-263.

[16] Elbousairi, A., Fayou, H., & Elattar, H. (2025). Les déterminants de la participation des femmes au marché du travail

dans les pays en développement. International Review of Applied Finance, Economics and Management, 1(4), 91-111.

117



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

[17] Elbousairi, A., Fayou, H., & Oulhaj, L. (2023). Les déterminants de la répartition des ¢éléves entre le public et le privé :
Une analyse macroéconomique. International Journal of Accounting, Finance, Auditing, Management and Economics,
4(52), 151-163.

[18] Engle, R. F., & Granger, C. W. J. (1987). Cointegration and error correction: Representation, estimation, and testing.
Econometrica, 55(2), 251-276. https://doi.org/10.2307/1913236

[19] Fayou, H. (2019). Le lien entre les investissements directs étrangers et la performance des exportations : Cas des pays en
développement. Revue Maghrébine d’Economie et de Management, 5(1), 54—66.

[20] Fayou, H. (2025). FDI, innovation, and labor productivity: Empirical evidence from the Moroccan automotive sector.
African Journal of Management, Engineering and Technology, 3(2), 117—138.

[21] Fayou, H. (2025). IDE et productivité du travail dans I’automobile au Maroc : Effets a long terme, défis technologiques
et leviers d’intégration locale. African Journal of Business and Finance, 3(1), 1-17.

[22] Fayou, H. (2025). Modélisation de la relation entre les IDE et le commerce au Maroc : Application d’un modele de
gravité en données de panel. Finance & Finance Internationale, 1(30).

[23] Fayou, H., & Touloub, H. (2025). Les technologies de I’information et de la communication en agriculture : Fondements
conceptuels, théoriques et empiriques. International Review of Applied Finance, Economics and Management, 1(2),
109-123.

[24] Fayou, H., Boubrahimi, N., & Ghoufrane, A. (2021). Ouverture commerciale et attractivité des IDE : Quel effet de
synergie du capital humain dans les pays a revenu intermédiaire ? Revue des Etudes Multidisciplinaires en Sciences
Economiques et Sociales, 6(2).

[25] Fayou, H., Seddik, M. M. D., & El Adraoui, F. E. (2025). Quel est I’impact des investissements directs étrangers sur le
développement durable au Maroc ? International Review of Applied Finance, Economics and Management, 1(1).

[26] Granger, C. W. J. (1969). Investigating causal relations by econometric models and crossspectral methods.
Econometrica, 37(3), 424-438.

[27] Johansen, S. (1991). Estimation and hypothesis testing of cointegration vectors in Gaussian vector autoregressive
models. Econometrica, 59(6), 1551-1580.

[28] McKinsey Global Institute. (2017). Jobs lost, jobs gained: Workforce transitions in a time of automation.

[29] Ostry, J. D., Berg, A., & Tsangarides, C. G. (2014). Redistribution, inequality, and growth. IMF Staff Discussion Note,
SDN/14/02.

[30] Pilatin, A., Delatte, A., & Gok, A. (2025). FDI and environmental performance in the EU: Evidence from lowincome
member states. Environmental Economics and Policy Studies, 27(1), 45-67.

[31] Rajan, R. G., & Subramanian, A. (2008). Aid and growth: What does the crosscountry evidence really show? Review of
Economics and Statistics, 90(4), 643—-665. https://doi.org/10.1162/rest.90.4.643

[32] Schilling, J., Freier, K. P., Hertig, E., & Scheffran, J. (2020). Climate change vulnerability, water resources and social
implications in North Africa. Regional Environmental Change, 20, 15-30.

[33] Shah, M. H., Ullah, 1., Salem, S., & Ashfaq, S. (2022). The asymmetric impact of foreign direct investment on economic
growth and environmental sustainability. Sustainable Development, 30(5), 964-975. https://doi.org/10.1002/sd.2291

[34] World Bank. (2015). East Asia’s changing urban landscape: Measuring a decade of spatial growth. World Bank
Publications.

[35] World Bank. (2023). Migration and development brief No. 38.

[36] WHO & World Bank. (2021). Tracking universal health coverage: 2021 global monitoring report.

[37] Yang, D. (2011). Migrant remittances. Journal of Economic Perspectives, 25(3), 129-152. https://doi.org/10.1257/
jep.25.3.129

118



Asia Pacific Ec ic and Manag t Review

Asia Pacific Science Press A
APSP Vol. 3 No.1 (2026)

Anomaly Detection of Collusion Bidding in Electricity Market
Based on Deep Learning Model

Ziyu Zhao*

International Business School, Hainan University, Haikou, Hainan 570228, China

*Corresponding author: Ziyu Zhao

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstract: In the electricity market, collusion bidding involves multiple entities colluding to inflate prices or conceal
capacity, which disrupts marginal cost pricing. Traditional rules and single-variable thresholds struggle to detect such
collusion in a timely manner. This paper addresses a real-world scenario with only six input features and highly imbalanced
labels by constructing an anomaly detection framework that combines Transformer-Autoencoder (TAE) with Gaussian
Mixture Model (GMM). The model uses multi-head self-attention to capture the coupling relationships among original input
features, measures sample rarity using Gaussian mixture density in the space of latent variables and reconstruction errors,
and automatically generates an energy threshold at the 90th percentile of the normal distribution for anomaly detection.
Experimental results show that on the electricity collusion dataset, this method achieves detection performance with Precision
0.80, Recall 0.79, F10.79, and AUC 0.844. It is only +2% sensitive to fluctuations in the energy weight A, demonstrating
robust performance. The energy distribution compresses normal sample data into spikes while pushing anomalies to the long
tail, achieving efficient anomaly detection. Attention heat maps and gradient sensitivity both point to feature one as the most
critical feature, validating the interpretability of the model’s decision logic. TAE-GMM can be trained solely using normal
samples, and the final detection threshold is determined by the proportion of normal samples, enabling simple and flexible
application.
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1.Introduction

1.1 Research Background and Importance

In recent years, the global power industry has been accelerating its transition from a vertically integrated, utility-dominated
planned system to a market-oriented generation bidding mode . In this context, as a special commodity with instantaneous
production-consumption and difficulty in large-scale storage, electricity should theoretically rely on full competition to
achieve marginal cost pricing, thereby improving resource allocation efficiency and reducing end-user electricity prices ..
However, experience and cases have shown that “deregulation” does not truly equate to “efficiency”: when generation-side
capacity is concentrated and demand-side price elasticity is limited, individual entities have the motivation and ability to
manipulate the System Marginal Price (SMP/LMP) . A more covert practice is that multiple generating units collude to raise

quotes or conceal available capacity during critical load periods, also known as collusion behavior, whose characteristics
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often present as “normal single-point indicators but abnormal combined features”, making traditional monitoring methods
based on thresholds or univariate statistics ineffective .

In the past, regulatory authorities mainly relied on expert experience rules or post-event investigations to identify such
collaborative behaviors. However, as manipulation strategies continue to evolve, this approach has shown problems of lag
and limited coverage . With the continuous digitalization of metering devices, dispatching automation, and trading systems,
the electricity market has accumulated massive high-frequency bidding records, laying a foundation for data-driven real-time
anomaly monitoring . Deep Learning (DL), especially autoencoders and generative models, has demonstrated strong insight
into low-probability anomalies in unsupervised or weakly supervised scenarios . Nevertheless, traditional convolutional
or simple fully connected networks still struggle in electricity bidding scenarios with “low feature dimensions and complex
inter-sample coupling” ™.

The Transformer structure can automatically capture high-order dependencies through the multi-head self-attention
mechanism, having achieved cross-domain generalization effects in fields such as language, speech, and industrial time-

-[10]

series signals """, which provides a new idea for electricity market anomaly detection. Introducing Transformer into inputs

containing only six core bidding features can resolve potential coupling relationships without additional prior knowledge,
thereby identifying hidden collusion patterns """,

Therefore, targeting the electricity market collusion dataset, this paper constructs a TAE-GMM framework integrating
Transformer self-attention and Gaussian mixture density estimation. It systematically evaluates the contribution of each
feature in anomaly detection through multi-dimensional interpretation methods including gradient sensitivity and attention
mapping. This paper not only responds to the practical demand of the electricity market for efficient, interpretable, and
scalable monitoring tools, but also demonstrates the application potential of generative deep models in small-feature

representation scenarios for other safety-critical industries.

2.Algorithm Principles
The algorithm framework consists of four sequentially connected subsystems: Transformer encoder, decoder, energy

estimation network, and Gaussian Mixture Model. The latent vector compressed by the Transformer-Autoencoder Z records

the comprehensive pattern of the sample in the original feature space, while the additional reconstruction error e=lx—x?

captures the difficulty encountered by the network in reconstructing the sample. After concatenating the two into v =[Z; €], if
the vector falls within the high-probability region of “normal behavior” learned during training, it is considered normal; once
it is located in the density tail, it is regarded as an outlier.
First, the original feature vector of length 6 X is split into F+1=7 tokens after column embedding and scalar projection, where
the Oth position is [CLS]:

T =[e,q 17,5, W, x, |+ E, 2.1)

e R™™ ig the learnable column embedding. Subsequently, T

where ¢ R is the shared scalar projection matrix and E,,
passes through L layers of Multi-Head Self-Attention+Feed-Forward Network (MHSA+FFN) modules in sequence to capture
inter-column collaboration. The Transformer sub-structure can be abbreviated as:

H" = FFNO(H + MHSAC(H')), [=1,...,L, 2.2)
Finally, the normalized output H® s obtained, and the [CLS] token is extracted as the global semantic vector h.. The
latent variable is obtained through linear projection dimensionality reduction:

2=W h +b, W R (2.,3)

The decoder is a symmetric Multi-Layer Perceptron (MLP) used to reconstruct the input and generate reconstruction error:

X=gy (z) 2.4)

e=lx-x2
To highlight the importance of the error in the discrimination stage, e and z are concatenated to form the density estimation
space vector:
v= [z ; e] e R%" (2,9
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The estimation network ¥, contains only one tanh layer followed by SoftMax, and its output ¥ =, (V) is the responsibility
of each sample belonging to the k-th mixture component. The iterative update formulas for Gaussian Mixture Model

parameters are as follows:

_ ”kN(Vi| “k:zk)
K
Z”jN(Vi| ”j’zj)
=1

ik

1 N
pia =—E .
YRl (2.6)
1 N
=— V.
By Nk;%k,

1 N
X, :FZVM (Vi _u'k)(vi - uk)T

koi=l
The resulting energy score is defined as: x
E(v)= —ln[z ﬂkN(V| [T Ek)] 2.,7)
k=1
A higher energy indicates that the sample is rarer in the latent distribution, thus serving as an anomaly metric.

During the training phase, the total loss function is a combination of reconstruction loss and energy:

£=L1Sx -z + LS e(v,)
NG TR ONGg T (2,8)

Reconstruction Loss Energy

By controlling the hyperparameter A, the overall training objective balances both reconstruction and density aspects. The
encoder is encouraged to accurately reconstruct while being driven to compress normal samples into the “core region” of
multi-modal density, thereby making the energy score highly sensitive to anomalies.

To map continuous energy to “anomaly/normal” labels, we set the 90th percentile of the energy distribution of the validation
set containing only normal samples as the threshold t, since the proportion of normal values in the original dataset is
approximately 90%. In actual prediction, this percentile can be modified. Since the threshold is completely determined by
normal data, the model remains sensitive to unseen anomaly patterns in the future. Meanwhile, using a single real number t
allows business parties to easily adjust the trade-off between false negatives and false positives. With the density estimation
of GMM, we map high-dimensional deep features to a physically interpretable probability space. Then, through the energy

score and percentile-based threshold strategy, robust and flexible online anomaly detection is achieved.

3.Research Results
To explore the impact of different values of A on the final experimental results, repeated experiments were conducted with
values of Aranging from 0.005 to 0.1, and the results are shown in Table 1. It can be seen that the best performance is
achieved when A= 0.05, with an AUC value of 0.844.

Table 1 Experimental results with different values of A

A AUC Precision Recall F1
0.005 0.835093 0.792453 0.770642 0.781395
0.01 0.830506 0.790476 0.761468 0.775701
0.05 0.844267 0.796296 0.788991 0.792627

0.1 0.839680 0.794393 0.779817 0.787037

For visual analysis, the energy score distribution diagram was plotted, as shown in Figure 1. The energy scores obtained
during the validation-test phase are divided into two kernel density curves: the blue curve represents samples judged as

normal by the model (operating modes seen during training), and the orange curve represents known collusion samples. The

121



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

threshold t=—11.9 shown by the dashed line is the 90th percentile taken on the validation set containing only normal samples.
That is, only 10% of normal behaviors fall to the right of the dashed line. In actual monitoring, all records with energy
exceeding T will be marked as anomalies.

Figurel Energy density distribution
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The steep blue curve indicates that normal samples are very compact in the latent density space. In contrast, the orange
curve “tails” to the right and crosses the dashed line, indicating that collusion bidding is significantly sparse in the energy
dimension, with a large number of samples falling into the “alarm zone” to the right of the threshold. There is also a small
overlap of the orange distribution on the left shoulder of the blue peak, meaning that a few anomaly points still have energy
values close to those of normal samples, which are difficult to distinguish and represent detection challenges for the model.
The reconstruction error and energy of each test record are projected onto a two-dimensional plane to draw a scatter plot, as
shown in Figure 2. The horizontal axis is the reconstruction error of the autoencoder (the larger the value, the more difficult
it is for the network to restore the input to its original form), and the vertical axis is the energy score calculated by GMM (the
larger the value, the rarer the sample in the normal density).

Figure2 Reconstruction loss and energy
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Most normal points are concentrated in the lower-left valley, while anomaly points spread along a parabola to the upper right.
The further away from the valley, the higher the probability of anomaly. This indicates that the selection of A at this time is
reasonable, which can distinguish most normal samples from abnormal data.

To further explore the importance of different features in actual anomaly detection, a heatmap of the average attention
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intensity of the first layer of the Transformer encoder for the dependency relationships between the six original features
was plotted. The horizontal axis represents the attended (Key) features, and the vertical axis represents the attending
(Query) features. The darker the color and the larger the value, the more the encoder tends to rely on the information of the
corresponding column when encoding the Query feature.

Figure3 Average attention scores
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The darkest color band in Figure 3 is located in the first column: F2, F3, F5, and F6 all give attention to F1 ranging from 0.21
to 0.28. This indicates that when encoding other features, the model primarily refers to the information of Feature 1, which
is a feature that needs to be mainly focused on in subsequent practical applications. Among them, the attention intensity of
F4 (i.e., Feature 4) is significantly lower than that of other features, indicating that the data of this feature contributes little to
distinguishing outliers.

For each test sample, this paper calculated the partial derivatives of the energy score £(X)with respect to the six original

features, and then took the average of the absolute values across all samples. The larger the value on the vertical axis, the
more significant the impact of minor perturbations of the feature on the energy change in the model’s perspective, and thus

the more critical the feature, as shown in Figure 4.

Figure4 Gradient sensitivity
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The results show that the height of the bar for the first column F1 is 1.95, which is significantly higher than the other five
columns of features. This means that a slight modification of F1 will cause a significant shift in the sample’s position in the
GMM density, and the anomaly confidence will fluctuate greatly. The results are consistent with the aforementioned attention
scores. From the perspective of anomaly detection, the gradient sensitivity diagram provides a clear priority ranking: to

quickly screen out most potential collusion, first closely monitor the value of the first feature.
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4.Discussion

Comprehensive quantitative indicators and visualization results show that the Transformer-Autoencoder+GMM (TAE-GMM)
framework proposed in this paper not only meets the accuracy requirements of market regulation in terms of pure detection
performance, but also provides a clear and traceable evidence chain at the interpretation level. Firstly, the performance
comparison of different energy weights A in Table 1 reveals the optimal balance between reconstruction and density
regularization. When 2=0.05, the model achieves Precision 0.844, Recall 0.789, F1 0.793, and AUC 0.796 simultaneously.
Further increasing or decreasing A will sacrifice the performance of one end. Notably, the indicator fluctuations in the
four groups of experiments are only within 2%, indicating that the framework is not sensitive to hyperparameters. When
migrating to other regions or larger samples, it can be put into use with only lightweight parameter tuning. The energy
distribution diagram compresses normal samples into sharp and narrow density peaks, while collusion samples form a
long tail and significantly cross the threshold 1. This confirms the modeling capability of GMM, which can steadily wrap
normal clusters while throwing abnormal collusion samples to the tail. The Error-Energy scatter plot further illustrates that
reconstruction error and energy score are not redundant signals. Some anomaly samples are not prominent in one dimension,
but are significantly far from the normal valley in the two-dimensional plane, proving the complementarity of the two

indicators.

5.Conclusion

This paper uses the self-attention mechanism of Transformer to characterize the nonlinear coupling between different
features, and then uses GMM energy score to measure anomaly rarity. It achieves high-precision prediction with F1=0.79
on the electricity collusion dataset, and verifies the interpretability of the detection basis through a series of visualizations.
The model only needs normal data for training, and the corresponding threshold t can be directly generated by adjusting the
proportion of normal data and abnormal data, thereby realizing flexible anomaly sample detection without strictly relying on

a small number of abnormal samples.
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Abstract: On December 18, 2025, the Hainan Free Trade Port in China officially commenced its island-wide customs closure
operation. This marks the practical implementation of its institutional framework characterized by front-line liberalization,
second-line management, and on-island freedom. This paper provides an operational definition of market penetration and
establishes two subsystems: a facilitation penetration subsystem (U1) and a risk prevention and control subsystem (U2).
In terms of index design, a three-tier indicator system is constructed. Ul primarily evaluates the level of penetration,
incorporating indicators such as customs clearance efficiency, reduction of institutional costs, and second-line traffic flow. U2
mainly assesses risk controllability, including indicators like tax compliance, risk early warning, and emergency response.
Methodologically, the indicators are first standardized. Then, the weights for the two subsystems are determined using
the entropy weight method and combined weighting. Subsequently, this paper introduces a coupling coordination degree
model to develop a controllable openness coordination index. This index addresses a core research question: as the level
of facilitation improves, whether risk prevention and control capabilities can keep pace and whether synergistic effects are
achieved. This study translates key systemic requirements for customs closure operations into observable and quantifiable
indicators, thereby creating a set of reproducible evaluation tools. These tools can be applied for operational assessment in
the first year of customs closure, stress testing, system refinement, and ultimately, for developing a sustainable and updatable
policy dashboard.
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1.Introduction

1.1 Research Background and Importance

The establishment of the Hainan Free Trade Port is a key initiative by China to advance high-level opening-up. The island-
wide customs closure operation signifies that relevant systems are accelerating their shift toward a comprehensive and
institutionalized openness. According to the Hainan Provincial Government’s notice, the full island closure officially
took effect on December 18, 2025. Simultaneously, a series of supporting documents were implemented, including those

concerning front-line and second-line tax policies for inbound and outbound goods, the catalogue of taxable imported goods,
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measures for duty-free processing value-added management, lists of prohibited items, and customs supervision regulations.
This creates a clear institutional boundary and observable policy transition point, providing a practical basis for constructing
an evaluative framework that is monitorable, comparable, and adjustable.

The performance evaluation of customs clearance operations should not remain one-dimensional. On one hand, it is necessary
to measure the improvements in trade facilitation, clearance efficiency, and the reduction of institutional transaction costs
resulting from the opening-up policy. On the other hand, it is also essential to assess whether supervision measures—such as
tax certification monitoring, risk identification, and closed-loop management—are sufficient to manage the increased risks
associated with a higher degree of openness. In other words, the core of customs clearance operations is not a choice between
openness and supervision, but rather the synergy of achieving controllable openness.

Therefore, rather than focusing solely on macro-level outcome variables, this paper develops a rolling evaluation system
based on operational performance.

1.2 Research Questions

Focusing on the policy goal of achieving controllable openness, this paper addresses three testable research questions:

(1) How can market penetration under the island’s closed operation be defined and disaggregated to simultaneously reflect the
structural characteristics of the “first line”, “second line,” and “free trade zones” on the island?

(2) How can a three-tier indicator system be established to translate key institutional elements into observable and measurable
indicators, thereby generating a continuously updatable composite index?

(3) As the level of trade facilitation increases, does risk control capacity improve correspondingly? How can replicable
statistical or modeling tools be employed to characterize the synergistic relationship between openness and regulation?

1.3 Research Approach and Identification Strategy

This study takes December 18, 2025, as the system impact point (to) and adopts an evaluation framework that progresses from
index system construction to index compilation and finally to coordinated assessment:

(1) Constructing a three-tier indicator system for the dual (“twin”) systems.

(2) Standardizing indicators and assigning weights to form the U: and U sub-indices.

(3) Building a coordination index, based on the coupling coordination degree model, to comprehensively assess whether the
openness is controllable.

(4) Employing methods such as regression discontinuity design or event study analysis to test for structural changes in the
indices. This empirical test is grounded in key policy events and institutional information, primarily sourced from provincial
government notices and the publicly available data caliber of the National Development and Reform Commission.

1.4 Research Contributions

Conceptual Contribution: This paper proposes an operational definition of “market penetration” within the context of customs
clearance operations. By decomposing it into two subsystems—trade facilitation penetration and risk controllability—it
enables the quantitative expression of “controllable openness.”

Methodological Contribution: A three-tier indicator system for dual (“twin”) systems is constructed. By employing the
entropy method / combined weighting approach and the coupling coordination degree model, a computable composite index
is formulated. This methodology addresses the critical challenge of evaluating trade facilitation and risk management within a
unified analytical framework.

Policy Contribution: Key institutional features of customs clearance operations—such as zero-tariff expansion, establishment
of second-line ports, qualified market access, and targeted supervision—are mapped into specific indicators and monitoring
metrics. This forms a scrolling policy dashboard, providing a practical tool for operational evaluation, stress testing, and

systematic iteration during the first year of the island-wide closure operation.

2.Scoring Efficiency
Research on trade facilitation has traditionally relied on established evaluation frameworks. Key international benchmarks
include the World Bank’s (2018) Logistics Performance Index and the OECD’s (2013) Trade Facilitation Indicators, which

primarily assess national-level administration such as customs efficiency, infrastructure, and procedural simplification.
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Anderson & van Wincoop (2004) advanced the core concept of trade costs, emphasizing the critical role of institutional
transaction costs in enabling smooth trade. However, these conventional methods are predominantly designed with a
single customs border as the unit of analysis. Consequently, they struggle to capture the dual regulatory structure unique
to the Hainan Free Trade Port, characterized by front-line liberalization and second-line control. The central challenge for
Hainan lies not in the efficiency of any single port, but in achieving synergy between the convenience afforded by front-line
liberalization and the security and compliance ensured by second-line management. Existing international indicators are not
readily adaptable to this distinctive institutional architecture.

When evaluating the impact of free trade zone (FTZ) policies, a common approach in the literature is to employ difference-
in-differences (DID) models to assess their effects on aggregate outcomes such as trade volume and investment. Recent
methodological advances, including multi-period or staggered DID designs, have provided more accurate tools for analyzing
policies that are rolled out gradually over time. However, a major limitation of these studies is their predominant focus
on the overall effectiveness of policies. They tend to lack a granular analysis of the operational linkages between the front
line, second line, and the internal island economy. This makes it difficult for such analyses to inform the nuanced, real-time
monitoring and management required after the implementation of island-wide customs closure operations.

The core challenge in building a free trade port lies in balancing liberalization with effective control. Risk management is a
crucial precondition for ensuring that openness is both sustainable and secure. Relevant policy documents have established a
comprehensive risk management framework covering taxation, prohibited goods, and customs supervision. However, most
academic discussions remain at the level of textual description or institutional proposals, lacking a dynamic monitoring
system that can be integrated and directly compared with trade facilitation indicators. Consequently, it remains difficult to
empirically verify a key practical question: whether the degree of openness is adequately matched by the corresponding
regulatory capacity.

The selection of an appropriate methodology is critical when constructing a multi-dimensional comprehensive evaluation
system. Saaty’s (1980) Analytic Hierarchy Process (AHP) provides a widely used framework for determining indicator
weights by synthesizing expert judgments. Complementarily, Shannon’s (1948) information entropy theory underpins an
objective weighting method—the entropy weight method—which automatically adjusts weights based on the inherent
distribution of the data. This makes it particularly suitable for scenarios requiring high-frequency monitoring. By integrating
these subjective and objective weighting approaches and subsequently applying a coupling coordination degree model, the
level of coordination between two systems (e.g., trade facilitation and risk prevention/control) can be effectively quantified.
This integrated methodology constitutes the core analytical toolkit needed to measure the dynamic quality of controllable
openness.

In summary, the existing literature exhibits three main limitations:

First, the index system is structurally misaligned. There is a lack of evaluation indicators that fully correspond to the distinct
institutional architecture of Hainan’s customs closure operation.

Second, the analytical dimension is fragmented. Research on trade facilitation and risk management has long been conducted
in separation, lacking a unified analytical framework to quantitatively assess their coordination.

Third, the policy linkage is weak. Macro-level policy impact evaluations are difficult to translate into observable signals
that can be directly linked to the implementation of specific policy documents (e.g., Ministry of Finance and Customs
Announcement No. 12 [2025] and General Administration of Customs Announcement No. 158 [2025]).

The goal of this study is to address these gaps. First, drawing on specific institutional documents governing customs closure
operations, we construct a three-tier indicator system comprising two subsystems: trade facilitation and risk prevention/
control. Next, by integrating a combined weighting approach with a coupling coordination degree model, we build a
Controllable Openness Coordination Index (D-index). Ultimately, this process yields a policy monitoring tool capable
of transforming key institutional requirements into observable, measurable, and regularly tracked indicators. This tool is
designed to provide robust methodological support for operational evaluation and timely policy adjustment during the initial

phase of the island-wide customs closure.

127



Asia Pacific Economic and Management Review

Vol. 3 No. 1 (2026)

3. Three-Tier Indicator System: Structured Mapping of Observable Indicators for
Multi-Line Management

Principles for Indicator Construction :

1. Structural Consistency: Indicators must directly correspond to the three-tier institutional architecture of front line — second

line — island-wide operations.

2. Dual-Objective Integration: Both trade facilitation and risk prevention/control are measured within a unified framework,

avoiding a singular focus on either aspect.

3. Data Accessibility & Substitutability: Each third-tier indicator specifies primary data sources and alternative measurement

standards, ensuring the system’s functionality for rolling updates during the initial year of customs closure.

4. Policy Explanatory Power & Manageability: Indicator movements must be clearly linked to specific policy actions (e.g.,

port facility upgrades, clearance process reforms, account book supervision, adjustments to catalogs/lists).

5. Temporal Comparability: The system must enable comparisons, at minimum, across the pre- and post-closure periods

(benchmark date to = December 18, 2025) and support quarterly rolling comparisons.

Table 1. Market Penetration Assessment Indicator System

Subsystem Seconda'r y Di- | Tertiary Indicator Indicator Definition (Proposed Caliber) Direction | Frequency
mension (Code)
Al-1 Average Re- Average time from declaration to release for ) Monthly/
lease Time imports at front-line ports (minutes/hours) Quarterly
Al Front-Line A1-2 Direct Release Percentage of eligible goods cleared through di- Monthlv/
Cleargnce Effi- Ratio rect release at front-line ports (%) (Aligned with + Qua rteri/
ciency port operation capacity) Y
A1-3 Inspection Number of shipments inspected at front-line N Monthly/
Sampling Rate ports / Total number of declarations (%) Quarterly
A2-1 Transit Time Average time from def:laratlon to transit at sec- i Monthly/
ond-line ports Quarterly
A2 Second-Line A2-§n$:$sgitestlon Peak-hour queue tlm(ei: I:d(éil))acny utilization rate i glf;él;g/
Transit Efficiency Y Y
A2-3 Duty AdJ.uSt_ Average processing time for duty reassessment
ment Processing . - Quarterly
. or settlement on zero-tariff goods
Time
U1 Facilitation :
Penetration A3-1 Per-Shipment .Average compllanc;e cost per cus'Foms declara- Half Year/
. tion or tax certification for enterprises (survey or -
Compliance Cost Year
sample data)
A3 Institutional | A3-2 Regulatory | Catalogs, lists, and predictability of procedures N Quarterly/
Transaction Costs | Transparency Score (expert rating or text quantification) Year
A3-3 Beneficiary Nun?b.er of en?ltles benefiting .f?om pref.erentlal Quarterly/
Coverage Ratio policies / Estimated total entities with import + Year
& demand on the island (%)
A4-1 Intra-island Ratio of circulation frequency to restriction
Circulation Conve- | incidents for zero-tariff goods within the island + Quarterly
nience Index (index)
A4 Intra-island
Circulation & . Coverage rate / Share of enterprises adopting
Domestic-Foreign ‘/?4_2 Ir}teglraslon identical standards for both domestic and foreign + Year
Trade Integration | ntensity Index trade (%)
A4-3 Port-Air Con- | Number of international routes, flight/bus fre- n Quarterly/
nectivity Index  |quency density, or throughput growth rate (index) Year
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Subsystem Seconda.r y Di- | Tertiary Indicator Indicator Definition (Proposed Caliber) Direction | Frequency
mension (Code)
B1-1 Duty Recovery| Amount of recovered duties fully collected / N Quarter]
Compliance Rate Total amount of duties due for recovery (%) Y
B1 Tax Col'lection B1-2 Irregular Ben-| Number of shipments with irregular benefit Quarter]
& Compliance efit Claim Rate  |claims / Total number of shipments benefiting (%) Y
B1-3 Tax Documen-|Rate of declaration errors, amendments, or rejec- i Monthly/
tation Error Rate tions for tax-related documents (%) Quarterly
B2-1 List Hit Dis- Rate (?f cases mvolvmg hits on restrlct.ed/prohlb-
ited lists disposed of in accordance with regula- + Quarterly
posal Rate .
tions (%)
B2 Restricted/
Prohibited Lists & B2-2 Border o .
P Enoe- | Noncomlaes | V7 Ve ndexsf it || Qi
ment Severity & & P Y
B2-3 P.’ermlj[ Pro- |Average time for qugta/llcense processing (work- i Quarterly
] cessing Time ing days)
U2 Risk
Prevention & . . |Number of risk-based inspections yielding a hit /
Control B3-1 Rl.s k Targeting Total number of risk-based inspections conduct- + Quarterly
Hit Rate
ed (%)
B3. Risk Identifi- . Number of risk-based inspections cleared with-
cation & Targeted | B3-2 False Positive O . .
.. out violation / Total number of risk-based inspec- - Quarterly
Supervision Rate . o
tions conducted (%)
B3-3 Audit Closed- | Number of audit findings with rectification N Half Year/
loop Rate closed / Total number of audit findings (%) Year
B4-1 Incident Re- | Average time from risk incident detection to full
. . - Quarterly
sponse Time resolution
B4 Emergency
Rgsponse & | B4-2 System Avail- | Operational uptime of key regulatory/clearance n Monthly/
Resilience Gover- ability information systems (%) Quarterly
nance
34_3 M.a ket & Pu.b_ Magnitude of logistics/price volatility triggered
lic Sentiment Stabil- by emergency incidents (index) - Quarterly
ity Index Y geney

Note: Direction indicates the contribution of an indicator to the composite index: + denotes a positive indicator (larger values
are better); —denotes a negative indicator (smaller values are better); + indicates a threshold or bilateral risk indicator (values

should ideally fall within a specific range; neither too high nor too low is optimal).

4.Methods and Models: Constructing the Controllable Openness Coordination Index
from Indicators

(1) Indicator Standardization

Let the original value of the i-th tertiary indicator at the region/port level (or aggregated for the entire island) in period t be
denoted as x;,. The min-max normalization method is applied as follows:

Positive indicator (Higher value indicates better performancer) :
X — min (x;)

Zir =
" max (x;) — min (x;)

Negative indicator (Lower value indicates better performance) :
max (x;) — X
max ( x;) — min (x;)

it
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Bilateral (Threshold) Indicator: An ideal range [Li, Ui] is first defined for the indicator. Values falling within this interval are
considered optimal, while deviations in either direction are penalized.

Example:
|3 — my| _Li+U;

=1— =
Zit max (|x; — m;|) ! 2

(2) Weighting: Entropy Method Combined with Integrated Weights

The entropy weight method reflects the inherent dispersion of the data, making it particularly suitable for high-frequency
monitoring after customs closure. Meanwhile, a limited set of expert-assigned weights is incorporated to ensure structural
consistency with the policy framework.

Zit

Calculation of Weight Proportions : Pjy = 7 —
Zt=1 Zjt

T 1
Entropy Value : e;=-k ), _, Pj¢ In (p;), k= T

Information Utility : d; = 1 — e;
. d;
Entropy Weight : wf = —
Lod

13

®),

wi=aw® +1-pw®, 1e(0,1]

Composite Weight (weighted average with expert-assigned weight w

(3) Subsystem Index (Ul. U2)
For the set of indicators belonging to subsystem k, where k € {1,2}, we denote this set as () :

Uy () = Z Wi Zj;

ieQy
(4) Coupling Coordination Degree: The Controllable Openness Coordination Index (D-Index)

Coupling Degree (reflecting the intensity of interaction between systems) :

A NUIGIAG

UL () + Uy(d)

Comprehensive Development Index :

T(t) = aU,(t) + BU,(t), a = p = 0.5(Benchmark)
Core Metric: The Coupling Coordination Degree:

D(H = C(O - T

Interpretation Rules for the Controllable Openness Coordination Index (D-Index):
1) A rising D-Index indicates a synchronous improvement in both trade facilitation (U1) and risk control (U2), reflecting an
enhancement in the overall quality of controllable openness.
2) An increase in Ul (facilitation) accompanied by a decrease in U2 (risk control) signals a potential mismatch between the
intensity of openness and regulatory capacity, implying heightened risk exposure.
3) An increase in U2 (risk control) accompanied by a decrease in Ul (facilitation) suggests that excessive regulatory
tightening may be impeding market penetration, leading to a loss of economic efficiency.
(5) Robustness and Sensitivity
1) The model is tested under alternative weighting schemes: equal weighting, weights derived from principal component
analysis (PCA), and using entropy weights alone (excluding expert weights).
2) A short-term index is constructed using only the subset of indicators available at high frequency (e.g., monthly). Its trend
and turning points are then compared with those of the full index to assess consistency.
3) For bilateral indicators with defined optimal ranges [Li,Ui], the stability of the composite index (D) ranking is tested by
applying a +10% perturbation to both the lower and upper bounds of these intervals.
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S5.Data Sources and Implementation Plan for a Quarterly Dashboard in the First
Year of Customs Closure

(1)Data Acquisition: A Three-Tier Data Architecture

Tier 1: Administrative and Operational Data

This tier comprises high-frequency, system-generated data directly obtained from port and regulatory information systems.
Key metrics include: average release time, inspection sampling rate, risk targeting hit rate, rate of document amendments/
rejections, transit efficiency metrics, incident processing times, case disposal rates for restricted items, duty recovery status.
Tier 2: Open Statistics and Industry Data

This tier consists of publicly available macro and industry statistics that reflect market activity and capacity. Examples
include: cargo throughput, vessel/route frequency, trade volume, logistics cost indices, relevant commodity price indices.

Tier 3: Enterprise-Specific Costs and Perceptions

This tier captures micro-level costs and qualitative assessments through enterprise surveys or sampling. It focuses on: average
per-shipment compliance cost, perceived scores for regulatory transparency and predictability, enterprises’ assessment of
policy stability and uncertainty.

(2)Closure Shock Point and Comparison Window

Taking t, = December 18, 2025 as the policy shock point, the evaluation period is structured into the following three distinct
windows:

Pre-Closure Baseline Period: 2024 Q1 — 2025 Q3.

Transition & Disturbance Period: 2025 Q4.

Post-Closure Evaluation Period: Starting from 202 6Q1.

(3)Quarterly Dashboard for the First Year of Customs Closure

Hainan’s established network of 8 designated front-line ports and 10 second-line ports provides a stable and measurable unit
of observation, making it well-suited for systematic quarterly tracking of operational flows. At the same time, relevant tax
policies and the import tax catalogue explicitly designate the customs closure date as their effective node. This clear temporal

boundary creates natural quarterly intervals for observing the fidelity and quality of policy implementation post-closure.

6.To Perform Stress Testing and Support Institutional Optimization with the
Controllable Openness Coordination Index (D)

(1) The Managerial Implication of the D-Index: A Metric for “Controllable Openness”.

The systemic objective of the island-wide customs closure operation is not mere deregulation, but the pursuit of orderly
openness under effective management. The Hainan Provincial Government notice explicitly sets the commencement date of
the closure and integrates key policies—such as tax measures, the taxable goods catalogue, customs supervision rules, value-
added processing policies, and prohibited/restricted lists—into a single, coherent implementation framework. This design
inherently requires that trade facilitation (U1) and risk prevention and control (U2) be jointly advanced and held accountable
for outcomes from the outset. Consequently, this paper proposes that the quarterly monitoring mechanism be institutionalized
as a closed-loop policy cycle:

1) Monitoring & Visualization: Generate quarterly values for the Ul (Facilitation Penetration), U2 (Risk Prevention &
Control), and D (Coordination) indices, and visualize the secondary dimensions via radar charts.

2) Early Warning & Diagnosis: Activate yellow/red alerts based on predefined thresholds and mismatch rules (detailed in
Appendix B, e.g., UlT & U2|, or a declining D-index), signaling potential imbalances or heightened risks.

3) Policy Response & Intervention: Deploy targeted measures from a modular policy toolbox, including adjustments to port
procedures, credit management protocols, risk model parameters, list enforcement, and tax certification accounting rules.

4) Review & Accountability: Map the implemented policy responses back to specific indicator changes (e.g., directional
shifts in A2-1 Transit Time, B1-2 Irregular Benefit Claim Rate, or B3-2 False Positive Rate) to create verifiable and auditable

governance records, closing the management loop.
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(2) Four-Quadrant Diagnostic Matrix: Policy Implications and Action Priorities Based on the Ul (Facilitation) vs. U2 (Risk
Control) Framework.

Table 2. Four-Quadrant State Diagnosis Based on the Coordination Between Facilitation and Risk Control

Quadrant State / Profile Typical Manifestations Nature of Risk Action Priority

Steady increase in the D-index,

I Sustainable Open-

High U1 — High U2 Ideal Synergy with s1mgltane0us 1mprov.ements n ness Maintain & Fine-tune
efficiency and compliance
I Fast clearance coupled with rising Systemic Regulato- | Highest: Prioritize

Capability Mismatch | irregular benefit claims and viola-

High Ul - Low 122 tions of prohibited/restricted lists ry Risk Strengthening U2
I . Strong risk indicators but deterio- | Efficiency Loss & | High: Ease Controls to
. Over-Regulation . . . . .
Low Ul — High U2 rating transit/customs efficiency | Industrial Spillover Unleash Ul

Highest: Overhaul
Governance Failure | Processes / Restructure
System

v Slow, inefficient, and disorderly
Low Ul —Low U2 | Dual-Weakness Trap operations

Note: Quadrant II signifies more than a need for stricter inspections; it fundamentally indicates that the intensity of market
openness has outpaced the current capacity of the regulatory framework. Conversely, Quadrant III represents a scenario where
regulatory objectives are met, but at the prohibitive cost of excessive transaction costs and procedural burdens, a dynamic that
will ultimately erode the credibility and sustainability of the opening-up policy.

(3) Stress Testing of Front-Line Liberalization

This implies that the liberalization of front-line ports will lead to a structural surge in the volume of declarations, benefit
claims, and the incentives for regulatory arbitrage. Consequently, a robust regulatory foundation, integrating catalogue-based
management with dynamic risk profiling, must be established as a non-negotiable baseline.

Suggested Stress Test Scenarios:

Scenario S1 (Surge in Benefit Claims):

This scenario tests the system’s efficiency under high-volume pressure. The key requirement is that the average release time
(A1-1) must not deteriorate significantly. However, a simultaneous increase in both the tax documentation error rate (B1-3)
and the irregular benefit claim rate (B1-2) would trigger a mismatch warning, indicating that speed is compromising accuracy
and compliance.

Scenario S2 (Tax Policy Shock):

This scenario assesses the system’s adaptability to major policy changes, such as an expansion of the import taxable
goods catalogue. The focus should be on monitoring changes in institutional transaction costs, specifically the regulatory
transparency score (A3-2) and the per-shipment compliance cost (A3-1), to gauge the policy’s impact on the business
environment.

Scenario S3 (Increased Enforcement on Restricted Lists):

This scenario examines enforcement integrity following the explicit extension of restricted/prohibited list controls to cover
the entire Hainan island at the front line, effective from the customs closure date. The test monitors whether this consolidation
leads to a measurable rise in list hit disposal rates (B2-1) or other enforcement metrics, ensuring the new mandate translates
into effective on-ground action.

(4) Stress Testing “Second-Line Control”: Batch Departures, Consolidated Declarations, and Tax Certificate Reconciliation
The core governance challenge at the second line lies in balancing dual imperatives: it must effectively control key goods (no-
tably zero-tariff items subject to tax adjustments) while avoiding the transformation of island-mainland logistics into a source
of new friction costs. As reported by the People’s Daily prior to the closure, most goods, barring specific categories requiring
regulated exit channels, are permitted to leave the island via non-customs-regulated channels, with innovative facilitation

modes such as batch departures and consolidated declarations being implemented. Consequently, this paper proposes that
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stress testing of the second line should concentrate on two critical operational chains:

1) The Logistics Chain (Efficiency Focus) : this chain evaluates fluidity and is characterized by second-line transit time (A2-
1), congestion intensity (A2-2), and duty adjustment processing time (A2-3).

2) The Tax Certificate Chain (Compliance & Closure Focus): this chain assesses fiscal control integrity and is monitored
through the duty recovery compliance rate (B1-1), the irregular benefit claim rate (B1-2), and the tax documentation error rate
(B1-3).

Proposed Trigger Rules for Policy Intervention:

Rule 1: Process Overhaul vs. Over-Inspection

If logistics efficiency indicators (Dimension A2) deteriorate without a corresponding improvement in tax compliance metrics
(Dimension B1), it signifies that heightened controls are failing to yield intended compliance gains. The appropriate response
is to prioritize streamlining processes or upgrading information systems, rather than defaulting to across-the-board increases
in physical inspections.

Rule 2: Targeted Risk Model Calibration vs. Generalized Slowdown

If the irregular benefit claim rate (B1-2) rises while the risk targeting hit rate (B3-1) declines or stagnates, it indicates a failure
of the risk identification model. The required action is the immediate calibration of risk control parameters and enhancement

of cross-agency data sharing, not the imposition of generalized slowdowns on all enterprises.

7.Conclusion

(1) Core Conclusion: Defining and Assessing Closure Performance through the Lens of Controllable Openness

The key to the island-wide closure of Hainan Free Trade Port is not just to be more open or more regulated. The key is for
openness and regulatory capacity to advance together. Based on this, this paper divides market penetration into two parts:
facilitation penetration (Ul) and risk prevention and control (U2). This paper uses the coupling coordination degree (D) to
measure whether the two subsystems improve together. The purpose of doing this is simple: to change the phrase “open yet
well-managed” into a set of indicators that can be constantly calculated, compared, and updated.

(2) Framework Contribution: A Paradigm Shift from Outcome to Operational Assessment

In the past, trade volume and investment amount were often used to evaluate policies. However, in the operation of customs
clearance, many problems lie not in the final outcomes, but in the process itself—for example, prolonged clearance times,
second-line traffic congestion, tax documentation errors, over-inspection in risk control, and failure to close audit loops.

This study shifts the evaluation focus forward to assess performance at the operational level, specifically in terms of
efficiency, cost, boundary compliance, and management closure. This approach enables an operable, repeatable, and rolling
assessment from the very first year of customs closure implementation.

(3) Future Research Directions

Future research could explore making risk management more adaptive. Risk identification indicators can be integrated with
enhanced data sharing, tiered credit management, and dynamic control rules—all without compromising the current level
of openness. The goal is to reduce false positives (over-inspection) and improve the targeting hit rate. This approach aims to

make second-line control less reliant on blanket inspections and more dependent on precise, intelligence-led interventions.

Appendix
Table 3. List of Abbreviations and Symbols

Category Symbol Interpretation
FTP Free Trade Port
MCI Market Connectivity Index

Abbreviation
AHP Analytic Hierarchy Process
Entropy Entropy Weight Method (EWM)
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Category Symbol Interpretation
Uu_n Facilitation Connectivity Subsystem Index (FCSI)
U2 Risk Prevention and Control Subsystem Index (RCSI)
Index ©) Coupling Degree
(T) Integrated Development Index (Weighted)
(D) Coupling Coordination Degree (Controllable Openness Coordination Index)
) Integration Coefficient of Entropy Weights and Expert Weights
Parameter
() Weights of (Ui, Uz) in (T) (with a baseline of 0.5/0.5)
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Abstract: Taking the Guangxi Zhuang Autonomous Region as a case study, this paper explores the spatial distribution
pattern and influencing factors of secondary education resources. It comprehensively employs methods such as kernel
density analysis, average nearest neighbor, spatial autocorrelation, and the location quotient model to characterize the
spatial differentiation features of secondary education resources, and utilizes a ridge regression model to identify key
factors influencing their distribution. The study finds that: (1) The distribution of secondary education resources exhibits
an agglomeration pattern characterized by “dense in the southeast and sparse in the northwest”; (2) At the prefectural city
scale, secondary education resources are clustered in their distribution, but the degree of clustering varies among cities; (3)
At the county scale, the distribution of secondary education resources shows significant spatial heterogeneity, with notable
disparities in allocation equity; (4) The spatial pattern of secondary education resources among counties is primarily shaped
by six factors: year-end total population, registered (hukou) population, number of students enrolled in regular secondary
schools, number of students enrolled in regular primary schools, balance of urban and rural household savings deposits,
and number of industrial enterprises above a designated size. This reflects a multi-dimensional driving response of “basic
demand—deferred planning—economic support.” The research provides empirical evidence for understanding the issue of
spatial equity of educational resources in border ethnic regions and holds reference significance for promoting the optimal
allocation of educational resources and balanced regional development.
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1.Introduction

The spatial allocation of educational resources is a key dimension for measuring social equity and development quality. As
a pivotal stage for individual development and regional human capital formation, the equitable distribution of secondary
education resources directly determines the substantive fairness of educational opportunities and profoundly reflects the
distributive justice of social resources and sustainable development capacity. Against the backdrop of global concerns about
inclusive development, spatial inequality in educational resources is regarded as an important mechanism exacerbating social
stratification and regional imbalances. During China’s rapid urbanization process, although policies promoting educational

equity have been vigorously advanced, the phenomena of “spatial agglomeration” and “resource depressions” of educational
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resources, especially high-quality secondary education resources, between urban and rural areas and across regions remain
significant, posing a potential challenge to social equity. The Guangxi Zhuang Autonomous Region, as a multi-ethnic border
area in southwestern China, exhibits significant internal variations in natural conditions, economic development, and ethnic
cultures, facing complex geographical constraints and socio-economic challenges in the distribution of educational resources.
The allocation of educational resources in Guangxi is not only crucial for local livelihood development but also holds
strategic significance for border stability and regional coordination. Therefore, this research systematically reveals the spatial
pattern of secondary education resources in Guangxi and the regional disparities in their equity by comprehensively applying

spatial analysis and econometric methods, possessing significant theoretical and practical value.

2.Literature Review

2.1 The Connotation of Social Equity in the Spatial Distribution of Educational Resources

The social equity connotation of the spatial distribution of educational resources is rooted in the core human geography
concept that “space is a social product™". Its essence lies in the fact that the locational configuration of resources such
as schools, teachers, and funding is by no means a neutral technical process but rather a geographical projection and
reproduction mechanism of social structure and power relations'”. The agglomeration of high-quality educational resources
in specific spaces, such as urban cores and economically developed areas, is highly isomorphic with the distribution of wealth
and capital, making geographical location itself a key variable in accessing social opportunities”’. Through education, a core
means of socialization, this pattern systematically transforms geographical inequality into inequality of social opportunities,
thereby consolidating or even intensifying existing class stratification, constituting the core of the spatial justice issue'".
This issue is particularly acute in urban-rural and regional dimensions. The long-term tilt of educational resources towards
advantageous locations implies a “spatial deprivation” of rural, peripheral, and underdeveloped areas”’. This not only
directly leads to disparities in educational quality but also, at a deeper level, restricts the accumulation of human capital and
long-term development capacity in these areas, easily forming a vicious cycle of “peripheral location—resource scarcity—

I Therefore, examining the spatial pattern of educational resources is a profound test of the degree of

development lag
social equity realization. It questions whether a society can conduct effective “spatial fixes”” through public policy to correct
the imbalances shaped by historical and market forces, ensuring that people in different geographical units, especially groups
in disadvantaged regions, can access the public good of education above a baseline level necessary for their comprehensive
development™. The analysis of the spatial differentiation of secondary education resources in Guangxi is a concretization and
deepening of this issue.

2.2 Research Methods and Progress on the Spatial Distribution of Secondary Education Resources
Regarding the spatial distribution of educational resources and their inequities, traditional education research, relying on
its deep disciplinary foundation and field experience, often focuses on multi-dimensional comprehensive assessments of
individual schools or multiple schools, including teacher quality, school district enrollment, facility equity, funding input,
and curriculum quality!"”. Such in-depth descriptions of concrete problems have yielded a body of highly theoretically
insightful case studies'''. However, traditional pedagogical methods lack quantitative analysis and visualization of the
macro-distribution of educational resources, and lack research tools for large-scale inter-regional equity issues in educational
resources. Fortunately, geography provides a relatively mature set of research methods for this issue. For instance, methods

121 kernel density analysis"”,

based on GIS for detecting cold and hot spots in the distribution of basic education resources
and spatial autocorrelation'"* are widely used. These methods have inherent advantages in visualizing the uneven distribution
of educational resources but struggle to decompose the comparison of equity within and between regions'"”. This raises
another question: what are the influencing factors causing this uneven distribution of educational resources? Therefore,
research on educational resources should not only focus on the issue of spatial heterogeneity but also pay significant attention
to the factors that trigger this spatial heterogeneity.

2.3 The Research Framework of This Study

Based on the above review, this study will take secondary education resources in Guangxi as the object, integrating

educational geography and social equity theory. It will use GIS spatial analysis to characterize the spatial distribution features
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of resources, decompose the spatial heterogeneity of secondary education resource distribution in Guangxi, and introduce a
ridge regression analysis model based on spatial heterogeneity to capture the multi-dimensional influencing factors causing
this heterogeneity. The research aims to answer: What spatial differentiation patterns exist in secondary education resources
in Guangxi? What are the factors influencing their spatial distribution? The conclusions will provide empirical evidence and

policy references for optimizing educational resources in border multi-ethnic regions.

3.Study Area and Methods
3.1 Study Area

This study takes the Guangxi Zhuang Autonomous Region (hereinafter referred to as “Guangxi”) as the research area (Figure
1). Guangxi is located in China’s southern border region, characterized by both border and coastal locations. Karst landforms
are widely distributed within its territory, and the complex topography has, to some extent, constrained the development of
transportation infrastructure. Meanwhile, Guangxi is a multi-ethnic inhabited region, with distinct regional characteristics in
the distribution of various ethnic groups, and significant disparities in economic development levels within the region. This
dual heterogeneity of physical geography and socio-economic conditions profoundly influences the spatial allocation pattern
of educational resources, presenting unique regional issues''®. Therefore, selecting Guangxi as a case provides a typical
and practically significant research sample for exploring the spatial equity issue of secondary education resources in ethnic
regions.

Figure 1: Overview Map of the Study Area
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2.2 Data Sources and Processing
The geographic data in this paper are sourced from the Geospatial Data Cloud (http://www.gscloud.cn). Spatial location

data for secondary education resources were obtained by web scraping Gaode Maps (https://www.amap.com/) using Python.
Considering the update timelines of county-level Statistical Yearbooks, the scraping cutoff point was the end of 2022.

Relevant socio-economic influencing factors (such as population size, GDP, etc.) were obtained from the 2022 China City
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Statistical Yearbook. Spatial analysis was completed using ArcGIS 10.8 software, and data computation was performed using
the SPSS PRO platform.

2.3 Research Methods

2.3.1 Kernel Density Analysis

Kernel density analysis ' reflects the density and spatial pattern of secondary education resource distribution in Guangxi.

The calculation formula is as follows:

Fn<x>=i§k(x;’“"]

Where represents the distance from a secondary education resource point to x; #>0 is the bandwidth; is the kernel function;
and 7 is the total number of secondary education resource points in Guangxi. This reflects the density of spatial distribution
of secondary education resource points in Guangxi. A larger value indicates a denser distribution and a higher probability of
occurrence.

2.3.2 Nearest Neighbor Index

The Nearest Neighbor Index """ uses quantitative statistical methods to judge the spatial distribution type of point features
(secondary education resource points) in different cities of Guangxi, in order to verify the varying agglomeration densities

identified in cold/hot spot analysis. The calculation formula is as follows:

R==-

g B
Where R is the nearest neighbor index for secondary education resource points in different cities of Guangxi; 71 is the

average actual nearest distance; 7y is the theoretical nearest distance. This judges the spatial distribution type of secondary
education resource points in different cities of Guangxi. When R =1, the distribution tends to be random; when R>>1, it
tends to be uniform; when R<<l, it tends to be clustered.
2.3.3 Local Moran’s I Analysis
Local Moran’s I analysis '* reflects the clustering of secondary education resource point distribution in Guangxi. The specific
calculation formula is as follows:

Z(Gi*) = Gi — E(Gi*Var(Gi*)

Gi*d =) j=InWij(d)Xj) j=1nXj

Where G*i, are attribute values at locations E(G*i) and Var(G*i) is the mean attribute value, W] is the spatial weight

(d)
between locations X ; and j,and j is the total number of locations. A positive Z value indicates spatial clustering of

similar values (high-high or low-low), while a negative value indicates spatial clustering of dissimilar values (high-low or
low-high).
2.3.4 Location Quotient Model
The Location Quotient model "” is used to measure the spatial distribution of a particular element in a region, reflecting its
relative concentration, degree of specialization, and relative advantages/disadvantages within the region. This study primarily
adopts a proportional model to measure the level of educational facility construction, by calculating the ratio of the number
of educational facilities to the total number of such facilities in the region and comparing it to the ratio of the research unit’s
population to the total regional population. The formula is:

F

5
F
)

Where: LQ is the location quotient of educational facilities in the research unit; F, is the number of educational facilities

LO=

in county f is the population size of county; F is the total number of educational facilities in Guangxi; P 1is the total

population of Guangxi. When LQ =1, it indicates that the scale of educational facilities in that county is comparable to
the average level of all counties in Guangxi; when LO<l, it indicates that the county’s educational facility scale is at a

disadvantage in Guangxi; when [ (>, it indicates that the county’s educational facility scale is at an advantage in Guangxi.
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A higher LQ value indicates more significant agglomeration of educational facilities and a more pronounced relative

advantage.

4.Spatial Distribution Characteristics of Secondary Education Resources in Guangxi
4.1 Overall Spatial Pattern of Secondary Education Resources

Kernel density analysis shows that secondary education resources in Guangxi generally exhibit a “multi-core, multi-center”
distribution pattern. Agglomeration cores are mainly distributed southeast of a line extending from Guilin City in the north to
Chongzuo City in the south. Secondary education resources form three agglomeration cores in Guilin City, Liuzhou City, and
Nanning City, and four agglomeration centers in Yulin City, Guigang City, and Beihai City (with two agglomeration centers
within Guigang City). Six secondary agglomeration centers are formed in cities such as Wuzhou City, Hezhou City, Laibin
City, Qinzhou City, and Nanning City. Cities like Hechi City, Baise City, Chongzuo City, and Fangchenggang City form only

small agglomeration clusters.

Figure 2: Kernel Density Analysis of Secondary Education Resource Distribution in Guangxi
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4.2 Spatial Distribution Characteristics of Secondary Education Resources at the Prefectural City

Scale
To further verify the kernel density analysis results and delve into the prefectural city scale, this study introduces nearest

neighbor analysis to further analyze the differences in spatial distribution density of secondary education resource points
across cities with varying administrative area sizes. Observing the Nearest Neighbor Index (NNI) values (Table 1), distinct
inflection points are evident at NNI = 0.549803 and NNI = 0.831116. Using the natural breaks method (Jenks) !, the NNI
values for secondary education resource distribution across different cities were reclassified into three categories. The results
indicate that five cities—Yulin City, Guigang City, Nanning City, Laibin City, and Wuzhou City—exhibit a highly clustered
distribution pattern, with schools highly concentrated and very strong spatial proximity. Six cities—Liuzhou City, Guilin City,

Qinzhou City, Hezhou City, Beihai City, and Baise City—show a moderately clustered pattern, where secondary education
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schools are relatively concentrated but exhibit some dispersion trends. Three cities—Chongzuo City, Fangchenggang City,
and Hechi City—show a low clustering pattern, with school distribution relatively dispersed and the weakest agglomeration
trend.

Table 1: Average Nearest Neighbor Analysis Results

City Nearest Neighbor Ratio Z-score P-value Distribution Pattern
Baise City 0.673646 -7.995427 0.000000 Moderate Clustering
Beihai City 0.669157 -5.903531 0.000000 Moderate Clustering

Chongzuo City 0.831116 -3.149064 0.001638 Low Clustering
Fangchenggang City 0.836210 -2.101958 0.035557 Low Clustering
Guigang City 0.496083 -15.544493 0.000000 High Clustering
Guilin City 0.602212 -12.152125 0.000000 Moderate Clustering
Hechi City 0.843444 -4.073681 0.000046 Low Clustering
Hezhou City 0.644360 -7.359262 0.000000 Moderate Clustering
Laibin City 0.515320 -9.455902 0.000000 High Clustering
Liuzhou City 0.569135 -11.916398 0.000000 Moderate Clustering
Nanning City 0.513858 -18.507245 0.000000 High Clustering
Qinzhou City 0.621690 -8.440109 0.000000 Moderate Clustering
Wuzhou City 0.549803 -10.335097 0.000000 High Clustering
Yulin City 0.450945 -18.162773 0.000000 High Clustering

4.3 Spatial Distribution Characteristics of Secondary Education Resources at the County Scale
Previous research has demonstrated that secondary education resources in Guangxi exhibit a clustered distribution pattern

at both the regional and city scales. However, studying only these scales may introduce scale bias. To further investigate
the distribution pattern and spatial agglomeration correlation of secondary education resources, cluster and outlier analysis
was introduced to determine whether secondary education resources exhibit spatial correlation and heterogeneity at the
county scale. The results of the Local Moran’s I calculation (Figure 3) show that secondary education resources exhibit local
positive spatial correlation. Specifically, high-value clusters (“High-High” clusters) are formed in counties such as Qingxiu
District, Xingning District, Binyang County, and Hengzhou City under Nanning City; Pubei County, Luchuan County,
Yuzhou District, Xingye County, and Rong County under Yulin City; and Tantang District, Gangbei District, Gangnan
District, Guiping City, and Pingnan County under Guigang City. Low-value clusters (“Low-Low” clusters) are formed in
areas including Ningming County under Chongzuo City; Fangcheng District under Fangchenggang City; Longlin County and
Leye County under Baise City; Tian’e County, Fengshan County, and Bama County under Hechi City; and Qixing District,
Xiangshan District, Yanshan District, Lipu City, Yongfu County, Yangshuo County, Gongcheng County, and Xing’an County
under Guilin City. High-value outliers (“High-Low” clusters) appear in Lingui District and Lingchuan County under Guilin

City. Low-value outliers (“Low-High” clusters) appear in areas such as Yongning District under Nanning City, Fumian
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District under Yulin City, and Wuxuan County under Laibin City. Overall, the range of “High-High” clusters is relatively
concentrated and small, while the distribution range of “Low-Low” clusters is larger, mainly located northwest of the “Guilin-
Chongzuo” line.

Figure 3: LISA Map of County-level Secondary Education Resources in Guangxi
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4.4 Equalization Configuration Characteristics of Secondary Education Resources at the County

Scale
Local Moran’s I analysis has confirmed that secondary education resources exhibit significant spatial correlation and

heterogeneity at the county scale. The macro-level equalization distribution characteristics of secondary education facilities
can provide a scientific reference basis for regional optimization of educational facility allocation. Furthermore, the
configuration status of educational facilities in each county also serves as a reference for equitable regional educational
facility allocation”". Therefore, the Location Quotient (LQ) model is introduced to measure the configuration level of
educational facilities in each county relative to the whole of Guangxi. The location quotient for secondary education resources
was calculated for each county and visualized (Figure 4). The results indicate that among the 111 counties in Guangxi, 59
counties (53.15%) have an LQ value greater than 1, meaning that secondary education resources in over half of the counties
are at an advantageous position relative to the Guangxi average, while the remaining counties are at a disadvantage. The
highest LQ value is 1.80 in Tantang District, Guigang City, and the lowest is 0.49 in Port District, Fangchenggang City.
This indicates that counties such as Tantang District, Guanyang County, and Yongning District have relatively advantageous
secondary education resource construction compared to Guangxi as a whole, while counties such as Port District, Hepu

County, and Leye County are at a relative disadvantage.
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Figure 4: Location Quotient Values of Secondary Education Resources in Counties/Districts of Guangxi
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S.Influencing Factors of the Spatial Distribution of Secondary Education Resources
in Guangxi

5.1 Indicator System Construction and Calculation

Previous research indicates that secondary education resources exhibit significant spatial heterogeneity. Existing studies
show that the distribution of educational facilities is influenced by multiple dimensions including current and projected urban
population, economic development, fiscal revenue, and urban construction scale. Many domestic and international scholars
have found that factors such as urban resident population, built-up area, and industrial distribution are primary influencing
factors for the uneven distribution of educational facilities *>**. Based on the principles of scientificity, availability, and
comprehensiveness, and considering educational resource beneficiaries, practitioners, and projected construction inputs, this
study selects relevant indicators such as student population size, fiscal expenditure, and economic structure to explore the
influencing factors of the spatial distribution of educational resources at the county level in Guangxi.

Using the SPSS PRO platform, an explanatory model for the uneven distribution of secondary education resources was
constructed. Considering data completeness issues, 7 counties with incomplete data were excluded from the calculation,
leaving a total of 94 counties for analysis. First, Pearson correlation analysis was used to screen indicators significantly
correlated with county-level secondary education resources. Subsequently, based on ridge regression analysis, significantly
correlated indicators were included in the regression model, while factors with insignificant correlation and strong
multicollinearity, such as administrative land area, regional GDP, and local fiscal revenue, were eliminated. Finally, relevant

variables with high goodness-of-fit were obtained (Table 2).
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Table 2: Stepwise Regression Equation Analysis Results for Factors Influencing Secondary Education Resource Distribution

K=0.201 Standardized Coefficients t P R> | Adjusted R? F
Constant 0 0 1.000
Year-end Total Population 0.207 12.292 | 0.000%**
Balance of Savings Deposits of Urban sk
and Rural Residents 0124 4.878 1 0.000
Number of Registered Population 0.238 12.384 | 0.000%*** .
0.922 0.91 F=73.043
Number of Students in 0.104 449 | 0.000%** ' ' P=0.000%**
Regular Primary Schools ' ’ ’
Number of Students in sk
Regular Secondary Schools 0.15 6.034 1 0.000
Number of Industrial 0.118 3952 | 0.000%*

Enterprises above Designated Size

The ridge regression analysis results indicate that six factors jointly influence the distribution of secondary education re-
sources at the county level in Guangxi: year-end total population, registered (hukou) population, number of students enrolled
in regular secondary schools, number of students enrolled in regular primary schools, balance of urban and rural household
savings deposits, and number of industrial enterprises above a designated size. The significance P-values for the ridge regres-
sion calculation results were all less than 0.05, indicating that each factor has a significant impact on the model. Furthermore,
through variance testing, the P-values of the regression models were all 0.000, indicating that the regression model has
significant statistical meaning. The goodness-of-fit (R? value) was 0.922, and the adjusted R? value was 0.91, proving that the
regression model has high goodness of fit [24] and can be used to analyze the spatial heterogeneity of county-level secondary
education resources with strong explanatory power.

5.2 Interpretation of Regression Equation Results

A specific interpretation of the ridge regression analysis results is as follows:

(1) The Beta values for the two factors, year-end population and registered (hukou) population, are 0.207 and 0.238
respectively, the highest among all influencing factors. This reflects that the distribution of educational resources still highly
adheres to the fundamental principle of population size. Both the registered population, serving as an institutional planning
basis, and the resident population, reflecting actual service demand, jointly shape the distribution pattern, indicating strong
consistency between planning and actual demand.

(2) The Beta values for the two factors, number of primary school students and number of secondary school students, are
0.104 and 0.15, respectively. The number of primary school students is a forward-looking and deferred demand signal.
Current primary school students will enter secondary schools in a few years; therefore, the primary school student count
is a core indicator for predicting future secondary school seat demand. Its significant positive influence indicates that the
spatial planning of educational resources is not static but follows a deferred planning logic of “predicting and planning future
secondary school resources based on current primary school scale,” which also explains why its influence intensity is slightly
lower than that of the secondary school student count. The number of secondary school students represents the most direct
and immediate demand. The current number of secondary school students in an area directly determines its required number
of classes, teacher allocations, school building area, etc., ultimately manifesting as a demand for the quantity of secondary
education resources, embodying the basic logic of “meeting current service demand” in educational resource allocation.

(3) The Beta value for the factor ‘balance of urban and rural household savings deposits’ is 0.124, reflecting that wealth stock
shapes educational resource supply. Savings deposits represent a concentration of local financial resources. High savings
balances can enhance the ability of local governments to finance through urban investment platforms and attract social
capital cooperation, thereby providing “extra-budgetary” capital for constructing, expanding, or upgrading secondary school
hardware facilities, such as building new campuses or private schools.

(4) The Beta value for the factor ‘number of industrial enterprises above a designated size’ is 0.118. As a core indicator

143



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

measuring regional industrialization level, industrial agglomeration, and local economic structure, its significant influence
reveals the underlying economic geography and fiscal capacity logic behind educational resource distribution. Industrial
enterprises are direct contributors to main local tax sources such as value-added tax and corporate income tax. A larger
number of enterprises implies stronger local fiscal capacity, enabling governments to independently increase educational
investment, improve school facilities, teacher compensation, and teaching quality without relying entirely on upper-level
transfer payments. Industrial enterprise agglomeration attracts industrial workers and related families, forming a stable and
sustainable inflow of school-age population. Unlike transient populations, family migration driven by industrial employment
tends to be more long-term, directly creating rigid and predictable demand for secondary education resource places (seats).

In summary, factors such as year-end total population, registered (hukou) population, primary and secondary school
enrollment size, household savings deposit balances, and the number of industrial enterprises above a designated size jointly
shape the spatial distribution pattern of county-level secondary education resources in Guangxi. Based on the empirical model
of county-level educational resource allocation, while adhering to the basic planning principles of registered and resident
population size to ensure immediate seat supply, it is essential to prospectively plan secondary school resources deferentially
based on primary school enrollment size. Furthermore, special attention should be paid to counties with relatively high
household savings deposits or strong industrial foundations. These areas, due to their stronger potential for private capital
and greater local fiscal autonomy, often can generate resource supplies exceeding the general level. In allocation strategies,
they should be guided to play a leading and complementary role. This is of great significance for promoting the balanced

optimization and overall enhancement of secondary education resources among counties in Guangxi.

6.Conclusion and Discussion

6.1 Conclusion

This study comprehensively utilizes methods such as kernel density analysis, nearest neighbor index, local spatial auto-
correlation, and location quotient, combined with a ridge regression model, to systematically reveal the spatial distribution
pattern and influencing factors of county-level secondary education resources in Guangxi. The main conclusions are as
follows:

First, the spatial distribution exhibits a significant heterogeneous pattern of “dense in the southeast, sparse in the northwest.”
At the regional scale, secondary education resources show a “multi-core, multi-center” agglomeration pattern, with core
areas mainly distributed southeast of the “Guilin-Chongzuo” line, centered on cities like Nanning, Liuzhou, Guilin, Yulin,
and Guigang. At the prefectural city scale, resource agglomeration density decreases from southeast to northwest, with high
agglomeration in places like Yulin, Guigang, and Nanning, and low agglomeration in western and border areas like Hechi,
Baise, and Chongzuo. At the county scale, spatial differentiation becomes more apparent, forming “High-High” agglomera-
tion hotspots mainly in southeastern Guangxi counties and “Low-Low” agglomeration cold spots mainly in northwestern and
border counties, indicating a clear center-periphery structure in resource allocation.

Second, there are considerable disparities in the equity of resource allocation among counties. Location quotient analysis
shows that although educational resources in over half (53.15%) of Guangxi’s counties are in a relatively advantageous
position, the gap between advantageous and disadvantaged areas is substantial. Resource allocation does not fully match the
population geography distribution; some populous or remote counties remain in resource depression states, reflecting the
uneven supply of educational public services across regions.

Third,resource allocation is the result of the combined effect of multiple factors. The ridge regression model (R? = 0.922)
indicates that its spatial differentiation is mainly influenced by three categories of factors: basic demand, deferred planning,
and economic supply. Population size constitutes the basic constraint on resource allocation; the structure of the school-age
population determines immediate demand and planning foresight; while resident savings levels and local industrial foun-
dation, by shaping fiscal capacity and financing potential, provide differentiated economic support for educational resource
supply, ultimately forming a joint driving force of “basic demand — deferred planning — economic support.”

6.2 Discussion
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The results of this study corroborate the foundational role of population and economy, and further reveal their internal
complex structure: population needs to be differentiated into “current students” and “future students,” and the economy needs
to be disaggregated into two differentiated supply sources: “private savings” and “industrial foundation.” This indicates that
the spatial layout of educational resources is actually shaped by the combined forces of planning logic, market forces, and
local economic structure.

This study also has certain limitations: First, it primarily analyzes the “quantity” distribution of educational resources, with
insufficient exploration of “quality” dimensions such as teacher quality and teaching effectiveness. Second, due to data
constraints, it could not fully incorporate factors like terrain, transportation, and culture. Third, it is a static cross-sectional
analysis, unable to reveal the dynamic evolution process. Future research that integrates multi-source data, constructs long-
term panel data, and incorporates quality indicators will be able to more systematically reveal the formation and transforma-

tion mechanisms of the spatial pattern of educational resources.
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Abstract: This article analyzes how digital technologies have reconfigured fine-art creation from early computer graphics
to contemporary generative Al. It advances a practice-centered periodization that links changing tool affordances to shifts
in authorship, originality, distribution, and the political economy of creative labor. Three phases are identified: medium
translation (1980-2000), when images became file-based and procedural logics entered artistic craft; platformized networking
(2000-2010), when Web 2.0 expanded participation while structuring visibility through interfaces, metrics, and attention
regimes; and algorithmic autonomy (2010—present), when GANs and diffusion models made style and composition
statistically learnable and widely replicable. The Al phase intensifies long-standing debates by redistributing artistic agency
across prompts, model priors, datasets, and post-selection, while deepening dependence on data extraction and platform
governance. In response, the article proposes technological humanism as a normative-analytic framework for Al-mediated art:
it centers traceable delegation, situated cultural responsibility, and infrastructural transparency as conditions of accountable
creation. The paper concludes with operational principles for artists, educators, and museums to evaluate and sustain agency
and cultural integrity under algorithmic production.
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1.Introduction

Digital technologies have shaped fine-art creation for more than four decades, evolving from early experiments in computer
graphics into an infrastructural condition that reorganizes how images are produced, circulated, and valued; in the Chinese
context in particular, the early development of computer graphics helped establish technical and institutional pathways—
education, industry transfer, and the normalization of computer-based image making—that later enabled digital art
practices to consolidate and expand ", Yet the significance of this long trajectory cannot be reduced to a linear catalog of
tools: each technological wave has re-specified the practical and conceptual grounds on which authorship, originality, and
esthetic legitimacy are claimed, contested, and stabilized. The recent surge of generative Al brings these issues to a new

intensity, not because it simply “adds another tool,” but because it shifts the locus of artistic agency toward model-mediated
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inference, large-scale data dependence, and platform-governed visibility, thereby altering what it means to intend, make,
and take responsibility for an image. Against this backdrop, this study treats generative Al not as a radical rupture but as a
historically continuous—yet qualitatively consequential—reconfiguration of mediation and agency in art making, and asks
a single, cross-phase research question: how do technical systems reorganize artistic agency, value formation, and cultural
interpretation across successive regimes of digital creation? To make this question analytically tractable, the paper proposes
a three-phase periodization that links technical affordances to shifts in practice and evaluation: (i) medium translation
(1980-2000), in which artistic media were increasingly rendered computable and production became more reversible,
copyable, and procedural; (ii) networked collaboration and platformization (2000-2010), in which participation expanded
through Web-based infrastructures while circulation and recognition were increasingly shaped by interfaces, metrics, and
attention economies; and (iii) algorithmic autonomy (2010—present), in which machine learning systems—particularly
GANSs and diffusion models—made style and composition statistically learnable and widely reproducible, relocating a
significant portion of creative work to prompting, iterative exploration, and post-selection. The study’s research problem
is thus not whether “technology replaces the artist,” but how agency and responsibility are redistributed across human
intention, operational procedures, datasets, model priors, and platform governance, and how such redistribution reshapes the
criteria by which works are interpreted and legitimated within artistic communities and institutions. Methodologically, the
paper adopts a critical historical synthesis grounded in a three-part analytical framework: (a) technology tools (hardware,
software, platforms, and algorithms) are examined as operational infrastructures that enable and constrain artistic action; a
key premise here is that software is not merely a carrier of content but an active layer that shapes representational possibilities
and stabilizes specific forms of visual knowledge '”'; (b) creative practice (workflow, collaboration, and distribution) is
analyzed as the site where agency is enacted, delegated, and negotiated through choices of procedures, constraints, iteration,
and institutional embedding; and (c) theoretical reflection is used to clarify how evaluative vocabularies e.g.(originality,
aura, authenticity, participation, autonomy) are mobilized to justify or contest emerging forms of creation and circulation.
Concretely, the study proceeds by selecting representative technologies and debates within each phase and tracing how they
structure recurring reconfigurations of artistic labor and cultural economy, rather than attempting an exhaustive technical
history; This allows the analysis to compare phases in terms of (1) the locus of decision-making (who decides what, when,
and through which operations), (2) the legibility of process (how traceable the causal chain is from intention to output), and
(3) the governance of visibility and value (how institutions, platforms, and markets shape what becomes recognizable as
art). By combining periodization with mediation-oriented analysis, the paper aims to produce a framework that is critical yet
actionable: it explains why generative Al reopens foundational debates about authorship and originality as practical problems
structured by contemporary infrastructures of data and platforms, and it positions these debates within a broader, historically
grounded account of how digital systems continually redefine the conditions under which artistic meaning and legitimacy are

negotiated.

2.Phase I (1980-2000): Medium Translation and the Computerization of Image
Making

The first phase can be understood as a process of medium translation, in which established artistic media were progressively
re-encoded into computational representations and thereby entered a file-based regime of production. Raster and vector
graphics, digital compositing, and early 3D rendering did not simply add “new tools” to existing practices; they changed
what an image is in operational terms. When an artwork becomes a file, it is no longer bound to a singular, irreversible
material procedure. Instead, it is constituted by manipulable data structures: pixels and layers, paths and nodes, meshes and
textures, histories and versions. Under these conditions, copyability is not a derivative act but a default state; reversibility
becomes a built-in logic of editing rather than a rare corrective; and versioning becomes an ordinary mode of authorship
through iterative branching and refinement. These file properties shift artistic work from a one-way “making” process toward
a continuous “modulating” process, where meaning and form can be repeatedly recomposed. As a result, categories such
as originality, authenticity, and presence are forced to migrate: they can no longer be anchored solely in the uniqueness of

a physical original, but must be rethought through the conditions of technical reproducibility and circulation. In this sense,
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aura debates in modern media theory help clarify what is at stake, not by assuming that reproducibility destroys value, but
by showing that the relations among distance, uniqueness, authority, and reception are reconfigured when images become
technically reproducible objects and circulate within new regimes of display and access . The “presence” of the work begins
to depend on how it is rendered, projected, edited, and distributed, while “authenticity” becomes entangled with metadata,
provenance, and the intelligibility of the work’s production history.

Figure 1. French artist Vera Molnar uses algorithms to generate the geometric pattern series “Désordres”.

At the level of craft and artistic labor, this period also marks the introduction of procedural thinking into visual creation. The
rise of programming-oriented tools and communities created a bridge between visual design and code-based composition,
enabling artists to describe form through rules, parameters, and computational operations rather than only through manual
depiction. Processing played a pivotal role in this shift by providing a relatively accessible environment for artists and
designers to generate visuals algorithmically, lowering the threshold for code-based experimentation and consolidating a
pedagogical ecosystem around computational creativity ¥ The esthetic significance of this development is that it relocates
where artistic decisions reside. Instead of treating the artwork only as a finalized visual artifact, one can increasingly treat it
as a rule system: an operational description of how forms are produced, how variations emerge, and how constraints guide
the space of possible outputs. Evaluation therefore expands from “what the image looks like” to “how the image is made
possible”—including the elegance of the generative logic, the meaningfulness of parameters, the balance between constraint
and variation, and the deliberate orchestration of randomness and repetition. This shift also subtly redefines authorship. The
artist becomes a designer of procedures, not merely a maker of objects: authorship is expressed through constructing systems
that can produce families of outcomes, and through curating the relationship between algorithmic possibility and esthetic
intention. Even when digital tools in this phase functioned largely as translation and extension mechanisms—digitizing
established media and enabling new modes of editing—they already prefigured later debates about agency and automation by

embedding creativity in operational sequences and delegating portions of form-making to computational processes.

3.Phase II (2000-2010): Networked Collaboration, Platformization, and Digital Labor

The second phase marks a shift from “digital production” to networked production, enabled by Web 2.0 infrastructures that
made publishing and circulation continuous, low-threshold, and socially embedded. A consolidated set of operations—user-
generated content, tagging, comment/reply systems, hyperlinking, RSS/feeds, and later timeline logics—turned the internet
into a participatory cultural space in which artworks circulate as nodes within communicative circuits rather than as isolated
objects later disseminated. For fine-art creation, this re-situates meaning-making: works become multimodal through titles,
captions, links, and metadata, and participatory because interpretation extends beyond critics and institutions to distributed
publics whose responses are visible and consequential . As a result, artistic practice becomes more iterative and relational:
“completion” is increasingly elastic, and making is shaped by ongoing negotiation with audiences, communities, and rapidly

shifting formats.
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At the same time, this phase is defined by platformization as a structural condition. Creative practice becomes embedded
in commercial platforms whose interfaces, moderation regimes, and metrics function as infrastructural forces that organize
visibility and attention. Interface defaults shape what can be easily posted and perceived; moderation sets boundaries of
display and discourse; and metrics translate heterogeneous reception into comparable quantities, yielding a distributed
curatorial regime in which circulation is steered by affordance-compatibility and engagement performance rather than by
artistic merit alone. Even where artists resist these pressures, they must contend with them because platform governance

shapes reach, audience composition, and the practical sustainability of practice.

Figure 2. Blender Foundation s open-source animated film “Elephants Dream”

Before Web 2.0 platformization, transnational outsourcing had already placed parts of animation and visual production
within global labor chains, offering an important prehistory for later platform-mediated value capture . In the Web 2.0
era, the political economy of creative work becomes explicit because platforms tie participation to extraction. Cognitive
capitalism frames creativity and communication as central sources of accumulation”, and network culture operationalizes
this through “free labor,” whereby creators provide content, attention, and behavioral data that increase platform value
without commensurate control or compensation /. Exploitation here is not only financial but also governmental: algorithmic
and interface changes can reconfigure visibility overnight, producing dependence on opaque ranking systems and volatile
attention markets. These conditions also reorganize artistic identity and legitimacy, as self-branding, follower counts, and
engagement indicators become partial proxies for credibility. Phase II is thus double-edged: networked infrastructures expand
participation and collaboration, yet embed art making within metricized, governable systems of circulation and value—an

ecology that forms the institutional and infrastructural substrate on which later generative Al practices emerge.

4.Phase III (2010—present): Algorithmic Autonomy and Generative Al

Phase III (2010—present) is defined by the rise of machine learning systems that can synthesize images and styles through
statistical inference, shifting fine-art creation from direct pixel-level manipulation toward model-mediated generation and
control. Technically, this transition is anchored in the maturation of generative paradigms: GANs demonstrated that plausible
synthetic imagery could be produced via adversarial learning, establishing a widely influential baseline for computational
image synthesis ", while diffusion models have since become dominant because they support higher-fidelity generation and
more flexible, controllable editing, effectively turning “generation” and “transformation” into continuous operations within

1% For artistic practice, the crucial change is not only improved image quality but the relocation of creative

the same pipeline
labor: a visible portion of skill moves toward specifying constraints, iterating prompts, testing variations, and curating
outputs—activities that resemble direction, selection, and orchestration more than manual construction. In this workflow,
the artwork increasingly emerges as a negotiated outcome of interacting with a probabilistic system that can produce large-
scale variation at low marginal cost, and the artist’s competence is expressed as an ability to steer model behavior, consolidate
coherence across iterations, and stabilize an esthetic identity through post-selection and compositing. Consequently,
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generative Al redistributes artistic agency across multiple layers—prompting (intent specification), learned priors (what the
model is predisposed to produce), training data (what visual cultures are represented and how), and post-selection (what is
accepted, refined, and contextualized as the work). Compared with earlier digital tools that preserved a relatively legible
causal chain from intention to operation (layers, parameters, filters), generative pipelines weaken causal transparency because
outputs arise from probabilistic inference over learned representations; authorship is not removed but re-formed as the
governance of delegation—authoring intentions, constraints, and selection criteria that shape a search space from which the
final work is curated. The emergence of prompt engineering as a named creative skill makes this redistribution explicit by

treating the formulation, refinement, and sequencing of prompts as craft and esthetic control '),

Figure 3. “American Algorithm” by Mexican artist Rafael Lozano-Hemmer.

Figure 4. “Wiradjuri Code” by Australian Aboriginal artist Brook Andrew.

At the same time, generative creation is inseparable from infrastructural power: critical work on large-scale Al emphasizes
that model behavior cannot be treated as neutral because it is conditioned by dataset composition, institutional decisions, and

the ecological and social externalities of computation, and harms follow when statistical generators are framed as universal
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creative engines while their material and political conditions are obscured '*. These concerns intensify within an extractive
political economy in which “creative capability” depends on large-scale data capture, labor, energy-intensive computation,
and uneven governance regimes '"*'; for fine-art creation, ethical questions such as provenance, cultural representation,
consent, attribution, and accountability are therefore not optional add-ons but part of the medium conditions of production
and circulation. Postphenomenology helps clarify the stakes by treating technologies as mediators that amplify some forms
of action while reducing others: prompting amplifies exploratory variation and rapid prototyping, but it can reduce tactile
resistance and slow material feedback loops through which many artistic sensibilities are cultivated, implying that critique
and education should assess not only outputs but also mediation, dependency, and the redistribution of agency "*. Finally,
because Al creation is typically embedded in platforms, recommender systems and metrized attention regimes participate
in stabilizing what becomes visible and desirable; algorithmic taste-making operationalizes engagement logics that steer
cultural consumption, and when creators optimize styles for visibility, esthetic diversity can narrow toward what is already
rewarded "\, In this sense, generative tools may expand the space of possible images while compressing the social space of
recognizable and valued images, yielding a distributed form of esthetic governance in which metrics, ranking, and platform

feedback co-produce taste and legitimacy.

S.Structural Shifts in the Creative Ecology: Identity, Value, and Power

Viewed across the three phases, the transformation of fine-art creation is best understood as a reconfiguration of the creative
ecology—the coupled system of actors, tools, institutions, and infrastructures through which artistic identity is produced,
value is assigned, and authority is exercised. Three structural axes clarify this reconfiguration. First, identity: digital tools
and platforms lower entry thresholds and expand participation, but they also destabilize traditional markers of professional
legitimacy by decoupling visibility from institutional accreditation and by shifting craft authority from material mastery
toward procedural competence, platform fluency, and algorithmic literacy. As a result, artistic identity becomes increasingly
performative and infrastructural: it is shaped not only by works but by profiles, metrics, formats, and the capacity to sustain
attention under platform conditions. Second, process: digital workflows privilege search, remix, and optimization over
singular inspiration, making creation more iterative, comparative, and data-driven. Across digitization, platformization, and
generative Al, production tends to move from linear making to continuous variation management—testing alternatives,
selecting among options, and consolidating coherence within an expanding space of possibilities. Third, value: platforms and
models introduce evaluative regimes organized around metrics, rankings, and monetizable attention, thereby transforming
evaluation into a socio-technical procedure rather than a purely critical or institutional judgment. Under these conditions,
autonomy becomes an infrastructural question: artistic freedom is constrained not only by esthetic conventions but also by
the governance of visibility (ranking systems, moderation, interface defaults), the ownership of computational means (models

and platforms), and the dependencies created by data and compute access.

Figure 5. “Miner Hash” by Congolese artist Sammy Baloyji.
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These structural shifts also have pronounced cultural and geopolitical implications, because digital infrastructures translate
cultural materials into formats that can be indexed, circulated, and monetized. Said’s critique of representation helps explain
how difference can be rendered into a consumable esthetic category—extracting “style” from historical and political context
and re-presenting it as a neutral sign of exoticism or cultural variety """, Bhabha’s account of hybridity further clarifies that
cultural translation is never a symmetrical exchange: hybrid forms are produced within power relations that determine what
is recognized as legitimate hybridity, who can speak for whom, and which translations become institutionally credible "”.
In contemporary Al debates, these concerns become operational rather than merely interpretive: global datasets can compress
heterogeneous traditions into decontextualized style tokens, and models can reproduce such tokens at scale, thereby
intensifying risks of cultural flattening, misattribution, and asymmetric appropriation. Against this backdrop, work on
resistance to platform power emphasizes that users and creators can develop everyday tactics—counter-archiving, alternative
distribution channels, and strategic refusal—to contest infrastructural capture and reclaim degrees of agency "*. A closely
related critique frames the broader condition as digital colonialism, arguing that Al systems can reproduce unequal power
relations by extracting data, re-encoding cultural knowledge, and concentrating value and governance in a small set of

institutions and markets "

Figure 6. “Encrypted Sovereignty” by Mexican artist Minerva Cuevas.

Finally, the Al era intensifies disputes about commodification and ownership by introducing new infrastructures for scarcity,
provenance, and exchange. Blockchain-based systems and NFTs have been adopted by some creators and platforms to
reintroduce scarcity signals into infinitely reproducible digital artifacts and to formalize provenance through tokenized
ownership claims . Yet sustainability-oriented analyzes caution that the long-term viability and legitimacy of such systems
depend on technical design choices (e.g., energy use, security, permanence), institutional governance, and regulatory
frameworks, rather than on speculative market narratives alone . Regardless of one’s normative position on NFTs, their
emergence is theoretically symptomatic: it indicates that digital art value is increasingly negotiated through infrastructural
arrangements—platform rules, model access, token markets, and verification mechanisms—rather than solely through
traditional institutions of criticism, curation, and collecting. Taken together, these developments suggest that contemporary
debates about digital art cannot be resolved at the level of esthetic judgment alone. They require an ecological analysis of how
identity, process, and value are co-produced by socio-technical systems, and how power operates through infrastructures that

shape representation, circulation, and the distribution of benefits in the digital and Al-mediated art world.
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6. Toward Technological Humanism in Fine-Art Creation

Technological humanism, as advanced in this study, is neither a refusal of Al nor a technophilic celebration of novelty; it is a
normative-analytic stance that seeks to keep human agency, situated knowledge, and cultural plurality visible while working
within contemporary technical systems. Its central premise is that generative infrastructures do not simply “assist” creation
but reorganize authorship, responsibility, and value; therefore, an adequate response must specify how artistic agency is
exercised through delegation rather than imagined as standing outside mediation. Operationally, the stance can be articulated
through three interlocking principles. (1) Agency and traceability: artists and institutions should render delegations legible—
what is authored directly, what is generated through models, and what is curated or edited—so that accountability can be
sustained for audiences, educators, and museums across production and reception. (2) Situated knowledge: datasets, prompts,
and workflows should be treated as cultural commitments rather than merely technical inputs; this rejects the reduction of
tradition to a detachable “style palette” and instead recognizes that cultural materials carry histories, power relations, and
obligations that must be acknowledged and negotiated in practice. (3) Infrastructural critique: creators and institutions should
attend to the extractive and governance conditions that make Al creation possible—platform dependence, data sourcing, and
ecological costs—because these conditions shape what kinds of art can be produced and recognized. Stiegler’s critique of
political economy, and his later framing of the Neganthropocene, is instructive here in positioning technology as an organiza-
tional system that can either erode or support the conditions of collective meaning-making depending on how it is instituted
and governed *.

Conceptually, technological humanism treats the art—technology relation as an ongoing negotiation rather than a settled
division between “human creativity” and “machine output.” Actor-network theory is useful for clarifying that outcomes are
co-produced by heterogeneous actors—artists, platforms, models, datasets, interfaces—and that responsibility cannot be
collapsed into a single locus (either the artist alone or the system alone) ™. Derrida’s notion of différance further underscores
that meaning is not fixed at the point of production but is continually deferred and reconstituted through context, circulation,
and interpretation ¥, Together, these perspectives imply evaluative criteria suited to Al-mediated art: attention to (a) how
agency is distributed and disclosed, (b) what cultural relations are mobilized, transformed, or erased, and (c¢) what infrastruc-
tures condition visibility and value *. Under this stance, Al-mediated works are assessed not only by formal novelty, but by

the accountability of their process and the integrity of their cultural commitments .

Conclusion

From early computer graphics to generative Al, digital technologies have repeatedly redefined what counts as artistic work
by relocating creativity across tools, practices, and institutions. Across the three phases outlined in this study—medium
translation, platformized collaboration, and algorithmic autonomy—each technological wave expands expressive possibility
while simultaneously intensifying mediation, dependency, and the infrastructural conditions through which value is produced
and recognized 7. The current Al era crystallizes these tensions by making style and composition statistically learnable
and reproducible at scale, thereby transforming authorship from an assumption of direct manual causality into a problem
of delegated agency, process legibility, and responsibility for the sociotechnical conditions that enable production. Against
both technological determinism and purely formalist accounts of “Al novelty,” the paper argues that the central stakes are
ecological and institutional: how agency is distributed among humans, models, datasets, platforms, and curatorial regimes;
how cultural materials are translated, decontextualized, or responsibly situated; and how evaluation is shaped by metricized
attention and platform governance. The proposed stance of technological humanism offers a constructive orientation under
these conditions by insisting on traceable agency, situated cultural responsibility, and infrastructural awareness as practical
requirements of contemporary creation. For artists, this entails treating prompts, datasets, and selection procedures as
accountable components of authorship rather than neutral technical steps; for educators and museums, it requires developing
transparent interpretive standards and ethical protocols that address provenance, delegation, and cultural representation in
Al-mediated works. Ultimately, the future of digital art will not be determined by tools in isolation, but by how creative

communities and institutions negotiate the relations among agency, value, and cultural meaning within—and sometimes
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against—the algorithmic infrastructures that now condition artistic production and circulation.
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Abstract: Against the backdrop of deep integration between the digital economy and the real economy, artificial intelligence
is comprehensively reshaping the automotive industry’s technological framework, production models, and value structures.
Centred on the core logic of Al empowering the entire automotive industry chain, this paper systematically examines
its application pathways and enabling outcomes across R&D design, manufacturing, supply chain management, and
marketing services. It distils three core transformative characteristics: iterative shifts in industrial competition focal points,
reconfiguration of ecosystem structures, and dual upgrading of value and standards. Building upon this foundation, the
paper anticipates future trends characterised by multidimensional deepening of technological convergence, comprehensive
strengthening of industrial synergy, and bidirectional empowerment through scenario applications and security systems.
Concurrently, it precisely identifies key challenges including technological bottlenecks, barriers to industrial collaboration,
lagging institutional adaptation, and user perception biases. Addressing these challenges, the paper proposes targeted
development recommendations across four dimensions: technological innovation breakthroughs, optimisation of industrial
chain collaboration, refinement of institutional frameworks, and cultivation of user markets. Research indicates that artificial
intelligence not only enhances efficiency and optimises quality across automotive industry segments but also propels the
sector’s transformation from mechanical manufacturing to intelligent manufacturing, and from single-product focus to full
lifecycle services. Deepening this integration represents a strategic opportunity for China to evolve from a major automotive
nation into a leading automotive power, offering a Chinese solution for the global automotive industry’s intelligent
transformation.
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1.Introduction

At this pivotal juncture where a new global wave of technological revolution and industrial transformation are intertwining
and evolving, artificial intelligence (Al) stands as the quintessential disruptive technology. Through a chain reaction of
“technological empowerment—industrial restructuring—ecosystem iteration”, it is reshaping the global industrial competitive

landscape'". The automotive industry, as a comprehensive sector integrating technologies from mechanical manufacturing,
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electronics, information technology, energy, and power systems, serves not only as a core pillar of the national economy but
also as a crucial indicator of a nation’s manufacturing prowess and technological innovation capabilities."”’. Its development
model is poised to undergo a sixth paradigm shift, centred on the transformation towards “intelligent, connected, electrified,
shared, and low-carbon vehicles””. The deep integration of Al technology with the automotive industry transcends mere
technological superposition. It has become a strategic fulcrum for fostering new productive forces and constructing a modern
industrial system, serving as the core engine propelling the sector towards green, intelligent, and high-end development.
Reflecting on the automotive industry’s evolution, the technological transition from steam power to internal combustion
engines heralded a propulsion revolution; the shift from conventional fuel vehicles to new energy vehicles marked an
environmental revolution; and the current Al-driven intelligent transformation is now catalysing a comprehensive intelligent
revolution encompassing product form, production models, mobility services, and industrial ecosystems'*. Unlike the closed-
source monopolistic technological paths pursued abroad, China has forged a unique development trajectory centred on
both vehicle-centric intelligence and vehicle-road-cloud coordination. Leveraging its advantages of a super-large market
scale, comprehensive industrial chain capabilities, and an open-source innovation ecosystem, this approach has cultivated
exceptionally fertile ground for the deep integration of Al and the automotive industry. According to 2024 data released
by the China Association of Automobile Manufacturers (2025), China’s automobile production and sales reached 31.282
million and 31.436 million units respectively, maintaining its position as the world’s largest market for the 16th consecutive
year. New energy vehicle sales reached 12.866 million units, achieving a penetration rate of 40.9% and entering a new phase
of scaled development. In the first half of 2024, the penetration rate of Level 2 or higher driver assistance systems in new
passenger vehicles reached 55.7%"". Vast market data and application scenarios are accelerating the iterative optimisation and
commercial deployment of Al algorithms. Against this backdrop, China’s intelligent connected vehicle industry has become a
core arena in global industrial competition. It not only fulfils the intrinsic demand for the automotive sector’s transformation
and upgrading but also shoulders the strategic mission of propelling China’s transition from a “major automotive nation” to a
“leading automotive power”.

Nevertheless, the integration of Al and the automotive sector remains in a phase of profound exploration, facing multiple
challenges across technological implementation, industrial coordination, and regulatory adaptation: insufficient adaptability of
advanced autonomous driving systems to long-tail scenarios'®, persistent risks of bottlenecks in core intelligent components'”,
incomplete ecosystem mechanisms for cross-entity collaboration, and ongoing refinement required for institutional
frameworks governing autonomous driving liability allocation and data security governance'. These issues not only constrain
the depth and breadth of integrated development but also present major challenges requiring urgent resolution for both
academic research and industrial practice.

Against this backdrop, this paper, grounded in global technological competition and China’s industrial development realities,
adopts a logical framework of “technology application—industrial transformation—future trends”. It systematically analyses
AT’s application scenarios and practical outcomes across the entire automotive value chain, encompassing R&D design,
manufacturing, supply logistics, and marketing services. It delves into the transformative characteristics of automotive
industry competition focal points, ecosystem structures, value chains, and standards systems driven by Al. It precisely
identifies technological bottlenecks, industrial barriers, and institutional obstacles encountered during integration. Ultimately,
it forecasts future development trajectories and proposes targeted optimisation pathways. This research aims to construct
a theoretical analytical framework for the deep integration of Al and the automotive industry. It seeks to provide academic
reference for deepening research in related fields, while offering decision-making support for government industrial policy
formulation and corporate strategic planning. This endeavour will assist China in securing a dominant position in the
global intelligent connected vehicle industry competition, contributing Chinese wisdom and solutions to the intelligent

transformation of the global automotive sector.

2.Full-Chain Application Practices of Artificial Intelligence in the Automotive Industry
At this pivotal stage of the automotive industry’s intelligent transformation, artificial intelligence has transcended the

limitations of single-process applications. It has deeply permeated the entire value chain encompassing R&D, production,
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supply, sales, and service!”. Through data-driven collaborative optimisation and intelligent decision-making, it resolves

longstanding challenges within traditional value chains—such as fragmented information, suboptimal efficiency, and
delayed responsiveness—emerging as the core engine driving overall supply chain operational efficiency. The following
systematically analyses the application logic and outcomes of Al across each segment, drawing upon authoritative case
studies and technological application principles.

2.1 Research and Development Design: Intelligent Collaboration Shortens Cycles, Laying the

Foundation for Efficient Operations

Traditional automotive R&D processes encompass multiple stages including conceptual design, simulation testing, and
prototype manufacturing. These processes suffer from lengthy timelines, high costs, and insufficient precision. Developing
a new vehicle model typically requires 3-5 years, with physical prototype manufacturing costs reaching tens of millions
of yuan. The deep integration of Al technology has revolutionised the R&D model, enhancing efficiency and precision
throughout the entire process from concept generation to simulation testing'").

During the R&D design phase, the combined application of multimodal large models and generative Al has overcome the
limitations of traditional design relying on human expertise. Models such as Baidu Wenxin Yiyan and Huawei Pangu have
been deployed across multiple automotive manufacturers, serving functions including copywriting and bespoke creative
video content'”. Designers need only input core parameters like product positioning, performance specifications, and stylistic
preferences for AI models to rapidly generate diverse exterior and interior design proposals. These encompass varied aesthetic
orientations and aerodynamic requirements, compressing exterior design sketching—previously taking 1-2 days—to mere
minutes. Concurrently, Al can utilise historical market feedback data on design proposals to conduct preliminary screening
and optimisation of generated sketches. This eliminates options that fail to meet user preferences or manufacturing process
requirements, significantly enhancing the market suitability and feasibility of design solutions. Consequently, designers are
liberated from repetitive drafting tasks, enabling them to focus on refining and iterating core creative concepts.

Engineering simulation and testing represent the core application scenarios where Al empowers R&D to reduce costs and
enhance efficiency!”. Traditional automotive development necessitates extensive physical simulations and physical testing,
such as computational fluid dynamics (CFD) analysis and crash safety testing, which are not only time-consuming but
also incur substantial equipment and prototype vehicle costs. Generative Al can learn the mapping relationships between
vast amounts of low-resolution and high-resolution simulation data. Based on low-precision simulation results, it rapidly
reconstructs critical data such as high-precision flow fields and stress distributions, boosting CFD analysis efficiency by
hundreds of times while effectively controlling and reducing simulation accuracy errors. Within crash safety testing, Al-
assisted parametric modelling techniques can automatically generate diverse virtual collision scenarios. Combined with
finite element analysis models, this enables precise prediction of structural deformation and safety performance under load,
significantly reducing the number of physical crash tests required. The application of Al technology effectively lowers
simulation testing costs and physical prototype development iterations during the automotive R&D phase.

2.2 Production and Manufacturing: Intelligent Scheduling Enhances Quality and Efficiency,

Strengthening Midstream Synergy
Against the backdrop of Industry 4.0, the deep integration of Al with technologies such as the Internet of Things, big data,

and digital twins is profoundly transforming automotive production processes, propelling factories towards intelligent,
flexible, and highly efficient operations'*. Al technology comprehensively elevates manufacturing efficiency and intelligence
by optimising production processes, enhancing quality control precision, and enabling intelligent logistics scheduling.

Regarding process optimisation, Al models establish dynamic parameter adjustment mechanisms by learning from vast
production datasets. Case studies utilising the Geega Industrial Al Platform demonstrate that Al can perform real-time
analysis of multi-source, heterogeneous data from critical processes such as stamping, welding, and painting. By constructing
Long Short-Term Memory (LSTM) neural network models to predict material springback, it automatically adjusts hydraulic
press pressure parameters, controlling crankshaft stamping dimensional accuracy within £0.02mm. In quality control, Al deep

learning visual inspection can be employed for cylinder block surface defect detection. By annotating, deep learning, and
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training image defects, optimal detection models are established and continuously self-optimised through iterative learning,
progressively enhancing detection accuracy'”. In body welding quality inspection, an intelligent X-ray non-destructive
testing system combined with virtual defect sample generation technology addresses the training challenge of insufficient real
defect samples in industrial settings. By training X-ray defect quality detection models, the Al system achieves automated
identification and assessment of internal defects in die-cast components'®.

Within logistics scheduling, the integration of AGV intelligent vehicles with path optimisation algorithms enables fully
automated, precision delivery throughout the entire process. Automotive manufacturers employ reinforcement learning-based
path optimisation algorithms with AGVs to transport components along fixed tracks with pinpoint accuracy to designated
workstations, enabling fully unmanned delivery in final assembly workshops. Integrated with unmanned intelligent warehous-
ing, MILKRUN delivery schemes, barcode traceability, and RFID smart identification technologies, this establishes highly
efficient logistics channels throughout the factory—spanning inbound storage, material supply, production, and outbound
distribution'”". The application of digital twin technology enables end-to-end visualised control of production processes.
Geely Automobile utilises digital twin technology to construct virtual factories, simulating delivery cycles and cost variations
under different production scheduling scenarios. This facilitates production line simulation and optimisation, enhancing the
precision of production planning and material management"*.

2.3 Supply Chain Segment: Intelligent Collaboration Breaks Down Barriers, Enhancing Overall

Operational Efficiency
The automotive supply chain is characterised by multiple stages, extensive geographical reach, and dispersed risk points.

It involves complex scenarios such as diverse stakeholders, cross-regional transportation, and multi-node inventory
management. Traditional linear response models struggle to address demand fluctuations and sudden risks. Al technology
drives the supply chain’s transformation from passive response to proactive forecasting and networked collaboration through
demand forecasting, risk early warning, and end-to-end logistics coordination optimisation. This enhances cross-entity
resource allocation efficiency and resilience.

Demand forecasting and inventory optimisation represent the core value of Al-empowered supply chains. Leveraging
machine learning algorithms, Al integrates multi-dimensional data—including market sales figures, policy shifts, and
consumer trends—to construct precise demand prediction models. These models provide scientific foundations for component
procurement and production planning. Such accuracy prevents inventory overstocking or shortages caused by demand
misjudgements, optimises inventory structure, and reduces capital occupation costs'”. Within the new energy vehicle battery
supply chain, Al further balances supply stability and cost control by analysing data on raw material price fluctuations,
production cycles, and logistics timelines.

Supply chain risk warning capabilities are significantly enhanced. Al constructs a multi-dimensional risk indicator system
covering supplier capacity, credit status, logistics timelines, and raw material supply. Employing hybrid algorithm models, it
quantifies risk levels, anticipates potential risks in advance, and issues early warnings””. Leveraging artificial intelligence and
big data technologies, automotive supply chains can transition from reactive risk management to proactive forecasting and
end-to-end control. Real-time analysis of supplier performance, critical material lead times, and cross-regional logistics status
enhances the comprehensiveness and timeliness of risk identification. When confronting sudden disruptions such as abnormal
raw material price fluctuations, obstructed critical component supply, or restricted regional logistics channels, Al systems can
rapidly integrate alternative supplier resources, substitute material solutions, and multi-modal transport routes. This generates
multi-scenario contingency scheduling strategies to assist enterprises in optimising decisions, effectively enhancing supply
chain resilience and risk-bearing capacity.

Logistics coordination optimisation focuses on enhancing cross-regional, cross-entity efficiency throughout the entire chain.
Al technology can span the entire process from cross-regional component transport to finished vehicle dispatch, achieving
end-to-end logistics efficiency gains through multi-source data coordination and algorithmic optimisation. During cross-
regional transport, Al integrates Radio Frequency Identification (RFID) technology with real-time traffic and meteorological

data. Utilising reinforcement learning algorithms, it dynamically optimises transport routes, flexibly adjusting combinations of
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road, rail, and sea freight modes. This effectively mitigates transport delay risks while enhancing the precision and timeliness
of cross-regional deliveries”". Concurrently, the Al system integrates component suppliers’ dispatch data, third-party logistics
in-transit data, and OEM production cadence data. This enables precise sequencing of components into factories according to
production requirements, facilitating direct delivery to final assembly stations. Consequently, it substantially reduces OEMs’
inventory buffer pressures and material mismatch risks. For finished vehicle shipments, Al optimises transport route planning
and vehicle loading schemes from OEMs to regional distributors. This enhances overall vehicle logistics loading rates and
lowers cross-regional shipping costs””. Furthermore, by integrating intelligent warehousing technology, Al enables remote
collaborative warehouse management between OEMs and core component suppliers. Through real-time inventory data
sharing and dynamic resource allocation, this approach further enhances logistics coordination efficiency across supply chain
nodes, ensuring seamless material flow throughout the entire chain'*.

2.4 Marketing and Services: Precisely Aligning with Market Demands, Extending Supply Chain Value
Boundaries

Al technology is reshaping the value chain of automotive marketing services, propelling the industry’s transition from
product-centric to user-centric approaches. This fosters an intelligent service ecosystem spanning sales, operations, and after-
sales processes, enhancing operational efficiency while optimising the user experience.

In the sales process, Al technology enables precise customer acquisition and demand discovery. Intelligent badge systems,
acting as sales personnel’s smart assistants, utilise voice recognition and industry-specific large-model analysis to capture
real-time interactions between customers and sales staff. They accurately extract customer requirements, purchase intentions,
and concerns, automatically constructing user profiles that are pushed to sales management systems. Concurrently, these
systems leverage intelligent listening and data analytics dashboards to enhance sales conversion rates and customer
experience™”. Simultaneously, sales personnel can query vehicle specifications, pricing policies, and financial solutions
via natural language. The Al system rapidly generates customised sales scripts and comparative proposals, substantially
enhancing service responsiveness and professionalism. In new media operations, Al live-streaming systems integrate
anthropomorphic voice synthesis, facial expression and motion simulation with large-model real-time dialogue technology.
This enables 24/7 uninterrupted online product demonstrations and interactive Q&A sessions. On one hand, standardised
services reduce operational manpower and time costs for live-streaming; on the other, leveraging platform traffic algorithms
and user behaviour analysis achieves precise targeting and lead capture for high-intent prospective buyers. Furthermore,
by integrating structured information such as vehicle specifications and purchasing policies, it can accurately address
common user enquiries while automatically recording interaction content and lead details. This provides precise guidance for
subsequent sales follow-ups, transforming online customer acquisition from a broad-based approach to targeted engagement
and enhancing synergy between online marketing and offline sales.

In the after-sales maintenance domain, Al-driven predictive maintenance represents an emerging industry trend. By
integrating vehicle sensor data, driving metrics, maintenance records, and other lifecycle information to train fault prediction
models, manufacturers can proactively identify potential risks and alert users””. For instance, Tesla leverages OTA (over-the-
air) technology to continuously update vehicle software and enhance driving experiences. It also employs cloud computing
to establish predictive fault models, analysing operational data to detect potential issues early and notify owners for repairs,
thereby significantly reducing failure rates”®. This predictive maintenance model not only reduces corporate recall and
operational costs but also enhances user travel safety and satisfaction. Furthermore, the widespread adoption of Al-powered
customer service has enabled rapid responses to after-sales enquiries. Through voice recognition and natural language
processing technologies, intelligent customer service systems can address basic, common queries, reducing response times to

seconds and significantly boosting user satisfaction.

3.Characteristics of AI-Driven Transformation and Future Trends in the Automotive
Industry
The deep integration of artificial intelligence with the automotive sector is driving systemic change from superficial to

fundamental levels, with technological empowerment serving as the core engine. Building upon innovations in product forms,
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production models, and service systems, this convergence has catalysed distinct characteristics: the iteration of competitive
focal points, the restructuring of ecosystem frameworks, and the dual upgrading of value propositions and standards. These
developments are fundamentally reshaping the core logic of industrial advancement. By examining these transformative
features alongside technological evolution patterns and industrial development requirements, we can further clarify the future
trajectory of this convergence. This provides directional guidance for the industry to overcome developmental bottlenecks
and achieve high-quality upgrading.

3.1 Core Transformative Characteristics of Artificial Intelligence in the Automotive Industry

3.1.1 Evolution of Competitive Focus: From Mechanical Performance Rivalry to Intelligent Technology
Competition

Traditional automotive competition centred on optimising core mechanical components like engines and gearboxes, with
technological barriers primarily in mechanical manufacturing. Differentiation stemmed from refined production processes
and breakthroughs in mechanical engineering. However, the deep integration of Al has fundamentally shifted the competitive
landscape towards rivalry in developing and integrating intelligent hardware and software—such as Al chips, high-
precision sensors, and autonomous driving algorithms. The pace of innovation and application effectiveness in intelligent
technologies now determine a company’s core competitiveness. Technical barriers have extended from traditional mechanical
manufacturing into the realm of intelligent software-hardware integration. Enterprises are significantly increasing investment
in intelligent technology R&D, concentrating on breakthroughs in core scenarios like autonomous driving and intelligent
cockpits. By leveraging intelligent technological innovation to build differentiated competitive advantages, they are
propelling the industry’s transition from the mechanical era to the intelligent era.

3.1.2 Ecological Framework Reconfiguration: From Single-Entity Competition to Multi-Stakeholder Synergy
The traditional automotive industry operated within a closed, vertically integrated competitive structure centred on vehicle
manufacturers, supported by upstream and downstream component suppliers. Development was primarily driven by
individual traditional automakers, characterised by distinct industry boundaries and limited collaboration. The penetration
of artificial intelligence has fundamentally disrupted this closed framework, making cross-sector integration the dominant
trend. This has progressively fostered an industrial ecosystem where diverse stakeholders engage in collaborative innovation
and symbiotic development. Established manufacturers leverage their manufacturing expertise and distribution networks to
focus on vehicle integration and scenario implementation; new entrants capitalise on agile operational structures to accelerate
intelligent technology adoption and product iteration; Tech giants such as Huawei, Baidu, and Xiaomi have entered the
arena through cross-sector collaboration, leveraging core strengths in Al algorithms, software development, and ecosystem
operations. This has fostered a synergistic model with traditional manufacturers characterised by “technology empowerment
+ manufacturing implementation”. Concurrently, diverse stakeholders including telecom operators, core component suppliers,
and service providers have deeply engaged, forming a collaborative ecosystem spanning the entire value chain from R&D and
production to sales and services. This has fundamentally restructured the industry’s competitive landscape and developmental
logic.

3.1.3 Dual Upgrades in Value and Standards: Establishing a Full Lifecycle Value System and New Standards
Framework

Artificial intelligence technology not only drives comprehensive extension of the automotive industry value chain but also
compels iterative upgrades to the industry’s standards system, providing essential support for healthy sector development.
Regarding the value chain, traditional automotive value creation was primarily concentrated in the core segments of vehicle
manufacturing and sales, with relatively limited value realisation methods. In the Al era, automotive value creation extends
beyond the product itself to encompass “mobility services + data services”, forming a value ecosystem spanning the entire
vehicle lifecycle—from R&D, production, and sales to usage and maintenance. Automakers are transitioning from one-
off product sales to sustainable service-based revenue streams by introducing novel service models such as autonomous
mobility services, vehicle subscription schemes, and data-enhanced services. This approach continuously extends the value

chain and expands the boundaries of value creation. Regarding standards frameworks, traditional automotive access criteria
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and safety regulations are no longer adequate for the developmental demands of intelligent connected vehicles. A new
standards system is accelerating its formation around core domains such as functional safety, data security, cybersecurity, and
accident liability allocation for intelligent connected vehicles. This system is progressively refining comprehensive standards
covering intelligent technology application, product access, and market regulation, serving as a crucial safeguard for driving
standardised, high-quality industrial development.

3.2 Future Development Trends in the Integration of Artificial Intelligence and the Automotive
Industry

3.2.1 Multi-dimensional Deepening of Technological Integration, Empowering Full-chain Innovation and
Upgrades

The convergence of artificial intelligence and the automotive industry will transcend the limitations of single-technology
applications, penetrating deeply across multiple technologies and domains to catalyse further innovations. The profound
integration of embodied intelligence with the automotive sector will significantly enhance vehicles’ environmental perception
accuracy, dynamic decision-making capabilities, and execution efficiency. This will enable vehicles to interpret complex
road scenarios with greater precision, adapt to users’ personalised intentions, and overcome core technological bottlenecks
in advanced autonomous driving. Generative Al will comprehensively cover the entire automotive lifecycle—from R&D
design generation and simulation optimisation, through production process parameter adjustments and quality inspection
upgrades, to after-sales service script customisation and precise fault diagnosis—achieving end-to-end efficiency gains and
cost optimisation. Concurrently, Al will integrate deeply with technologies such as new energy and blockchain, catalysing
diverse innovative applications. Examples include blockchain-based traceability and secondary utilisation systems for power
batteries, alongside Al-algorithm-optimised vehicle energy management systems. This convergence will propel the industry
towards synergistic intelligent and green upgrades.

3.2.2 Comprehensive Strengthening of Industrial Synergy to Enhance Overall Supply Chain Resilience
Industrial synergy will serve as the core driver for deep integration between artificial intelligence and the automotive sector,
with future collaboration expanding in scope and mechanisms becoming more refined. At the infrastructure level, establishing
a national V2X operator will effectively address current challenges of regionally fragmented roadside facility deployment and
high operational costs. This will enable centralised coordination of roadside infrastructure and cloud platforms, enhancing the
efficiency of vehicle-road-cloud collaboration. At the technological and ecosystem level, cross-industry technical alliances
will accelerate open-source ecosystem development, promoting unified standards for Al algorithms, interface protocols, and
data formats. This will dismantle technical barriers between enterprises, reduce collaboration costs, and elevate the sector’s
overall competitiveness. At the innovation and commercialisation level, an integrated ‘industry-academia-research-application’
innovation platform will be further refined. This will effectively consolidate the resource strengths of universities, research
institutions, enterprises, and markets, accelerating the commercialisation of Al technologies within the automotive sector.
Key efforts will focus on overcoming core technological shortcomings, enhancing the industry chain’s self-reliance and
controllability, and establishing an autonomous, efficient industrial collaboration ecosystem.

3.2.3 Diversified Scenario Applications with Concurrent Security System Enhancements

The dual-pronged approach of expanding application scenarios and refining security systems will propel the standardised and
scaled development of the intelligent vehicle industry. Regarding application scenarios, autonomous driving technology will
transcend its current limitations to passenger vehicles, gradually extending to multiple vehicle types and scenarios such as
buses, taxis, logistics vehicles, and sanitation trucks. Initial large-scale implementation will occur in controlled environments
like enclosed campuses, ports, and mining areas, before progressively expanding to urban open roads and inter-city highways.
This will achieve comprehensive intelligent upgrades for both passenger transport and industrial logistics. Concurrently, the
deep integration of intelligent connected vehicles with smart city development will foster novel application scenarios such
as integrated vehicle-city systems, intelligent traffic dispatch, smart parking, and unified mobility services, thereby enriching
the industry’s developmental landscape. Regarding security safeguards, Al security technologies will undergo synchronous

iterative upgrades. Through multiple technical measures including algorithm verification, data encryption, vulnerability
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detection, and intrusion prevention, a comprehensive security protection system spanning the entire chain—from chips
to algorithms, software, data, and the cloud—will be established to mitigate technological application risks. Moreover,
functional safety and expected functional safety assessment frameworks for intelligent driving will be further refined.
Establishing scientific, implementable safety evaluation standards and procedures will ensure the safety and reliability of

intelligent driving technologies, providing robust security underpinnings for expanding application scenarios.

4.Challenges and Recommendations for the Convergence of Artificial Intelligence
and the Automotive Industry

The deep integration of artificial intelligence and the automotive industry, while catalysing technological innovation and
model upgrades, also faces multidimensional constraints. These include technical bottlenecks, industrial barriers, institutional
lag, and insufficient user adaptation. Such challenges arise from multiple divergences: the pace of technological iteration, the
foundational level of industrial development, the degree of institutional alignment, and varying levels of user acceptance. This
paper systematically analyses the practical challenges encountered during their integration process from four core dimensions:
technology, industry, systems, and users. It proposes targeted breakthrough pathways and optimisation recommendations,
thereby providing theoretical underpinnings and practical guidance for the deep coupling and high-quality development of
artificial intelligence and the automotive industry.

4.1 Technical Aspects: Prominent Core Bottlenecks and Insufficient Adaptability

Advanced autonomous driving technology continues to face core bottlenecks, with urgent breakthroughs required in
environmental perception accuracy and decision-making capabilities for complex scenarios. Particularly in long-tail
scenarios such as roadworks, extreme weather, and sudden traffic incidents, issues like inadequate sensor fusion precision
and insufficient decision algorithm robustness become pronounced, hindering the achievement of stable and reliable
autonomous driving experiences'”. Al model training commonly faces challenges of insufficient effective samples from
real-world scenarios and inconsistent quality of multi-source data. Concurrently, pressures regarding data security and user
privacy protection continue to intensify. Striking a dynamic equilibrium between cross-scenario, cross-entity data sharing and
security compliance has become a key constraint for technological implementation””. The “vehicle-road-cloud integration”
collaborative technology system remains immature, with a lack of unified standards for system architecture and technical
specifications. Differences in equipment interfaces and data formats across enterprises and regions impede collaborative
efficiency™.

To address these technical bottlenecks, the following development recommendations are proposed: Firstly, focus on
breakthroughs in core technologies by increasing investment in algorithmic research for advanced autonomous driving
scenarios. Prioritise enhancing the robustness of sensor fusion techniques and decision algorithms in long-tail scenarios.
Combine simulation testing with real-world road trials to improve technological stability and reliability. Second, refine the
data support framework by establishing cross-entity, cross-scenario data sharing platforms. Implement unified standards
for data collection, cleansing, and annotation to expand the volume of effective real-world samples. Concurrently, employ
encryption techniques and privacy computing to achieve a dynamic equilibrium between data sharing and security protection,
thereby resolving data governance challenges. Thirdly, advance standardisation of “vehicle-road-cloud integration”
technology. Collaborate with industry associations and leading enterprises to formulate unified system architecture, interface
protocols, and data format standards. Facilitate technical compatibility across different entities and regions, enhance
collaborative operational efficiency, and accelerate the large-scale implementation of technologies.

4.2 Industrial Level: Insufficient Collaboration and Imbalanced Development

The bottleneck issue concerning core components persists, with low domestic production rates for high-end automotive-grade
Al chips, lidar systems, and high-precision sensors. Reliance on imports creates supply chain risks””. Barriers to industrial
chain coordination persist, with significant disparities among entities in digital maturity, data standards, and system interfaces.
The absence of unified mechanisms for cross-entity data sharing and operational integration incurs high costs, hindering
the effective implementation of Al solutions”. There is insufficient alignment between Al technology supply and industrial

application requirements. General Al enterprises lack deep understanding of automotive industry characteristics such as R&D
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processes, production rhythms, and marketing services, rendering their technical solutions difficult to implement directly.
Meanwhile, traditional automakers lack core capabilities in algorithm development and data governance, with neither side
having established efficient joint R&D or technology transfer mechanisms. Concurrently, uneven intelligent development
within the industry has become pronounced. While large vehicle manufacturers and leading component suppliers can
systematically advance Al applications leveraging financial and technological advantages, numerous small and medium-
sized supporting enterprises face constraints in funding, technology, and talent. Their weak digital foundations prevent them
from providing high-quality data support for Al models, creating an “intelligentisation gap” that reduces the collaborative
upgrading efficiency across the entire supply chain.

To address these prominent industry challenges, the following recommendations are proposed: Firstly, strengthen independent
R&D of core components by increasing financial and policy support for critical areas such as high-end automotive-grade Al
chips and lidar. This will foster domestic leaders in core components, drive domestic substitution of key parts, and reduce
supply chain dependency and risks. Secondly, refine industrial chain coordination mechanisms by establishing cross-entity
collaboration platforms. Standardise data protocols and system interfaces, implementing mechanisms for data sharing,
operational linkage, cost allocation, and value distribution to dismantle coordination barriers and enhance end-to-end
efficiency. Thirdly, facilitate precise alignment between technological offerings and application scenarios. Encourage joint
R&D platforms between Al firms and traditional automakers to deepen Al enterprises’ understanding of automotive industry
contexts, thereby accelerating the integration of general-purpose technologies with sector-specific applications and expediting
technology commercialisation. Fourthly, address uneven industrial development by increasing support for small and medium-
sized supporting enterprises. Provide technical guidance, financial subsidies, and talent training to advance the digital
transformation of SMEs, narrow the “intelligentisation gap”, and elevate the overall intelligentisation level of the supply
chain.

4.3 Institutional Level: Outdated and Incomplete Systems with Insufficient Adaptability

The existing institutional framework lags behind the pace of development in intelligent connected vehicles and Al technology,
with critical regulations lacking or containing ambiguities. The liability determination mechanism for autonomous driving
remains unclear. In the event of accidents involving Level 3 or higher autonomous driving, there is a lack of clear and
unified legal basis for delineating responsibilities among drivers, vehicle manufacturers, and technology providers, making it

31 o . .
B Data governance frameworks remain incomplete, with core rules

difficult to define the boundaries of rights and obligations
concerning cross-border data flows, ownership attribution, and security assessments yet to be systematically established. This
not only restricts the compliant circulation of data assets but also hinders the adequate safeguarding of data security and user
privacy. Concurrently, supporting systems for intelligent connected vehicle market access management, safety testing and
certification, and specialised insurance lag behind, failing to align with the pace of technological iteration and commercial
deployment. These compliance barriers constrain the large-scale promotion and deep application of Al-related technologies
within the automotive industry”?.

To address these institutional shortcomings, improvements are recommended across four key areas: Firstly, refine the
legal framework for liability determination in autonomous driving, clarifying the boundaries between human intervention
and system autonomy in Level 3 and above scenarios. Establish detailed standards for allocating responsibility among
drivers, vehicle manufacturers, and technology providers, introducing actionable adjudication rules to foster stable market
expectations and risk constraints; Second, strengthen data governance rules by expediting core regulations on cross-border
data flow controls, data ownership attribution, and data security assessments. Establish a comprehensive data lifecycle
governance framework that balances data circulation efficiency with security and privacy protection; Thirdly, ensure
institutional frameworks evolve in tandem with technological progress. Streamline market access procedures for intelligent
connected vehicles, establish safety testing and certification standards compatible with smart technologies, refine specialised
insurance products and claims mechanisms for intelligent vehicles, and remove compliance barriers to provide institutional

safeguards for large-scale technological deployment. Fourthly, strengthen cross-departmental regulatory coordination.

Establish collaborative oversight mechanisms involving transport, industry and information technology, public security,
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and cyberspace administration authorities to accommodate cross-sector industrial integration and standardise industry
development practices.

4.4 User Level: Insufficient Cognitive Alignment, Acceptance Requires Enhancement

Cognitive biases and inadequate capability alignment persist. Firstly, user perceptions of intelligent technologies exhibit
polarisation: some users place excessive trust in intelligent driving systems, overlooking functional boundaries and usage
limitations, leading to non-compliant operations and over-reliance on the system; conversely, others refuse to utilise
intelligent features due to safety concerns, hindering market adoption. Secondly, drivers’ emergency response capabilities
are inadequate. The “human-machine co-pilot” mode of higher-level autonomous driving requires drivers to respond swiftly
and handle unexpected situations when the system requests takeover. However, the current driving licence assessment system
lacks relevant training and testing for intelligent driving systems. Consequently, drivers’ emergency operational capabilities
struggle to keep pace with technological advancements, increasing safety risks". Thirdly, there exists a tension between user
privacy protection demands and technological application. Users desire the convenience offered by intelligent technologies
while simultaneously harbouring concerns about the excessive collection and potential misuse of personal driving and
behavioural data. This conflicting mindset impacts user acceptance of intelligent vehicles.

Recommendations addressing user-level concerns include: Firstly, enhancing user guidance and public awareness campaigns.
Through industry exhibitions, media outreach, and offline experiences, objectively disseminate the functional limitations,
usage protocols, and safety advantages of technologies like intelligent driving and smart cockpits. This will correct user
misconceptions and foster rational, regulated adoption of intelligent technologies. Secondly, refine driver training and
assessment systems by incorporating smart driving system operation protocols and emergency response procedures into
driving licence training and examinations. This will enhance drivers’ emergency response capabilities in human-machine
co-pilot scenarios, thereby mitigating safety risks. Thirdly, strengthen user privacy protection by regulating corporate data
collection, storage, usage, and accountability mechanisms for breaches. Clarify the scope and purpose of data collection to
safeguard users’ rights to informed consent and choice. Employ technical safeguards and institutional constraints to alleviate
privacy concerns, thereby increasing user acceptance and trust in intelligent vehicles and facilitating the market-driven

adoption of these technologies.

5.Conclusion

The deep integration of artificial intelligence with the automotive industry has permeated every stage of the industrial chain,
from research and development to design, production and manufacturing, supply chain management, and marketing services.
This convergence has profoundly transformed the traditional automotive sector’s technological framework, production
models, and value creation logic. By examining practical applications across the entire chain, this analysis systematically
presents the transformative characteristics at the industrial level alongside real-world challenges across technological,
industrial, institutional, and user dimensions. The findings demonstrate how intelligent transformation enhances industrial
efficiency and expands value creation while identifying key bottlenecks currently hindering deeper integration. As the core
driving force, artificial intelligence not only propels the industry towards intelligent, collaborative, and service-oriented
evolution but also serves as a pivotal enabler in reshaping the global automotive industry’s competitive landscape and
developmental trajectory.

Overall, the deep integration of artificial intelligence with the automotive industry represents an inevitable trend in global
industrial upgrading and presents a strategic opportunity for China to transition from a major automotive nation to a leading
automotive power. Despite ongoing challenges, continuous technological iteration, collaborative ecosystem development, and
institutional refinement will inevitably propel the automotive sector towards higher-quality, more sustainable development.
Moving forward, efforts should focus on deepening the innovative application of Al technologies within the automotive
sector. This involves fostering deep integration across industrial, innovation, capital, and talent chains to propel the industry
towards a new phase of intelligent, green, and high-end development. Such endeavours will contribute Chinese wisdom and

solutions to the global automotive industry’s intelligent transformation.
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Abstract: As a new type of economy following the agricultural and industrial economies, the digital economy is reshaping
the regional innovation landscape through the non-competitive nature of data elements, the strong penetration of digital
technologies, and the network externalities of platform ecosystems. Based on data from 31 provinces in mainland China
from 2011 to 2023, this paper constructs a two-way fixed effects model to analyze the impact and mechanisms of the digital
economy on regional innovation capabilities. The study shows that: (1) the digital economy significantly promotes the
enhancement of regional innovation capabilities; (2) the moderation effect analysis further indicates that government support
plays a positive moderating role in the relationship between the digital economy and regional innovation capabilities; (3) the
heterogeneity analysis reveals that the positive impact of the digital economy on regional innovation capabilities exhibits
significant regional differences: its innovation-promoting effect is significantly positive in the eastern region, while the effect
is relatively weaker in the central and western regions. This paper enriches research on how the digital economy empowers
the enhancement of regional innovation capabilities and provides valuable insights and decision-making references for
regional innovation breakthroughs.
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Introduction

As the core driving force of the new round of technological revolution and industrial transformation, the digital economy
has become the key engine driving the leap in regional innovation capabilities. The Third Plenary Session of the 20th
CPC Central Committee proposed accelerating the construction of systems and mechanisms that support comprehensive
innovation. As regions are the core carriers of the national innovation system, their innovation systems are crucial for
enhancing overall national strength and promoting high-quality economic development. Especially against the backdrop of
increasingly fierce global technological competition, regional innovation capability has become an important indicator of a
country’s comprehensive strength and a key factor in promoting high-quality economic development and cultivating new
quality productivity. With global technological competition intensifying, the digital economy, using data as a key element and
modern information networks as the carrier, is reshaping the regional innovation ecosystem, providing new opportunities for
technological research and development, industrial upgrading, and breaking the West’s technological monopoly". Therefore,

in-depth research on the role of the digital economy in regional innovation is not only a theoretical requirement for building
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a modern regional innovation system in the era of the digital economy but also a practical key to bridging the ‘last mile’ in
implementing the national innovation-driven development strategy.

The rapid rise of the digital economy has not only profoundly transformed traditional production paradigms but also
provided unprecedented strategic opportunities for the reconstruction and optimization of regional innovation ecosystems.
Existing research has explored the mechanisms through which the digital economy affects regional innovation from
multiple perspectives. On one hand, some studies focus on the digital element empowerment path, pointing out that
enhancing the digital literacy of regional talent and promoting the expansion and efficiency of financial service markets are
important transmission paths for the digital economy to enable high-quality regional development™; other studies suggest
that leveraging the digital economy to drive urban innovation is a new approach to implementing an innovation-driven
development strategy and achieving high-quality growth™. On the other hand, some scholars concentrate on the institutional
environment optimization path. Research indicates that the digital economy can create favorable conditions for effectively
stimulating regional innovation activities by fostering entrepreneurial spirit, reducing transaction costs, and improving the
innovation environment; however, some scholars argue that the inherently highly concentrated market structure of digital
economy development may hinder innovation**. The ‘winner-takes-all’ phenomenon in the platform economy can lead
to over-concentration of innovation resources and reduce the innovative vitality of heterogeneous small and medium-
sized enterprises. Moreover, the market demand-driven path has also attracted scholarly attention. Through bridging the
information gap between regional market supply and demand, the digital economy effectively unleashes domestic demand
potential and enhances the economies of scale and scope of collaborative innovation, thereby using strong market demand as
a driving force to encourage diverse innovation actors within the region to deeply integrate into innovation networks.

Against the backdrop of an increasingly turbulent global landscape and intensifying technological competition, how
regions can leverage the digital economy to achieve innovation-driven development has become an important issue that
urgently needs to be addressed. Based on this, this paper takes 31 provinces in China as samples and constructs a theoretical
framework analyzing the impact of the digital economy on regional innovation. It explores the direct effects of the digital
economy on regional innovation capacity as well as the moderating effects of government support, and examines the
boundary conditions of the external environment in this context. Grounded in the reality of regional development in China,
this study deepens the understanding of how the digital economy enhances regional innovation capacity and provides a
reference for governments to formulate differentiated digital development strategies. It holds significant theoretical value and

practical guidance for accelerating digital economy development and boosting innovation capacity.

1.Theoretical Analysis and Research Hypotheses

1.1 Analysis of the Direct Effects of the Digital Economy on Regional Innovation Capability

The digital economy is becoming a powerful force reshaping resource allocation, changing economic structures, and
influencing shifts in competitive landscapes. As an economic system that takes digital information as the core production
factor, is supported by information and communication technologies and internet technologies", and is carried by modern
information networks, it fundamentally transforms the entire economic environment and economic behavior”. The
digital economy features low cost, high efficiency, and all-time-space technological characteristics!"”, and it can foster
new industries, new business formats™, and new models through deep integration of digital technology with traditional
industries'""!, empowering the transformation and upgrading of traditional industries, thereby driving the transformation of
China’s economic development path and achieving high-quality development''”. In this process, the unique attributes and
flow logic of data elements, the innovation-supporting role of digital technology, and the collaborative functions of digital
platform ecosystems combine to jointly construct the theoretical framework for the digital economy empowering regional
innovation.

First, as a fundamental core driver, data elements reshape the regional innovation factor supply system. Data elements are
basic production factors in the digital economy era and differ from traditional production factors in that they are virtual
resources existing in digital space!"”. They have unique characteristics such as unlimited reuse, fast dissemination, and high

utilization efficiency. These traits fundamentally change the scarcity constraints of traditional production factors, providing
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a completely new model of factor supply for regional innovation. Digital infrastructure, as the physical and technological
foundation for the efficient, low-cost, and extensive dissemination of data elements, supports the free flow and reuse of
data in virtual space. Moreover, the further dissemination of data elements exhibits a significant Metcalfe effect—the value
of the network grows quadratically with the number of nodes"*, continuously amplifying innovation efficiency through
multiple mechanisms. From the perspective of the mechanism of action, the extremely low marginal cost of data elements
allows regional enterprises, universities, research institutions, and other innovation entities to reuse the same dataset at
almost zero cost, reducing basic innovation investment costs while supporting higher-level technology development and
model innovation. More importantly, the accumulation and use of data elements have increasing marginal returns, with
their value continuously increasing through ongoing application and iteration, breaking the traditional law of diminishing
marginal returns on factors and forming a sustained driving force for innovation activities. Additionally, data elements
promote innovation diffusion by accelerating knowledge spillovers, improve innovation precision through optimized resource
allocation, expand innovation boundaries through cross-sector integration, and further incubate emerging business models
to open new innovation pathways, comprehensively reshaping the structure and efficiency of factor supply for regional
innovation. In this process, the development of the digital economy accelerates the maturity and widespread application
of new technologies such as artificial intelligence, big data, and cloud computing!”, further driving the regional economy
toward information-intensive and knowledge-intensive directions, and forcing governments to deepen their understanding of
the digital economy and proactively use digital technologies to enhance innovation guidance and service capabilities.
Secondly, digital technology, as an amplifier of innovation effectiveness, is restructuring the implementation path of regional
innovation. Digital technology, which underpins the digital economy, is centered on information and communication
technology, artificial intelligence, big data, and cloud computing. It serves as the core support for enhancing regional
innovation efficiency. Its rapid iteration speed and strong penetration capability are profoundly changing the tools, processes,
and models of regional innovation!"”, achieving a multiple-fold increase in innovation effectiveness. In the context of the
digital economy, technology and knowledge have become the core endogenous factors in the endogenous economic growth
model. A digital technology system that aligns with the development of the digital economy is a key vehicle for activating
these endogenous factors. From a practical perspective, digital technology first enhances the precision and efficiency of
innovation by upgrading the innovation toolchain. For instance, the use of artificial intelligence algorithms significantly
shortens experimental trial-and-error cycles, cloud computing provides low-cost computing support for small and medium-
sized enterprises, and technological breakthroughs effectively reduce the knowledge transfer costs among regional
innovation actors, breaking the constraints imposed by traditional equipment and technology barriers on regional innovation.
Secondly, digital technology drives regional innovation to transform from a ‘linear model’ to a ‘collaborative model.” By
digitally encoding the stages of research and development, design, testing and verification, and market feedback, innovation
activities can be integrated into digital space, enabling cross-time-and-space collaboration'®. The restructuring of processes
significantly improves the coordination efficiency of different nodes in the innovation chain, accelerating the transformation
of outcomes from the laboratory to the market. Meanwhile, the permeable and boundaryless nature of digital technology
breaks the temporal and spatial limitations of innovation activities, making technological exchanges and collaboration
between different regions and actors more convenient. This further enhances the spillover effects of innovation activities,
making imitative innovation the primary choice for ‘latecomers’ while compelling ‘leaders’ to continuously strengthen their
innovation capabilities to maintain competitive advantage.

Finally, as a collaborative carrier, the digital platform ecosystem optimizes the operational efficiency of regional innovation
systems. The digital platform ecosystem constructed by the digital economy is based on a multilateral market, integrating
innovative entities such as enterprises, universities, and research institutions, service entities such as financial institutions and
intermediary organizations, as well as diverse participants including users. It serves as a key carrier for promoting the efficient
collaboration of regional innovation elements, with its core function being the cross-temporal and spatial optimization
and integration of regional innovation resources through organizational innovation. In the digitalized regional innovation

ecosystem, digital platforms have become the central hub of innovation activities, supporting value co-creation and co-

171



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

evolution among multiple stakeholders. The optimization effect of the digital platform ecosystem on regional innovation is
mainly reflected in two aspects: on the one hand, it improves resource allocation accuracy by lowering the matching costs of
innovation elements'”’. Digital platforms leverage three technical elements—generalized modules, standardized interfaces,
and scalable architecture—to build efficient mechanisms for connecting resources, enabling technology demanders, suppliers,
and financiers within the region to match quickly. This effectively reduces resource mismatches caused by information
asymmetry in traditional innovation'"", allowing regional innovation resources to be more precisely invested in high-value
innovative activities. On the other hand, it releases the vitality of actors by constructing an open and shared innovation
collaboration network. The platform ecosystem breaks the constraints of traditional vertically managed organizational
structures, promotes the transformation of enterprise functions from management to empowerment, and incorporates users
deeply into the innovation process, creating a co-prosperity and symbiotic innovation environment. This network effect
allows innovation to no longer be confined within a single entity, but to form a collective innovation force within the
ecosystem. Based on this, this paper proposes the following hypothesis:

H1: The digital economy has a positive effect on enhancing regional innovation capabilities.

1.2 The moderating effect of government support

Government support, as a core component of the institutional environment, plays a positive regulatory role in enhancing
regional innovation capabilities driven by the digital economy through three main channels: policy guidance, resource
provision, and risk-sharing. It effectively addresses the high investment and high-risk challenges of digital technology
innovation and amplifies the allocation efficiency of innovation resources by the digital economy.

On one hand, the government supports the optimization of the compatibility of digital economy and innovation elements
through policy guidance and resource allocation. By formulating special policies, the government clarifies the direction of
digital technology research and development and the distribution of innovation resources, guiding resources to concentrate
in key areas such as artificial intelligence and blockchain!'”. At the same time, use financial subsidies and tax incentives to
reduce the cost of digital transformation for enterprises and alleviate the financial constraints of small and medium-sized
enterprises””.And by promoting cross-regional interconnection of digital infrastructure, building unified data platforms and
computing centers, breaking down barriers to data flow, and improving the efficiency of integrating innovative elements”'.
On the other hand, the government supports the enhancement of innovation entities’ willingness to apply technology
through risk-sharing and results transformation guarantees. The government has established tools such as innovation risk
compensation funds and technology insurance to share the losses from corporate R&D failures and reduce perceived risks.
At the same time, it strengthens intellectual property protection, improves digital technology patent examination and
infringement protection mechanisms, and safeguards the rights of innovation entities. In addition, it builds platforms for
industry-university-research collaboration to promote the transfer and commercialization of digital technology achievements
from universities and research institutions to enterprises, thereby improving the efficiency of innovation commercialization.
Based on this, this paper proposes Hypothesis 2:

H2: Government support plays a positive moderating role between the digital economy and regional innovation capability.

2.Research Design

2.1 Analysis of the Direct Effects of the Digital Economy on Regional Innovation Capability

This study ultimately selected panel data from 31 provinces in mainland China (excluding Hong Kong, Macau, and Taiwan)
from 2011 to 2023 as the research sample. The data mainly come from the National Bureau of Statistics, the “China Regional
Innovation Capability Evaluation Report,” the “China Statistical Yearbook,” the urban statistical yearbooks of various
provinces, the EPS database, and the CNRDS database. Missing data for certain years in some regions were supplemented
using linear interpolation.

2.2 Model Settings

To advance the empirical study, the following empirical model is constructed:

INNO,, = B, + B DIG,, + 2. B,Controls,, + u, +y, + &, (D
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In the above model, INNOI,t represents the regional innovation capability of province i in period t, DIGi,t represents the level
of the digital economy in province i in period t, and Controlsi,t are a series of control variables.

2.3 Variable Description

The core explanatory variable of this article is the digital economy (DIG). Referring to the existing research of scholars such

221 this study selects digital infrastructure, digital industrialization, and industrial digitization as

as Zhao Tao and Wang Jun'
primary indicators, and further selects 16 secondary indicators to construct a comprehensive digital economy index evaluation
system. The entropy weighting method is used to measure the comprehensive digital economy index and the digital economy
level of each province in different years.

This paper refers to the approach of Xie Huigiang et al.

and uses the regional composite index disclosed in the “China
Regional Innovation Capability Evaluation Report,” compiled by the China Science and Technology Development Strategy
Group in collaboration with the University of Chinese Academy of Sciences and the China Innovation and Entrepreneurship
Management Research Center, to measure a region’s innovation capability.

This paper introduces the following control variables into the model : First is the level of economic development (GDP),
measured by per capita GDP; second is the industrial structure (IND), measured by the proportion of the value added of
the secondary industry to GDP; third is the level of financial development (FIN), measured by the proportion of loans from
financial institutions to GDP; fourth is the degree of openness to the outside world (OPEN), measured by the proportion
of total imports and exports to GDP; fifth is foreign direct investment (FDI), measured by the proportion of foreign direct
investment to GDP; sixth is the level of urbanization (URBAN), measured by the ratio of the urban resident population to the

total resident population.

3.Empirical Analysis

3.1 Digital Economy and Regional Innovation Capacity

This paper employs a double fixed-effects model for testing and empirically examines the impact of the digital economy
on regional innovation capability. The regression results are shown in Table 1. Columns (1) and (2) present the regression
results without control variables, controlling successively for city and year fixed effects. The estimated coefficients of digital
economy development level (Dig) are 0.701 and 0.175, both significant at the 1% level. Columns (3) and (4) show the
regression results after adding control variables on the basis of Columns (1) and (2), with the estimated coefficients of digital
economy development level (Dig) being 0.467 and 0.114, both significant at the 1% level. This indicates that the digital
economy, as a new economic model, has a stable promoting effect on the enhancement of regional innovation capability.
Hypothesis H1 is thus verified.

Table 1 Benchmark regression results

@ ) 3 C)]
INNO INNO INNO INNO
DIG 0.701%** 0.175%%* 0.467%%% 0.114%%*
(19.701) (5.192) (13.558) (3.107)
GDP -0.001 0.221%*
(-0.017) (2.172)
IND 0.111%%% -0.002
(4.308) (-0.053)
FIN -0.165%** -0.009
(-6.171) (-0.331)
OPEN 0.611%** -0.030
(19.391) (-0.630)
FDI 0.097%%+ 0.121%%*
(3.851) (7.844)
URBAN -0.027 0.091 %+
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@ (2) 3) “
INNO INNO INNO INNO
(-0.739) (3.700)
Constant -0.000 -0.000 -0.000 -0.000
(-0.000) (-0.000) (-0.000) (-0.000)
CONS NO NO YES YES
Provincial fixed effects NO YES NO YES
Year fixed effects NO YES NO YES
N 403 403 403 403
Adj.R? 0.491 0.958 0.826 0.968

3.2 Test of Moderating Effect

To examine the moderating effect of the thickness of the technology market and the intensity of government support on the
relationship between the level of the digital economy and regional innovation capability, this paper introduces an interaction
term between the digital economy and government support intensity based on model (1). The coefficient of the interaction
term can reflect the moderating effect of government support intensity on the relationship between the level of the digital
economy and regional innovation capability.

Government support can play an indispensable strategic guiding role in the cultivation and advancement of regional
innovation capability by creating an innovation-oriented institutional environment, directing key resource investments, and
reducing systemic risks. Therefore, to test the moderating role of government support intensity in the impact of the digital
economy on regional innovation capability, this paper includes an interaction term between government support intensity and
the digital economy in model (1). As shown in column (2) of Table 2, the coefficient of DIG*GOV is significantly positive
at the 1% level, indicating that government support can provide innovation resources and mitigate innovation risks, thereby
positively moderating the promotion effect of the digital economy on regional innovation capability, and hypothesis H2 is
verified.

Through targeted policies, fiscal and tax support, and cross-regional digital infrastructure construction, the government
optimizes the adaptability of innovation elements and reduces coordination costs. At the same time, by relying on innovation
risk compensation, strengthening intellectual property protection, and building industry-university-research collaboration
platforms, the government mitigates innovation risks and ensures the transformation of outcomes. This addresses the high-
investment, high-risk dilemma of digital technology innovation, enhances the willingness of innovation entities to participate,
and improves the efficiency of factor allocation, significantly amplifying the enabling effect of the digital economy on
regional innovation.

Table3 Moderating effect test results

@ 3
INNO GOV
Dig 0.114%% 0.263%%
(3.107) (4.885)
GOV 0.127
(1.364)
DIG*GOV 0.133%%
(3.770)
GDP 0.221%* 0.211%*
(2.172) (2.043)
IND -0.002 -0.058
(-0.053) (-1.384)
FIN -0.009 -0.066%*
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@ 3)
INNO GOV
(-0.331) (-2.117)
OPEN -0.030 0.016
(-0.630) (0.329)
FDI 0.121 %% 0.113%**
(7.844) (7.340)
URBAN 0.091 *+* 0.096%+*
(3.700) (3.950)
Constant -0.000 0.044%**
(-0.000) (3.011)
N 403 403
Adj - R 0.968 0.969

4.Further research

To examine whether there are significant regional differences in the relationship between the digital economy and regional

innovation, the sample is divided into the eastern (East), central (Middle), and western (West) regions, and Model (1) is used

to study the impact of the digital economy on regional innovation. Columns (1)—(3) in Table 3 present the regression results

of the impact of the digital economy on regional innovation in the eastern, central, and western regions, respectively. The

results show that the regression coefficient of the digital economy in the eastern region is significantly positive. This may be

because the eastern region has fully built pervasive digital infrastructure and has gathered a large number of high-end talents,

venture capital, and technological resources, possessing a high level of endowments and leveraging the latecomer advantage

of the digital economy. By contrast, the impact of the digital economy on regional innovation in the central and western

regions is not significant, which may be due to inherent deficiencies and subsequent losses in key innovation elements such as

talent, capital, and technology, making it difficult to enhance the level of innovation.

Table3 Regional Heterogeneity

@ ) 3)
INNO-East INNO-Middle INNO-West

DIG 0.163** 0.149 0.127
(2.470) (1.069) (0.865)
GDP 0.118 0.211 0.020
(0.486) (1.081) (0.131)

IND 0.088 -0.101 0.131%*
(0.669) (-1.144) (2.450)

FIN 0.024 -0.063 -0.069%*
(0.329) (-0.570) (-2.568)
OPEN -0.103 0.317 0.057
(-1.330) (1.374) (0.561)

FDI 0.120% %% 0.101** 0.201 %%
(5.179) (2.084) (3.850)

URBAN 0.108%** -0.009 0.821 %%
(3.087) (-0.173) (4.034)
Constant 0.622%%* -0.050 0.095
(2.916) (-0.310) (0.772)

N 143 104 156

Adj.R? 0.969 0.857 0.900
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5.Main Conclusions and Policy Recommendations

5.1 Main Conclusions

This study uses data from 31 provinces in China from 2011 to 2023 and employs a two-way fixed effects model to
empirically examine the impact of the digital economy on regional innovation capabilities. The research findings indicate
that: (1) the digital economy significantly promotes the enhancement of regional innovation capabilities; (2) further analysis
of the moderating effect shows that government support plays a positive moderating role in the relationship between the
digital economy and regional innovation capabilities; (3) heterogeneity analysis reveals that the positive impact of the
digital economy on regional innovation capabilities varies significantly across regions: its innovation-promoting effect is
significantly positive in the eastern regions, while the effect in the central and western regions is relatively weaker.

5.2 Policy Recommendations

First, to fully unleash the inclusive empowering effect of the digital economy on regional innovation capabilities, it is
necessary to strengthen the foundation of digital economic development from three aspects: infrastructure, industrial
integration, and factor allocation, and promote the deep integration of digital technology across the entire innovation chain.
The goal should be “coordinated development across the eastern, central, and western regions, with integrated urban-
rural coverage,” increasing investment in new digital infrastructure such as 5G networks and industrial internet in central
and western regions and rural counties, and lowering digital access barriers. Focus should be placed on strategic emerging
industries and the upgrading needs of traditional industries, with the establishment of a “Digital Innovation Special Fund” to
subsidize companies for digital R&D transformation, cultivate digital transformation service providers, and build an industrial
ecosystem that integrates digital technology and innovation. At the same time, improve data property rights definition and
trading circulation rules, construct cross-regional data trading platforms, promote the open sharing of research data, and
activate the multiplier effect of data on regional innovation.

Second, to leverage the government’s supporting role in enabling regional innovation through the digital economy, it is
necessary to optimize government support methods and improve the precision and efficiency of such support, breaking down
barriers to the integration of digital and innovation through policy guidance. In terms of financial and tax support, favor the
“digital innovation” sector, implement preferential tax policies for high-tech companies in the digital economy, and increase
the additional deduction rate for digital innovation R&D expenses, while supporting universities to conduct basic research in
the digital economy through government service purchases and post-subsidies. Build a “Digital Economy Innovation Service
Complex,” establish government-enterprise matchmaking meetings and a digital innovation project database, promote
precise three-way matching, and prioritize resources for high-quality projects. Furthermore, establish an assessment system
centered on innovation performance, using the digital economy’s contribution to innovation as a basis for fund allocation, and
strengthen full-process supervision of fiscal funds to ensure that resources flow toward key innovation areas.

Finally, in response to the heterogeneous impact of the digital economy on regional innovation, differentiated policies should
be implemented based on development differences between the eastern, central, and western regions, and coordination
mechanisms should be used to narrow regional digital innovation gaps and promote coordinated regional innovation
development. Support eastern provinces in building “Digital Economy Innovation Pilot Demonstration Zones,” granting them
pioneering trial rights and positioning national-level frontier innovation platforms to create digital innovation origins, while
promoting the establishment of a “digital innovation pairing assistance” mechanism between the eastern, central, and western
regions, radiating resources through technology transfer and talent training. Implement a “Digital Innovation Catch-up Plan”
for the central and western regions, using central transfer payments to support the construction of regional digital innovation
carriers, and guide the gradient transfer of digital enterprises from eastern to central and western regions. Additionally, build
an eastern-central-western digital innovation collaborative alliance, construct cross-regional achievement-sharing platforms,
implement flexible talent mobility plans, and explore tax revenue sharing and achievement-sharing mechanisms to promote

the cross-regional flow of innovation resources.
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Abstract: In the context of a global shift toward green, intelligent, and high-end development, this study examines how
New-Generation Productive Forces (NGPF) drive the competitiveness of the New Energy Vehicle (NEV) industrial
innovation ecosystem. We develop a comprehensive evaluation framework integrating functional (innovation inputs, outputs,
and performance) and structural (collaboration network characteristics) dimensions. Using a hierarchical entropy weighting
method and TOPSIS, we measure the competitiveness of Xi’an’s NEV innovation ecosystem from 2016 to 2023 and analyze
its evolution across distinct phases. The results show that overall competitiveness steadily increased, with notable acceleration
after 2020. In early stages, improvements were driven primarily by innovation inputs and outputs, whereas in later stages
the strengthening of network structure (increasing density, clustering, and core stability) played an increasingly critical role.
Functional performance and network structure demonstrated a complementary, co-evolving relationship: continuous innova-
tion investment built the foundation for competitiveness, while an optimized collaboration network amplified and sustained
those gains. The findings highlight the enabling role of NGPF—through technological breakthroughs, factor reconfiguration,
and network synergy—in transforming the NEV ecosystem from being factor-driven to system-driven. This study contributes
a dual-dimensional evaluation approach for industrial innovation ecosystems and provides empirical insights for policymak-
ers to enhance both the “hard” innovation capacity and the “soft” collaborative linkages in strategic emerging industries.
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1.Introduction

1.1 Research Background

Under the background of accelerating the transformation of the global industrial system to green, intelligent and high-end,
the new energy vehicle industry has become an important carrier of a new round of technological revolution and industrial
competition. The new energy vehicle industry is highly integrated with the new generation of information technology, new
energy technology and new material technology, showing significant systematic and complex characteristics in the industrial
organization mode, innovation paradigm and value creation mode. As technology development path and industry boundaries,

a single enterprise or isolated subject has been difficult to support the new energy automotive industry innovation and
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continuous competitive advantage, the formation of industrial innovation is increasingly embedded by multivariate main body
participation, the co-evolution of industrial innovation ecosystem in !''*'"],

As an important organizational form of innovation activities, the industrial innovation ecosystem emphasizes the interaction
and coordination among multiple subjects such as enterprises, universities and research institutions, government departments,
financial capital and users, and realizes the improvement of the overall innovation ability and industrial competitiveness
of the system through knowledge flow, technology diffusion and resource reorganization ™' However, in the process of
rapid development of the new energy vehicle industry, there are still some problems, such as insufficient coordination among
innovation subjects, low factor allocation efficiency and fragile network structure, which restrict the continuous improvement
of the competitiveness of the industrial innovation ecosystem. How to scientifically describe the operation state of the innova-
tion ecosystem of the new energy vehicle industry from a system perspective and systematically evaluate its competitiveness
level has become an important theoretical and practical problem that needs to be answered urgently.

At the same time, to the formation of new mass productivity to accelerate scientific and technological innovation as the
leading factor, for the new energy automotive industry innovation ecosystem evolution provides a new source of power.
New mass productivity depends on the key core technology and disruptive technology breakthrough, with high-tech, high
performance and high quality and other significant characteristics, not only to promote industrial technology path transition,
and reconstruction, the platform can assign and network elements together, profoundly affected industry innovation ecosys-
tem structure form and operating mechanism of ¥ "', In this context, it is of great research value to systematically evaluate
the competitiveness of the innovation ecosystem of the new energy vehicle industry from the perspective of new quality
productivity, which can reveal its evolution law, identify development bottlenecks and put forward targeted management and
policy implications.

1.2 Literature Review

Scholars at home and abroad have carried out systematic research on the connotation, structure and operation mechanism
of innovation ecosystem. Related research is generally believed that is a kind of innovation ecosystem by multivariate inno-
vation main body and its system, market and technology environment constitute open complex system, its core is to subject

U On this basis, some studies further introduce the perspective

the interactions between collaborative and value creating '
of ecosystem into the industrial level, and propose the concept of industrial innovation ecosystem to explain the systematic
characteristics of cross-subject collaboration, knowledge diffusion and technology evolution in industrial innovation
activities 1,

In terms of competitiveness evaluation, existing studies mostly construct evaluation index systems from functional dimen-
sions such as innovation input, innovation output and industrial performance to measure regional or industrial innovation
capacity . This kind of research has certain value in revealing the input-output efficiency of innovation activities, but it
often ignores the structural relationship between innovation subjects and its role in amplifying or constraining the competi-
tiveness of the system. In recent years, as a complex network method in the application of innovative research, some scholars
begin to pay close attention to the structure of the innovation network characteristics, such as network density, centrality
and aggregation, etc. '”, but the related research stay in structure description level, has not yet been systematically structure
indexes into comprehensive competitiveness evaluation framework.

On the other hand, new quality productivity, as an important theoretical proposition proposed in recent years, has been
discussed in the academia from the aspects of theoretical logic, formation mechanism and action path for high-quality devel-

t P71 Existing research from the new macro analysis productivity impact on regional economic or industrial system

opmen
upgrade, there will be a new quality and productivity and industrial competitiveness innovation ecosystem evaluation with
the combination of empirical research is still relatively limited, especially lack of for new energy vehicles such as systems
analysis of strategic emerging industries.

In conclusion, the existing research is still the following deficiencies: first, the new energy automotive industry innovation
ecosystem competitiveness evaluation system is mainly functional index, the system structure dimension system characteri-

zation; Second, the perspective of new quality productivity has not been effectively embedded in the evaluation and evolution
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analysis of the competitiveness of the industrial innovation ecosystem; Third, related research is static measure more, stage
characteristics of competitive evolution and insufficient attention. The above deficiencies constitute the entry point of further
research in this paper.

1.3 Research Objectives and Contributions

Based on the above research background and literature review, this paper takes the innovation ecosystem of the new energy
vehicle industry as the research object, introduces the perspective of new quality productivity, constructs a comprehensive
competitiveness evaluation index system covering both functional and structural dimensions, and conducts an empirical
analysis on the competitiveness level and its evolution characteristics of the system. Specific research goals include: first,
build can reflect the characteristics of the new mass productivity can assign the new energy automotive industry innovation
competitiveness evaluation index system of ecological system; Second, based on the entropy weight method and TOPSIS
method, the competitiveness of the innovation ecosystem of the new energy vehicle industry is comprehensively measured;
Thirdly, the evolution trajectory of system competitiveness is described from the time dimension, and the dominant factors
and their structural characteristics in different stages are identified.

The main contribution of this paper is reflected in the following three aspects: first, it expands the research framework of
industrial innovation ecosystem competitiveness from the perspective of new quality productivity, and organically combines
functional performance with structural characteristics; Secondly, the method of stratification of entropy is introduced in
- TOPSIS comprehensive evaluation method, improve the competitiveness of science and the explanatory power of the
measure, Thirdly, with the new energy automotive industry as the empirical object, reveals the dynamic evolution law of
industrial competitiveness innovation ecosystem, for the industry management practice and provides empirical reference for

policy making.

2.Conceptual Framework and Theoretical Basis

2.1 New-Generation Productive Forces and the NEV Innovation Ecosystem

New-generation productive forces refer to the advanced forms of productivity with high-tech, high efficiency and high quality
characteristics, which are dominated by scientific and technological innovation, relying on key and core technologies and
disruptive technological breakthroughs "', Compared with traditional productivity, new quality productivity has achieved
a systematic transition in technology-driven mode, factor structure and industrial organization form, and its essence is to
continuously improve the level of total factor productivity through higher-order allocation and collaborative reorganization of
innovation factors "),

The innovation ecosystem of the new energy vehicle industry is an important carrier for the embedding and playing of the
new quality productivity. In this paper, the innovation ecosystem of the new energy vehicle industry is defined as an open
and complex system composed of multiple innovation subjects such as enterprises in the new energy vehicle industry chain,
universities and research institutions, government departments, financial capital and users within the boundaries of the
new energy vehicle industry. This system promotes the flow and reorganization of innovation elements such as knowledge,
technology, capital and data in the system through the joint action of system, market and technological environment, so as to

realize the improvement of industrial innovation ability and overall competitiveness ")

2.2 Enabling Mechanisms of New-Generation Productive Forces

In the innovation ecosystem of new-energy vehicle industry, new-quality productive forces play an enabling role through the
following three mechanisms.

The first is the mechanism of technological transition and knowledge spillover. Disruptive technological breakthroughs
represented by new-generation information technology, new energy technology and new material technology have brought
new technological paradigms and innovation paths to the new-energy vehicle industry. New quality productivity promotes
the leapfrog development of key and core technologies, and accelerates the diffusion of knowledge within the ecosystem
through industry-university-research cooperation, patent sharing and technology transfer, and improves the overall innovation
efficiency of the system "',

Second, factor reconstruction and intelligent penetration mechanism. New quality productivity takes data as the key fulcrum,
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and promotes the intelligent reorganization of traditional factors such as capital, technology and talent. Through platforming
collaboration and digital technology penetration, the innovation ecosystem of the new energy vehicle industry can break
through organizational boundaries and achieve simultancous improvement of resource allocation efficiency and industrial
structure quality ",

Thirdly, network collaboration and structural optimization mechanism. New quality productivity promotes the formation
of closer and more diverse collaborative networks among innovators and strengthens the strength and stability of internal
connections. By optimizing the network structure and strengthening the bridge role of key nodes, the innovation ecosystem
of the new energy vehicle industry can maintain strong adaptability and resilience in the uncertain environment, and provide

structural support for the improvement of competitiveness .

2.3 Analytical Framework of Competitiveness Evaluation

Based on the above theoretical analysis, this paper constructs an analytical framework of competitiveness evaluation of the
innovation ecosystem of the new energy vehicle industry driven by new quality productivity. The framework focuses on
the dual dimensions of function and structure: the functional dimension focuses on describing the direct performance of
innovation investment, knowledge output and achievement transformation, while the structural dimension focuses on the
network relationship, coordination degree and system stability characteristics among innovation subjects. The two dimensions
interact and jointly determine the comprehensive competitiveness level of the innovation ecosystem of the new energy
vehicle industry.

Under this analytical framework, the subsequent research will further build a specific competitiveness evaluation index
system, and carry out quantitative measurement and evolution analysis on the competitiveness of the innovation ecosystem of
the new energy vehicle industry combined with empirical data, so as to provide empirical support for revealing the enabling

effect of new quality productivity.

3.Construction of the Competitiveness Evaluation Index System

Based on the aforementioned new quality productivity enabling mechanism and analysis framework, this paper further
constructs the evaluation index system of the comprehensive competitiveness of the innovation ecosystem of the new energy
vehicle industry. This index system describes the system competitiveness from two aspects of functional dimension and
structural dimension, aiming to comprehensively reflect the operational performance and structural characteristics of the
innovation ecosystem of the new energy vehicle industry driven by the new quality productivity.

The functional dimension index focuses on describing the direct performance of the innovation ecosystem in terms of
innovation investment, knowledge and technology output, and achievement transformation, reflecting “what the system has
done and to what extent”. Structural dimension indicators focus on the network structure characteristics and collaborative
relationship among innovation subjects, reflecting “how the system is organized and coordinated”. Through the organic
integration of functional and structural indicators, the comprehensive competitiveness level of the innovation ecosystem of
the new energy vehicle industry can be comprehensively evaluated, which not only focuses on the “hard power” of innovation

activities, but also takes into account the “soft connection” of innovation network collaboration “I',

3.1 Functional Dimension Indicators

Combined with the theoretical analysis of “technology transition and knowledge spillover mechanism” and “factor
reconstruction and intelligent penetration mechanism” in Chapter 3, this paper selects functional dimension indicators from
three levels of innovation investment, knowledge and technology output, and industrial structure and market performance,
and constructs a functional dimension evaluation sub-system composed of 10 indicators, as shown in the table. In general, the
indicators of innovation input and knowledge output mainly correspond to the enabling effect of new quality productivity on
technological progress and knowledge diffusion, while the indicators of industrial structure and market performance reflect
the improvement effect of new quality productivity on industrial operation quality and market performance through factor
reconstruction 17,

3.1.1 Innovation Input

Innovation input is the basic condition for the continuous evolution of the innovation ecosystem of the new energy vehicle
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industry, and also an important prerequisite for the formation and release of new quality productivity. This paper selects the
following indicators to describe the level of innovation investment.

(1) R&D intensity (city). This indicator is measured by the proportion of regional R&D expenditure in regional GDP,
reflecting the overall level of regional innovation resource input, and is an important basic indicator to measure the
implementation effect of innovation-driven development strategy . In the innovation ecosystem of the new energy vehicle
industry, this index reflects the macro R&D investment environment on which the formation of new quality productivity
depends.

(2) Industry R&D intensity. This index reflects the intensity of R&D investment of enterprises in the new energy vehicle
industry relative to the main business income, and is used to describe the willingness and ability of innovation investment at
the industry level. High industrial R&D intensity usually means that industrial subjects pay more attention to technological
innovation, which is an important supporting condition for technological transition.

(3) Coverage rate of R&D activities. This index is measured by the proportion of new energy vehicles-related enterprises
carrying out R&D activities in the total number of enterprises in the industry, reflecting the popularity of innovation activities
within the industry. A high coverage rate helps to enhance the overall activity of the innovation ecosystem and the ability of
knowledge diffusion.

(4) The proportion of fiscal expenditure on science and technology. This indicator is expressed as the proportion of local
fiscal expenditure on science and technology in total fiscal expenditure, reflecting the government’s support in scientific and
technological innovation and industrial innovation. Government investment plays an important role in guiding and amplifying
the innovation ecosystem of the new energy vehicle industry, which helps to reduce the risk of enterprise innovation and
promote the agglomeration of new quality productivity factors.

3.1.2 Knowledge and Technology Output

Knowledge and technology output is an important embodiment of the transformation of innovation input into actual
innovation ability, and also a key dimension to measure the innovation performance of the innovation ecosystem of the new
energy vehicle industry. This paper selects the following indicators to describe the innovation performance.

(5) Number of invention patents granted per 10,000 people. This index reflects the knowledge output level of regional
innovation activities, and is one of the important indicators to measure the technological innovation ability and innovation
quality ™. In the context of the new energy vehicle industry, this index can reflect the breakthrough of core technology and
the degree of knowledge accumulation.

(6) The proportion of industrial invention patents. This index is measured by the proportion of the number of invention
patents in the new energy vehicle industry to the total number of industrial patent applications, reflecting the proportion of
high-value technological achievements in industrial innovation achievements. A high proportion of invention patents usually
means that the quality of industrial technological innovation is high, which is conducive to the formation of sustainable
competitive advantages.

(7) Technology contract intensity. This index is measured by the proportion of the transaction amount of technology contracts
in the regional GDP, which is used to describe the transformation activity of technological achievements in the market. The
higher the intensity of technology contracts is, the smoother the operation of knowledge spillover and technology transfer
mechanism is, which is conducive to the diffusion and application of new quality productivity in the industrial innovation
ecosystem.

3.1.3 Industrial Structure and Market Performance

Driven by the new quality productivity, the innovation ecosystem of the new energy vehicle industry is not only reflected
in the improvement of technological innovation ability, but also reflected in the optimization of industrial structure and the
improvement of market performance. This paper selects the following indicators to describe this dimension.

(8) New product sales rate (industry). This index is measured by the proportion of new energy vehicle product sales revenue
in the main business revenue of the industry, reflecting the market transformation ability of innovation achievements and the

innovation vitality of the industry. A high sales rate of new products usually means that innovation activities can be effectively
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transformed into market competitive advantages.
(9) Proportion of high-tech industries (income). This index reflects the proportion of high-tech related businesses in the
industrial income structure of the new energy vehicle industry, which is used to describe the technology-intensive degree of
the industrial structure. The higher the index is, the more advanced the industry is towards high-end and high value-added.
(10) VC intensity of the industry. This index is measured by the proportion of the venture capital amount of the new energy
vehicle industry in the main business income of the industry, reflecting the degree of recognition of the capital market to the
prospect of industrial innovation. Venture capital not only provides financial support in the innovation ecosystem of the new
energy vehicle industry, but also promotes innovation efficiency through governance and resource integration mechanism.
3.2 Structural Dimension Indicators
In addition to functional performance, the competitiveness of the innovation ecosystem of the new energy vehicle industry
also depends on the organizational structure and collaborative network characteristics among the innovation subjects. Based
on the complex network theory, this paper selects structural dimension indicators from the aspects of overall connectivity,
local aggregation, core bridge role and network stability to describe the network structure characteristics of the industrial
innovation ecosystem "1,
(1) Network density. Network density is measured by the proportion of the actual number of connections to the maximum
possible number of connections, which is used to reflect the overall degree of collaboration among innovators. High network
density means frequent interaction between innovation subjects, which is conducive to knowledge diffusion and collaborative
innovation.
(2) Average clustering coefficient. This index describes the degree of interconnection in the local network of the innovation
subject, and reflects the ability to form a stable collaborative group within the system. High clustering coefficient helps to
promote professional collaboration and knowledge sharing.
(3) Degree centrality (mean). This index reflects the average connection degree of nodes in the network, which is used to
measure the distribution of innovation resources in the system. A moderate level of centrality is conducive to improving
collaborative efficiency, while excessive concentration may bring about the risk of structural vulnerability.
(4) Intermediary centrality (mean). This index is used to measure the degree to which nodes play the role of “bridge” in
the network, reflecting the ability of key actors to control the knowledge flow and collaborative path. Too high mediation
centrality may cause the system to rely on a few nodes, thus increasing the risk of breakage.
(5) Modularity Q. Modularity is used to measure the community structure characteristics of the network and reflect the
degree of differentiation among different innovation groups in the system. Reasonable modular structure is conducive to the
formation of a clear division of labor, collaborative and efficient innovation network.
(6) k-core thickness. This index is used to describe the stability of the network core layer, and is an important index to
measure the stability and anti-impact ability of the system structure. High k-core thickness means that the innovation
ecosystem has a stable core body group, which provides a solid structural foundation for the improvement of competitiveness.
3.3 Integrated Index System
On the basis of the above analysis, this paper integrates the indicators of functional dimension and structural dimension, and
constructs the comprehensive competitiveness evaluation index system of the innovation ecosystem of the new energy vehicle
industry. The system follows the principles of comprehensiveness, scientificity and operability, covering the main aspects of
the operation of the industrial innovation ecosystem driven by new quality productivity, and ensuring that the index data can
be obtained and quantified.

Table 1. Competitiveness Evaluation Index System of the NEV Innovation Ecosystem.

Code Indicator Definition
Fl City-level R&D Intensity ir(l}t]r)a}ir)lural R&D expenditure of the city divided by gross domestic product
F2 Industry R&D Intensity Intramural R&D expenditure of the automobile manufacturing industry divided

by its main business revenue
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Code Indicator Definition
.. Number of automobile manufacturing firms engaged in R&D activities divided
k3 R&D Activity Coverage Rate by the total number of firms in the industry
Fa Share of Fiscal Expenditure on Science | Fiscal expenditure on science and technology divided by total general public
and Technology budget expenditure
5. Invention patent Granted per 10,000 | Number of invention patents granted divided by year-end permanent resident
F5 . . .
Residents population multiplied by 10,000
F6 Share of Invention Patent Applications | Number of invention patent applications in the automobile manufacturing in-
(Industry) dustry divided by total patent applications in the industry
F7 Technology Contract Intensity Transaction value of technology contracts divided by GDP
F8 New Product Sales Ratio (Industry) Sales revenue of new products in the automobile manufacturing industry divid-
ed by its main business revenue
F9 Revenue Share of High-tech Industries Main bus.lness revenue of above-scale I.ngh-tegh 1ndustr1.al enterprises divided
by operating revenue of all above-scale industrial enterprises
. .. | Amount of venture capital investment in the industry divided by main business
F10 | Industry Venture Capital (VC) Intensity revenue of the automobile manufacturing industry
s Network Density Ratio gf the number of observed edges to the maximum possible number of
edges in the network
S2 Average Clustering Coefficient Mean value of clustering coefficients across all nodes in the network
S3 Average Degree Centrality Mean value of degree centrality across all nodes in the network
S4 Average Betweenness Centrality Mean value of betweenness centrality across all nodes in the network
. Degree of community structure in the network based on modularity optimiza-
S5 Modularity (Q) tion (e.g., Louvain or Leiden algorithm)
S6 k-core Thickness Maximum k-shell index of the network

Through the combination of function and structure indicators, the evaluation system constructed in this paper can reflect the
competitiveness level of the innovation ecosystem of the new energy vehicle industry from a multi-dimensional perspective,

and lay a foundation for the subsequent weight determination, comprehensive evaluation and evolution analysis.

4.Data and Methodology

4.1 Data Sources and Research Design

This paper takes the innovation ecosystem of new energy vehicle industry in Xi ‘an as the research object, selects 2016-
2023 as the research interval, and conducts empirical evaluation and evolutionary analysis on the competitiveness of the
industrial innovation ecosystem driven by new quality productivity. The new energy vehicle industry in Xi ‘an is selected
as the research object, on the one hand, the new energy vehicle industry, as a strategic emerging industry, has the typical
characteristics of new quality productivity driving; On the other hand, the scale and innovation activity of the new energy
vehicle industry in Xi ‘an have been significantly improved in recent years, which has strong representativeness and research
value. In particular, the annual output of new energy vehicles in Xi ‘an will reach 1,015,500 units in 2022, marking that its
industrial innovation ecosystem has entered a stage of accelerated evolution.

In terms of research design, this paper takes the innovation ecosystem of the new energy vehicle industry as the analysis
unit, and constructs a comprehensive competitiveness evaluation framework based on the dual dimensions of function and
structure. Through the quantitative measurement of functional indicators and structural indicators, combined with time series
data, this paper systematically analyzes the competitiveness level and evolution characteristics of the industrial innovation
ecosystem.

4.2 Data Sources and Preprocessing

4.2.1 Functional Dimension Data

Functional dimension data mainly come from government departments and authoritative statistical data, including Xi ‘an
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Statistical Yearbook, China Statistical Yearbook on Science and Technology, annual technology market reports issued by
science and technology authorities, and industrial and high-tech industry statistics. Indicators related to enterprise innovation
activities, such as R&D investment, innovation output and market performance, are sorted out through official statistics to
ensure the reliability and comparability of data. Patent-related indicators rely on the patent database of the State Intellectual
Property Office to screen and count the patents related to new energy vehicles by region and industry.

4.2.2 Structural Dimension Data

The structural dimension data is obtained by constructing the innovation cooperation network of the new energy vehicle
industry. This paper takes vehicle enterprises, parts enterprises, universities and research institutions, government
departments, financial capital and other innovation subjects as network nodes, and comprehensively uses multi-source
information to identify collaborative relationships. Specifically, this paper obtains the relationship data of equity investment
and cross-tenure of senior executives through the enterprise information platform, identifies the relationship between joint
application and joint right holder through the patent database, and constructs a multi-source cross-verified collaborative
relationship dataset based on the information of industrial alliances, joint laboratories and industry-university-research
cooperation projects published on the official websites of government departments and universities.

In order to describe the dynamic evolution characteristics of the industrial innovation ecosystem, this paper divides the
collaborative relationship from 2016 to 2023 into four time slices (2016-2017, 2018-2019, 2020-2021, and 2022-2023).
In each time slice, the network structure is assumed to be relatively stable, and the corresponding collaborative network is
constructed accordingly to represent the structural state of the innovation ecosystem of the new energy vehicle industry in

different stages """,

4.3 Indicator Standardization and Weight Determination

4.3.1 Data Standardization

Due to the significant differences in dimension and value range between functional dimension and structural dimension
indicators, it is necessary to carry out dimensionless processing of original data before comprehensive evaluation. In this
paper, the range standardization method is used to convert the index values to the interval of [0,1][0,1][0,1]. For the positive
indicators (the higher the value is, the higher the competitiveness is), the corresponding standardization formula is used to
ensure the comparability between different indicators.

4.3.2 Entropy Weight Method and Its Limitations

In terms of index weight determination, this paper firstly adopts entropy weight method to objectively calculate the weight
of each index. The entropy weight method can determine the relative importance of index data in comprehensive evaluation
by reflecting the dispersion degree of index data, which can avoid the deviation caused by subjective weighting to a certain
extent.

However, in the preliminary calculation, it is found that if the entropy weight method is uniformly adopted for the two types
of indexes, the sum of entropy weight of the indexes of the structural dimension is significantly higher than that of the indexes
of the functional dimension. This result shows that the structural indicators fluctuate greatly during the sample period, but it is
different from the previous theoretical analysis that functional performance is a direct reflection of the competitiveness of the
industrial innovation ecosystem, while structural characteristics play a more supporting and amplifying role.

4.3.3 Hierarchical Entropy Weighting Approach

Based on the above problems, this article on reservation of entropy method of objective weight is determined in the group
“advantage, on the basis of introduction of layered ideas of entropy method to adjust weight calculation. Specifically,
firstly, the entropy weight method is used to determine the relative weight of each index in the functional dimension and the
structural dimension respectively. Then, in the comprehensive evaluation of phase function and structure of two subsystem
gives reasonable system weight, in order to reflect the leading function, structural support evaluation logic. This method not
only takes into account the objectivity of data, but also better fits the theoretical connotation of the competitiveness of the

innovation ecosystem of the new energy vehicle industry "',

4.4 Comprehensive Evaluation Method: TOPSIS
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After completing the standardization of indicators and weight determination, this paper adopts the Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) method to comprehensively evaluate the competitiveness of the
innovation ecosystem of the new energy vehicle industry. By constructing positive and negative ideal solutions, the
TOPSIS method calculates the relative proximity between each evaluation object and the ideal solution, so as to rank its
comprehensive competitiveness level.

Compared with single index evaluation method, TOPSIS to consider more index information, avoid the extreme value and
cause individual index evaluation results deviate from the actual situation, apply to the multidimensional comprehensive
competitiveness evaluation. In this paper, TOPSIS method is applied to measure the competitiveness of the innovation
ecosystem of the new energy vehicle industry in different time slices, which provides a quantitative basis for the subsequent

evolution analysis.

5.Results and Evolutionary Analysis

5.1 Overall Competitiveness Evaluation Results
Based on the hierarchical entropy weight-TOPSIS method, this paper measures the comprehensive competitiveness level

of the innovation ecosystem of the new energy vehicle industry in Xi ‘an from 2016 to 2023. The results show that the
comprehensive competitiveness of the innovation ecosystem of the new energy vehicle industry in Xi ‘an during the study
period shows a steady upward trend, but there are obvious differences in the improvement range in different stages.

Figure 1. Evolution of Overall Competitiveness of the NEV Innovation Ecosystem (2016-2023)
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From the perspective of the time evolution stage in 2016-2017 comprehensive competitiveness level is relatively low, the
industrial innovation ecosystem is in a stage of cultivation and accumulation; From 2018 to 2019, the competitiveness level
began to significantly improve, and the innovation investment and technology output increased significantly. In 2020-21,
the growth rate of competitiveness slowed down under the impact of external environment, but the resilience of the system
gradually emerged; In 2022-2023, the comprehensive competitiveness level has significantly jumped, marking that the
innovation ecosystem of the new energy vehicle industry has entered a stage of accelerated development.

5.2 Evolution of Functional and Structural Subsystems

Further analysis of the evolution characteristics of functional and structural subsystems shows that there are significant
differences in their contributions to comprehensive competitiveness in different stages. Score function subsystem present
the rising trend in the study period, indicates that new mass productivity through innovation investment increase, improve
technology output and achievements transformation is accelerated, has directly on the new energy automotive industry

competitiveness.
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Figure 2. Evolution of Functional and Structural Subsystems
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Although the overall score of structural and structural subsystems is lower than that of functional subsystems, its growth
trend is more stable. With the gradual improvement of the collaborative network of innovation subjects, the network density,
the clustering coefficient and the stability of the core layer continue to improve, and the supporting role of the structural
dimension in the comprehensive competitiveness is gradually enhanced. The co-evolution of functional and structural
subsystems has become an important internal mechanism for the improvement of the competitiveness of the innovation
ecosystem of the new energy vehicle industry.

5.3 Dynamic Changes of Key Indicators

From the evolution of key indicators, there are differences in the factors leading to the improvement of the competitiveness of
the innovation ecosystem of the new energy vehicle industry in different stages. In the early stage, innovation input indicators
such as R&D investment intensity and coverage rate of innovation activities play a leading role in improving competitiveness.
As the industrial development enters the middle and later stages, the importance of achievement transformation indicators
such as the proportion of invention patents, the sales rate of new products and the intensity of technology contracts gradually
increases.

In terms of structural dimension, network density and average clustering coefficient play a basic supporting role in the system
cultivation period, while in the subsequent stage, intermediary centrality and k-core thickness gradually become the key
factors affecting the stability and anti-impact ability of the system. This shows that the improvement of the competitiveness
of the innovation ecosystem of the new energy vehicle industry is not driven by a single factor, but the result of the dynamic
evolution of multiple factors.

5.4 Structural Stability and Vulnerability Analysis

Based on the complex network perspective, this paper further analyzes the innovation ecosystem of the new energy vehicle
industry from the perspective of structural stability and vulnerability. The results show that the k-core thickness of the system
improves overall during the study period, indicating that the core innovation subject group gradually forms and tends to be
stable, which provides a structural guarantee for the long-term competitiveness of the system.

However, the analysis of intermediary centrality shows that some key nodes play a higher role as Bridges in the collaborative
network, and the system still has certain dependence on a few core subjects. Once these key nodes fail, it may lead to the
risk of network breakage. Therefore, in the process of enhancing the competitiveness of the innovation ecosystem of the new
energy vehicle industry, it is necessary to reduce the vulnerability of the system structure and enhance the overall resilience

through multiple collaboration and network structure optimization “'.
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6.Discussion

Based on the comprehensive evaluation results of hierarchical entropy weight-TOPSIS method, this paper systematically
describes the evolution characteristics of the innovation ecosystem competitiveness of the new energy vehicle industry
driven by new quality productivity. Compared with only to present the evaluation results, and further to explain the result of
the above from the perspective of theory and management, help to deepen the understanding of the operation mechanism of
industrial innovation ecosystem.

6.1 Functional and Structural Dimensions: A Complementary Perspective

The results show that in the evolution process of the innovation ecosystem competitiveness of the new energy vehicle
industry, the functional and structural dimensions are not substitutes for each other, but show an obvious complementary
relationship. The indicators of functional dimension mainly reflect the direct performance of innovation investment,
knowledge output and achievement transformation, which is the “explicit foundation” of competitiveness improvement.
The structural dimension index supports and amplifies the functional performance through the collaborative network among
innovation subjects.

In the early stage of the research, the competitiveness improvement of the innovation ecosystem of the new energy vehicle
industry mainly depends on the R&D investment intensity, the coverage rate of innovation activities and other functional
indicators. This phenomenon shows that when the new quality productivity is still in the cultivation stage, the continuous
investment of innovation resources is still the key factor to promote the accumulation of industrial innovation capacity.
However, it is difficult to support the long-term improvement of competitiveness only by relying on functional input. With
the expansion of industrial scale and the increase of the number of innovation subjects, the collaborative efficiency among
innovation subjects has gradually become an important factor restricting the operation of the system.

As the industrial development enters the middle and late stage, the influence of structural dimension indicators on
comprehensive competitiveness gradually increases. The improvement of network density, clustering coefficient and stability
degree of core layer indicate that a stable collaborative network structure has gradually formed within the innovation
ecosystem of the new energy vehicle industry. This structural optimization not only helps to reduce the innovation cost, but
also improves the efficiency of knowledge diffusion, so that the new quality productivity factors can be more efficiently
allocated within the system. The result of the dual-dimensional co-evolution of function and structure is the transformation of
the competitiveness of the innovation ecosystem of the new energy vehicle industry from “factor-driven” to “system-driven”.
6.2 New-Generation Productive Forces as a Dynamic Enabler

From the perspective of new quality productivity, the evolution of the competitiveness of the innovation ecosystem of the
new energy vehicle industry is not the result of a single technological breakthrough, but the reflection of the joint action
of multiple enabling mechanisms. The new quality productivity continues to reshape the operation logic of the industrial
innovation ecosystem through technological transition, factor reconstruction and network coordination.

First of all, technology transition and knowledge spillover mechanism play a leading role in the early improvement of
competitiveness. Disruptive innovation, represented by key technologies of new energy vehicles, has injected new growth
momentum into the industrial innovation ecosystem, accelerated knowledge diffusion through industry-university-research
collaboration, and enabled innovation achievements to be transformed and applied in a wider range. Secondly, elements
of refactoring and intelligent penetration mechanism to promote the effective integration of capital, data and technology
factors, make the new energy automotive industry innovation along with the increase of the ecological system in the structure
complexity, still can keep high efficiency.

More importantly, the new quality productivity strengthens the network collaboration relationship among the innovation
subjects, and gradually evolves the ecosystem from loose connection to a collaborative network with core structure. This
process not only improve the overall competitiveness of the system, and also enhance its adaptability to external shocks and
toughness.

6.3 Structural Stability and Potential Vulnerabilities

Although the research results show that the overall stability of the innovation ecosystem of the new energy vehicle industry
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is enhanced, the analysis of the structural dimension also reveals the potential systemic risks. The index of intermediary
centrality shows that some core players assume a high bridge function in the collaborative network, and the system is highly
dependent on them. This structural feature not only improves the efficiency of collaboration, but also brings the potential risk
of “key node failure”.

From the management perspective, the results indicate the new energy automotive industry innovation ecosystem in the
process of continuous expansion, should pay attention to the diversification of the network structure and redundancy design,
through cultivating multilevel cooperative relations, reduce the degree of dependence on a single core subject system. Only
by maintaining a balance between the stability and flexibility of the structure, can the competitiveness of the innovation
ecosystem achieve sustainable improvement.

6.4 Implications for Innovation Ecosystem Research

The results of this paper have some implications for innovation ecosystem research. Existing research from the perspective of
the static evaluation more industry innovation ability, and in this paper, by introducing a function - double dimension evaluation
framework structure, reveals the competitiveness of the different elements in the evolution process of periodic function. This
shows that the understanding of industrial innovation ecosystem should not be limited to a single dimension, and we should start
from the whole system, focus on the characteristics of structure long-term impact on the functional performance.

At the same time, the new qualitative research into industrial innovation ecosystem productivity, helps to explain a new
round of technological revolution under the background of the internal mechanism of industrial competitiveness rapidly
restore. The empirical results of the new energy vehicle industry show that the new quality productivity not only improves the
innovation performance, but also promotes the evolution of the industrial innovation ecosystem to a higher level through the

optimization of the system structure.
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Abstract: Against the backdrop of the in-depth advancement of the “Dual Carbon” strategic goals and ecological civilization
construction, resource-intensive enterprises are confronted with an urgent demand for green transformation. From the
perspective of accounting and financial management, this paper conducts a systematic study on the identification and
prevention countermeasures of financial risks in the process of green transformation of resource-intensive enterprises. It is
found that the financial risks of such enterprises in green transformation are mainly reflected in four aspects: insufficient
capital supply and excessively high financing costs in the financing link; faulty investment decisions and lower-than-expected
returns in the investment link; unbalanced cost control and tight cash flow in the operation and profit distribution link; as well
as risks of adapting to policy adjustments and meeting environmental compliance standards in the policy compliance link.
These risks arise from the combined effects of multiple factors, including the imbalance of internal financial management
and control, the tightening of external environmental constraints, the inherent attribute restrictions of transformation, and the
inadequacy of technical adaptation and internal control systems. In response to the above problems, this paper puts forward
prevention countermeasures such as optimizing financing and investment management, strengthening the control of operation
and profits, abiding by the bottom line of policy compliance, and constructing a comprehensive financial risk early warning
system. The research shows that the financial risks of resource-intensive enterprises in green transformation are characterized
by concealment, transmission and long-term nature, and it is necessary to build a systematic and full-process risk prevention
and control system. This is to realize the coordinated development of ecological, economic and social benefits, and provide
theoretical reference and practical guidance for enterprises to advance green transformation in a steady manner.
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1.Introduction

With the comprehensive promotion of ecological civilization construction and the realization of the “Dual Carbon” strategic
goals in China, high-energy-consuming resource-intensive enterprises such as those in the mining and metallurgical industries
are facing unprecedented pressure of transformation. Green transformation is not merely a technological revolution, but also
involves the restructuring of financial structure. When promoting energy conservation, emission reduction and environmental

compliance, enterprises need to invest a large amount of capital and bear policy uncertainties and market fluctuations, which
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give rise to various types of new financial risks. In financial activities, financial risk refers to the possibility that changes in
the external environment lead to the deviation of actual returns from expected ones and even trigger operational crises. Under
the background of green transformation, the sharp surge in environmental compliance costs, the long payback period of green
investment and the non-standard accounting of carbon assets all pose potential risks to enterprises. From the perspective of
accounting and financial management, this paper systematically sorts out the main types of financial risks faced by resource-
intensive enterprises in the process of green transformation, deeply analyzes their causes and puts forward corresponding

prevention countermeasures, so as to provide theoretical reference and practical guidance for relevant enterprises.

2.Connotation and Driving Forces of Green Transformation in Resource-Intensive
Enterprises

2.1 Connotation of Green Transformation in Resource-Intensive Enterprises

Resource-intensive enterprises take the exploitation and processing of non-renewable resources such as coal and minerals
as their core business, and they serve as an important pillar for resource supply in the national economy'’. However, their
traditional development model is featured by high energy consumption, high emissions and high pollution, with low resource
utilization efficiency, which runs counter to the requirements of ecological civilization construction. Under the background of
the Dual Carbon strategy, the green transformation of resource-intensive enterprises is not a simple increase in environmental
protection investment or end-of-pipe pollution control, but a systematic reform covering all dimensions of enterprise
development, with the core goal of achieving the coordinated unification of economic, ecological and social benefits'”. Its
connotation can be condensed into the three-dimensional coordinated transformation.

At the strategic level, enterprises abandon the traditional mindset of “development first, environmental protection later” and
shift from a resource-dependent model to an eco-friendly one. They fully embed the concept of green development into long-
term planning, corporate governance and business objectives, so as to realize the mutual development of enterprise operation
and ecological protection. At the operational level, centering on clean production and circular economy, enterprises reduce
resource consumption from the source of exploitation and cut pollutant emissions in the production process through green
technological innovation, production process transformation and energy-saving equipment renewal, thus promoting the low-
carbon and clean operation of the whole production process. At the value level, enterprises break the linear value chain of
“resource-product-waste” and build a closed-loop network of “resource-product-renewable resource™. They extend the
green value of the industrial chain, cultivate new green business forms and economic growth drivers, and form a sustainable
mode of value creation”.

2.2 Driving Forces of Green Transformation in Resource-Intensive Enterprises

The green transformation of resource-based enterprises is the inevitable result of the combined effects of four factors:
policy regulation, market demand, technological innovation, and internal enterprise needs. The interaction between external
push factors and internal driving forces promotes the shift from passive transformation to proactive transformation. First,
policy regulation through constraints and incentives serves as the core external driver. China has continuously improved
environmental regulations, raised pollutant and energy consumption emission standards, and intensified environmental
enforcement. Policies such as the “Dual Carbon” goals and capacity replacement mechanisms compel high-energy-consuming
and high-polluting production capacities to exit the market. Simultaneously, supporting instruments including environmental
protection taxes, green credit facilities, and additional deductions for research and development expenses create a “constraint
plus incentive” policy system. This makes green transformation an inevitable choice for enterprises to avoid policy risks and
capture policy benefits. Second, upgraded market demand and capital market orientation represent important external pull
factors. Consumer demand for green products continues to rise, while downstream industries continuously improve green
procurement standards. Highly polluting products with low standards gradually lose market competitiveness. Capital markets
show increasing attention to corporate ESG performance, giving green enterprises significant advantages in financing costs
and capital access. This pressures enterprises to optimize production and enhance the green attributes of their products. Third,
green technology innovation provides core support”. China has achieved continuous breakthroughs in green mining, clean

production, and resource recycling technologies, with increasing levels of industrial application. This effectively reduces the
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technical thresholds and implementation costs of enterprise transformation. Combined with national special subsidies and
science and technology policy support, these advancements stimulate enterprises’ enthusiasm for technological innovation,
providing solid technical guarantees for green transformation implementation. Fourth, internal enterprise development needs
constitute the fundamental driving force. Resource-based enterprises face development bottlenecks including the depletion of
non-renewable resources and rising extraction costs, making traditional development models unsustainable. Simultaneously,
tightening ecological constraints increase environmental governance costs. Green transformation can effectively break
through these development bottlenecks while improving enterprise brand image and cultivating core competitiveness. This
makes green transformation an inherent choice for enterprises to overcome development difficulties and achieve high-quality

sustainable development.

3.Identification of Financial Risks in Green Transformation of Resource-Based
Enterprises

3.1 Financial Risks in Financing Activities

Financing activities represent the starting point of green transformation for resource-based enterprises and constitute the
primary stage where financial risks tend to concentrate. The core risks focus on three aspects: capital supply, financing
costs, and debt-servicing capacity. First, insufficient capital supply poses a significant risk. Green transformation involves
comprehensive process upgrades requiring substantial and continuous capital investment. However, enterprises face severely
limited internal capital accumulation due to declining profitability in traditional business segments and reduced returns
from resource extraction. Additionally, green projects typically exhibit weak early-stage profitability and extended payback
periods, reducing their attractiveness to market-oriented capital seeking short-term returns. Coupled with enterprises’
limited familiarity with new green financing instruments such as green bonds and green funds, funding gaps may emerge,
directly causing transformation stagnation. Second, elevated financing costs present another challenge. Some enterprises,
failing to meet environmental qualification standards or maintaining low credit ratings, cannot access preferential policies
such as low-interest green credit. They must resort to high-interest financing channels including private lending, while
additional expenditures such as green certification, environmental assessments, and professional consulting services further
increase financial burdens on both daily operations and transformation efforts. Third, inadequate debt-servicing capacity
creates substantial risk. Some enterprises, eager to advance transformation, indiscriminately expand debt scales, leading to
significantly elevated debt-to-asset ratios. Since green project benefits materialize with lag and cannot generate stable cash
flows in the short term to adequately cover principal and interest payments, this may trigger debt defaults, cash flow chain
disruptions, and other cascading financial problems.

3.2 Financial Risks in Investment Activities

Investment activities form the core of green transformation, directly determining transformation effectiveness and capital
utilization efficiency. Financial risks primarily stem from three aspects: investment decisions, return expectations, and asset
impairment. First, investment decision-making errors pose considerable risks. Some enterprises lack multi-dimensional
evaluation mechanisms integrating finance, environmental protection, technology, and market perspectives. They blindly
follow trends when investing in green projects without assessing project feasibility, compliance, and technical compatibility
against their own capital strength and technological reserves. This leads to project implementation obstacles, construction
delays, and unrecoverable upfront investments in capital and labor costs. Second, investment returns falling short of
expectations represent a common risk. Green projects generally feature long investment cycles, substantial initial capital
requirements, and slow benefit realization. Affected by multiple factors including market supply-demand fluctuations,
rapid green technology iterations, and industrial policy adjustments, actual operating returns often fall significantly below
preliminary projections. Sustained losses continuously exacerbate enterprise capital constraints, restricting subsequent
transformation investments. Third, asset impairment risk emerges during transformation. Traditional production equipment
eliminated during transformation lacks market demand due to technological obsolescence and environmental non-compliance,
making liquidation difficult and generating disposal losses. Meanwhile, newly acquired green equipment and technologies

may become outdated quickly due to rapid industry technological updates. These dual factors combine to substantially
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increase enterprise asset impairment losses, directly eroding net assets and reducing asset quality.

3.3 Financial Risks in Operations and Profit Distribution

Operations and profit distribution activities span the entire green transformation process. Financial risks in these two arecas
are interconnected and mutually transmitting, seriously constraining the sustainability of green transformation. Operational
risks concentrate on green costs, cash flows, and supply chain coordination. First, loss of control over green cost management
presents a key risk. Some enterprises have not established comprehensive green cost accounting and control systems.
Related investments including environmental facility maintenance and green raw material procurement remain outside full
control scope. Combined with insufficient production technology optimization and low resource utilization efficiency, this
leads to continuously escalating green costs, progressively compressing overall enterprise profit margins. Second, cash
flow circulation difficulties emerge as a critical concern. Transformation requires continuous capital injection to support
equipment upgrades and production operations. However, green product markets remain immature with limited consumer
acceptance, exhibiting significant sales and price volatility. Combined with slow accounts receivable collection and green
raw material inventory accumulation, enterprise cash inflows become insufficient to meet outflows, making it difficult to
support daily operations and transformation progress. Regarding profit distribution, the core risks involve earnings instability
and unreasonable distribution policies. During the transition period, traditional business revenues decline due to production
capacity adjustments, while new green businesses have not yet achieved scale profitability. This results in significant overall
earnings volatility and poor cash flow stability. Some enterprises maintain rigid distribution policies without dynamic
adjustments based on transformation needs. Excessive dividends deplete capital reserves, while excessive retained earnings
reduce capital utilization efficiency. Both scenarios intensify capital constraints and adversely affect transformation progress.
3.4 Financial Risks in Policy Compliance

Policy compliance represents an important prerequisite for green transformation of resource-based enterprises. Financial risks
in this area stem from inadequate policy adaptation and insufficient environmental control. Once triggered, these risks can
easily cause systemic financial losses. First, policy adjustment adaptation risk deserves attention. Under the advancing “Dual
Carbon” strategy, national and local environmental, fiscal, and industrial policies continue to be optimized and refined, with
various environmental standards and energy consumption limits consistently rising and policy change frequency significantly
increasing. If enterprises fail to establish routine policy analysis and response mechanisms, responding sluggishly to policy
changes with untimely adjustments, transformation projects may fail to meet new regulatory requirements. This results in
inability to obtain project approvals and policy subsidies, unrecoverable upfront transformation capital, and increased tax
burdens and financing costs due to policy changes. Second, environmental compliance failure risk has become increasingly
prominent. Currently, domestic environmental enforcement intensity continues to strengthen with increasingly strict
enforcement standards. Enterprises with inadequate environmental facility allocation or pollution control technologies
failing to meet requirements face administrative penalties including substantial fines, mandatory rectification within
specified periods, or even production suspension and business closure, directly increasing compliance costs. Simultaneously,
environmental violations are recorded in enterprise credit files, leading to downgraded credit ratings. This triggers difficulties
in obtaining financing, contract terminations by partners, and ultimately cascading financial risks including profit declines and

cash flow tensions.

4.Analysis of Causes of Financial Risks in Green Transformation of Resource-Based
Enterprises

Various financial risks emerging during the green transformation of resource-based enterprises do not result from a single
factor. Instead, they represent the product of multiple factors intertwining and working synergistically, including internal
financial control deficiencies, external policy and market constraints, inherent transformation attribute constraints, and
insufficient technical adaptation. From an accounting perspective and considering the inherent industry characteristics of
resource-based enterprises—namely “high investment, high energy consumption, high pollution, and low value-added”—this
paper systematically analyzes the formation causes of financial risks from four core dimensions. The objective is to provide

solid theoretical support and practical basis for developing targeted mitigation strategies in subsequent sections, closely
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aligning with the actual operational difficulties and financial pain points encountered during green transformation of resource-
based enterprises.
4.1 Imbalanced Internal Financial Control: Deficiencies in Financing, Investment, and Operational

Management
An imperfect internal financial control system and inadequate control mechanisms represent the core internal causes

triggering financial risks in green transformation of resource-based enterprises. This issue primarily concentrates on two core
aspects: lack of standardization in financing and investment management, and insufficient refinement in operational control.
Regarding financing, enterprises face difficulties in quickly resolving the long-standing problem of single financing channels.
They excessively rely on traditional bank credit while demonstrating significant deficiencies in understanding and utilizing
new green financing instruments such as green bonds, green funds, and green trusts. Capital structure planning lacks scientific
rigor and forward-looking perspective. Indiscriminate expansion of debt scales directly leads to continuously elevated debt-
to-asset ratios and surging debt-servicing pressures, subsequently triggering series of financing risks. This situation cannot
effectively support the continuous advancement of green transformation and is unfavorable for stable supply and reasonable
allocation of transformation capital. Regarding investment, enterprises generally lack multi-dimensional project feasibility
evaluation mechanisms integrating “finance, environmental protection, technology, and market” perspectives. They are
easily influenced by industry trends to blindly follow investment patterns in green projects. Without accurately assessing
core financial indicators and technical or environmental compatibility based on their own capital strength and technological
capabilities, investment failures are highly likely. This not only fails to ensure investment returns from green projects but also
directly affects smooth project advancement, causing ineffective capital consumption. Regarding operations, dedicated green
cost accounting systems remain incomplete. Related investments including environmental facility maintenance and green raw
material procurement have not been fully incorporated into enterprise control scope. Additionally, refined management of
accounts receivable and inventory exhibits significant lag, with slow capital recovery and prominent inventory accumulation
problems. Low cash flow turnover efficiency and overlapping operational issues further exacerbate enterprise operational
financial risks.

4.2 Tightening External Environmental Constraints: Increased Policy and Market Uncertainty

The production and operations of resource-based enterprises highly depend on resource endowments and external
development environments. Their green transformation processes are even more directly influenced by external conditions.
Dual uncertainties at the policy level and market level represent important external causes triggering financial risks during
enterprise transformation. Regarding policy, under the advancing “Dual Carbon” strategic objectives, national and local
governments continuously raise environmental access thresholds. Green industry-related policies and fiscal incentive policies
remain in a dynamic process of continuous optimization and upgrading, while environmental enforcement intensity and
precision constantly increase. Some enterprises, lacking policy analysis capabilities, fail to adapt to policy changes in a timely
manner, directly facing substantial losses from environmental fines and production suspensions for rectification. Meanwhile,
adjustments in policies such as green credit and tax preferences cause established transformation plans and financial plans
to become difficult to align precisely. This directly disrupts enterprise transformation progress and capital arrangements,
substantially increasing the difficulty of financial decision-making and the probability of decision-making errors. Regarding
markets, domestic green product markets currently remain immature. Market recognition and consumer acceptance of
green products still require further improvement. Green transformation products launched by some enterprises generally
face market dilemmas including poor sales and significant price fluctuations. Simultaneously, continuously rising green raw
material prices and high green technical service fees further increase enterprise operational costs. Intensified homogeneous
competition in green transformation within the industry leads some enterprises to blindly increase investments to capture
market share, ultimately further exacerbating enterprise capital shortage problems and forming a closed loop of market-level
financial risks.

4.3 Inherent Constraints of Transformation: Imbalance Between Capital Demand and Return Cycles
Green transformation of resource-based enterprises is not simply equipment updates or process modifications. The inherent
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attributes of transformation itself determine that financial risks during the transformation process exhibit significant
characteristics of long-term duration and contagion. The core constraining factor lies in the severe imbalance between rigid
capital demand and investment return cycles. Green transformation involves multiple critical stages including environmental
facility upgrades, green core technology research and development, clean energy substitution, and full-link production
process optimization. Each stage requires substantial and continuous capital investment with considerable difficulty and
uncertainty in capital recovery. However, most resource-based enterprises, affected by continuously declining profitability in
traditional resource extraction business, face severely insufficient internal capital accumulation. They cannot independently
support transformation capital requirements and must rely excessively on external financing. This situation further increases
enterprise capital pressures, directly triggering financing risks and cash flow tension risks, seriously hindering the continuous
and steady advancement of enterprise green transformation. Green projects generally feature long investment return cycles,
typically requiring 3-5 years or even longer to achieve stable profitability. This creates severe mismatches with short-term
repayment pressures from enterprise external financing. Enterprises cannot form stable debt-servicing cash flows in the
short term, further exacerbating problems of excessive financial leverage and potential risks of cash flow chain disruptions.
Additionally, some enterprises fail to make adequate capacity coordination planning during transformation. Poor coordination
between eliminating traditional high-energy-consuming production capacity and cultivating green low-carbon production
capacity creates capacity gap periods, easily triggering dual risks of enterprise asset impairment and profit declines.

4.4 Insufficient Technical Adaptation and Absent Internal Control Systems: Weak Risk Prevention
Capabilities

Inadequate green technology adaptability and the absence of enterprise internal risk prevention systems interact to further
amplify financial risks in green transformation of resource-based enterprises. These two issues also represent important
drivers causing financial risks to transmit and spread within enterprises. Regarding technology, green transformation of
resource-based enterprises highly depends on advanced green mining, clean production technologies, and environmental
governance equipment. However, overall green technology development in China currently remains immature. Certain
core technologies and high-end equipment still rely on imports, with persistently high costs for technology introduction and
equipment procurement. Simultaneously, enterprises generally lack professional green technology research and application
talent internally, with insufficient technology conversion and implementation capabilities. Introduced advanced technologies
cannot effectively adapt to their own production processes and equipment systems, resulting in low technology application
efficiency. This not only makes it difficult to achieve basic environmental compliance emission targets, but the rapid iteration
speed of green technologies also easily triggers related asset impairment. Enterprises may consequently face dual risks of
environmental compliance losses and production interruptions. Regarding internal controls, most resource-based enterprises
have not yet established risk prevention mechanisms specifically targeting green transformation. They lack scientific risk
early-warning systems and end-to-end risk control processes. Identification, assessment, and control of various financial
risks during transformation exhibit significant lag. Additionally, financial personnel lack sufficient green finance professional
competence, making it difficult to accurately identify and respond to various new types of green financial risks. This directly
affects the effective implementation of risk prevention work, ultimately causing various risks to continuously accumulate and

transmit within enterprises, eventually triggering systemic financial risks.

5.Mitigation Strategies for Financial Risks in Green Transformation of Resource-
Based Enterprises

Green transformation represents an inevitable choice for resource-based enterprises to respond to the “Dual Carbon”
goals and achieve sustainable development. However, the transformation process involves substantial capital investment,
technological iteration, and production capacity adjustment. Financial risks permeate the entire process spanning financing,
investment, operations, and profit distribution, exhibiting characteristics of concealment, contagion, and long-term duration.
Considering the traditional attributes of resource-based enterprises—namely “high investment, high energy consumption,
high pollution, and low value-added”—along with the particularities of transformation, this section constructs a systematic

and actionable financial risk mitigation framework based on the risk identification results. This framework aims to assist
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enterprises in advancing green transformation smoothly while achieving coordinated development of ecological, economic,
and social benefits.

5.1 Optimizing Financing and Investment Management to Address Capital and Return Risks

To address primary financial risks including capital shortages, single financing channels, and uncertain investment returns,
enterprises must coordinate and optimize financing and investment management to achieve stable capital supply and
controllable investment returns. Regarding financing, enterprises should construct a diversified green financing system
driven by both “policy and market” mechanisms. They should proactively align with national and local policy support
including green credit, green bonds, and fiscal interest subsidies, prioritizing applications for transformation projects such
as environmental facility upgrades to access preferential policies and reduce financing costs. Simultancously, enterprises
should explore market-oriented financing potential by issuing green corporate bonds, attracting green fund investments, and
exploring new financing methods such as equity financing and financial leasing. This approach optimizes capital structure
while strictly controlling debt-to-asset ratios to avoid leverage risks. Regarding investment, enterprises should establish
multi-dimensional feasibility evaluation mechanisms integrating “finance, environmental protection, technology, and market”
perspectives. They must rigorously screen transformation projects and assess core indicators, optimize investment structures
to diversify risks, and strengthen end-to-end investment monitoring with post-investment performance evaluations. These
measures ensure efficient capital utilization and achieve expected investment returns.

5.2 Strengthening Operational and Profit Control to Consolidate Cash Flow and Profitability

Foundations
Excessive green costs in operations, unstable cash flows, and unreasonable profit distribution represent financial risks that

cannot be overlooked during transformation. Enterprises must implement refined control measures to consolidate their
financial foundations. Regarding operational control, enterprises should comprehensively incorporate green costs into
their cost accounting systems, focusing on controlling costs related to environmental facility depreciation, environmental
consumables, and green technology research and development. By optimizing production processes, promoting energy-
saving and consumption-reducing technologies, and improving environmental facility utilization rates, enterprises can
reduce green costs per unit of product. They should establish comprehensive cash flow management systems throughout the
entire cycle, preparing precise cash flow budgets, strengthening accounts receivable management, optimizing credit policies
to accelerate capital recovery, and reasonably controlling inventory scales to reduce capital occupation. Establishing cash
flow early-warning mechanisms enables real-time monitoring and disposal of abnormalities, ensuring cash flow balance.
Regarding profit distribution, enterprises should formulate differentiated profit distribution policies based on capital
requirements and profitability levels at different stages of green transformation. This approach balances capital reserves with
shareholder returns, linking profit distribution to green transformation performance and employee performance to motivate all
stakeholders, achieving equilibrium between short-term interests and long-term development.

5.3 Strictly Adhering to Policy Compliance Bottom Lines to Avoid Policy-Oriented Risks

Green transformation of resource-based enterprises is profoundly influenced by environmental, fiscal, and industrial policies.
Policy changes can trigger financial risks including environmental fines, production capacity adjustments, and tax burden
variations, necessitating strengthened policy analysis and compliance management. On one hand, enterprises should establish
routine policy analysis mechanisms by forming dedicated working groups to track policy changes in real-time. They must
thoroughly analyze policy impacts on enterprise financial conditions and transformation pathways, anticipate trends, and
adjust transformation and financial plans in advance. This enables precise alignment with policy support while reducing
financial losses. On the other hand, enterprises must strictly adhere to policy compliance bottom lines by complying with all
policies and regulations. They should increase environmental investments, improve environmental facility construction, and
ensure production operations fully meet environmental standards with timely hazard rectification. Actively pursuing green
tax preference policies can reduce tax burdens. Enterprises should standardize operational behaviors, prohibit non-compliant
expansion, and strengthen communication with relevant departments to ensure compliant and orderly transformation

throughout the entire process.
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5.4 Constructing Comprehensive Risk Early-Warning Systems to Enhance Proactive Prevention
Capabilities

Given the concealment and contagion characteristics of financial risks in green transformation, relying solely on post-event
disposal cannot effectively prevent risks. Enterprises must construct comprehensive, multi-level financial risk early-warning
systems to enhance proactive prevention capabilities. They should build dual early-warning indicator systems incorporating
both “financial and non-financial indicators.” Financial indicators should cover core metrics including debt-to-asset ratios,
current ratios, cash flow gap rates, and investment return rates, with clear warning thresholds established for each indicator.
Non-financial indicators should include environmental compliance rates and green technology maturity levels, compensating
for limitations of financial indicators. Reasonable weight allocation among indicators and construction of scoring models
enable precise risk assessment. Enterprises should improve end-to-end risk early-warning mechanisms by establishing
intelligent monitoring systems based on financial information platforms. These systems should collect data in real-time, alert
abnormalities, conduct regular risk assessments, issue warning signals, and develop targeted emergency response plans with

clear procedures and responsibilities. This achieves comprehensive coverage throughout the entire risk management process.

6.Conclusion

Amid the advancing “Dual Carbon” strategy and deepening ecological civilization construction, green transformation
has become an inevitable choice for resource-based enterprises to break through development bottlenecks and achieve
sustainable development. However, various financial risks emerging during the transformation process have become key
factors constraining transformation effectiveness. This study focuses on resource-based enterprises and, from the perspective
of accounting and financial management, systematically examines four core financial risks in their green transformation:
insufficient capital supply and elevated financing costs in financing activities; decision-making errors and suboptimal
investment returns in investment activities; imbalanced cost control and cash flow constraints in operations and profit
distribution; and policy adjustment adaptation and environmental compliance risks in policy compliance. Furthermore, this
paper thoroughly analyzes four underlying causes of these risks: imbalanced internal financial control, tightening external
environmental constraints, inherent constraints of transformation itself, and insufficient technical adaptation coupled with
absent internal control systems. Corresponding mitigation strategies are proposed, including optimizing financing and
investment management, strengthening operational and profit control, strictly adhering to policy compliance bottom lines, and
constructing comprehensive risk early-warning systems.

The research indicates that financial risks in green transformation of resource-based enterprises result from the combined
effects of multiple internal and external factors, exhibiting characteristics of concealment, contagion, and long-term duration.
Therefore, constructing a systematic, end-to-end risk prevention and control system is essential. The research conclusions not
only provide actionable practical guidance for resource-based enterprises to avoid financial risks and advance transformation
smoothly but also enrich research outcomes in the fields of green finance and enterprise transformation. Future research could
further incorporate industry-specific characteristics of different resource-based enterprises to develop more targeted risk
identification models and prevention mechanisms. This would provide stronger theoretical and decision-making support for

high-quality green transformation of enterprises under the “Dual Carbon” goals.
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Abstract: Purpose: To understand the current situation of demand for traditional Chinese medicine(TCM) talents throughout
the entire life cycle in China, the training and supply models, and the talent team situation, analyze the gap between demand
and supply of traditional Chinese medicine talents, and put forward some suggestions and ideas to make the supply and
demand of TCM talents in the whole life cycle basically reach the balance of supply and demand. Methods: According to
the statistical yearbook of Traditional Chinese Medicine and National Bureau of Statistics of the People’s Republic of China
using the methods of literature analysis to analyze the survey data. Results: The demand for Chinese medicine professionals
will continue to increase for a long time to come, due to objective and subjective reasons such as national policies, industry
development, population ageing and residents; personal preferences, at present, there are some shortcomings in the whole
life-cycle training process of prevention, diagnosis, treatment, rehabilitation and health care for talents of Chinese medicine,
and the existing system and mechanism in the Chinese medicine industry is unreasonable, lead to the whole life cycle of
Chinese medicine talent supply and demand mismatch. Conclusion: Through the improvement and reform of Chinese
medicine colleges, trades and society, the Chinese medicine talents can be developed comprehensively from prevention to
health care and rehabilitation, secondly, the industry optimizes the employment and evaluation mechanism to make Chinese
medicine talents play a role, and finally the social strata to change the concept of employment. To build a high-quality team of
Chinese medicine talents, and to enable the institutions to train the talents to meet the needs of the community, the supply and
demand of the dynamic equilibrium state.
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1.Introduction

Under the background of building a Healthy China and the post-pandemic era, with the gradual improvement of residents’
living standards, the demand for traditional Chinese medicine human resources in the entire life cycle service process,
including prevention, diagnosis, treatment, rehabilitation and health care, has significantly increased. Improving the
cultivation of traditional Chinese medicine human resources throughout the entire life cycle is a core link in providing
excellent traditional Chinese medicine resource services. It plays a crucial role in reforming traditional Chinese medicine

higher education, promoting the high-quality development of traditional Chinese medicine and related industries, improving
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the medical and health system reform, and better safeguarding the health of the residents. Although the total number of the
Chinese medicine professionals in our country is increasing, there are still problems such as insufficient supply, unbalanced
structure and uneven distribution at present. Therefore, conducting a cross-analysis of the demand and supply of traditional
Chinese medicine talents throughout the entire life cycle in our country is not only conducive to building a high-quality team
of traditional Chinese medicine professionals, but also can, to a certain extent, achieve a dynamic balance between the supply

and demand of traditional Chinese medicine human resources.

2.Analysis of Talent Demand

2.1 Government policy support

During the “13th Five-Year Plan” period, the first national plan for the development of traditional Chinese medicine talents
formulated by the National Administration of Traditional Chinese Medicine has achieved notable results. However, in the
process of rejuvenating the development of traditional Chinese medicine, there are still significant issues regarding the
scale, structure and distribution of traditional Chinese medicine talents. The “14th Five-Year Plan for the Development
of Traditional Chinese Medicine Talents” has better addressed the issues faced by the development of traditional Chinese
medicine talents. Currently, the development mechanisms for traditional Chinese medicine talents that are in line with the
characteristics of traditional Chinese medicine have become more complete, and efforts have been made to strengthen the
construction of the talent cultivation system and mechanism for traditional Chinese medicine. The well-designed training
and evaluation standards have effectively increased the talent pool, which is conducive to optimizing the talent structure and
the growth environment, building a high-quality team of traditional Chinese medicine professionals, and providing strong
human resources support for the revitalization and development of traditional Chinese medicine'". The promulgation of
policy documents such as “The 14th Five-Year Plan for the Development of Traditional Chinese Medicine” and “Opinions
on Strengthening the Work of Traditional Chinese Medicine Talents in the New Era” has sent a signal to society to revitalize
traditional Chinese medicine, and has stimulated the latent demand for traditional Chinese medicine talents.

2.2 The industry is developing rapidly

The scale of the Chinese traditional medicine manufacturing industry is gradually expanding. Overall, this indicates that the
traditional medicine sector is in a growing upward trend. With the rapid development of the Internet and big data, “Internet +”
healthcare has provided a broad development prospect for the optimization of traditional Chinese medicine health services.
The continuous improvement of artificial intelligence has also enabled the traditional Chinese medicine industry to develop
in a more diverse manner. The traditional Chinese medicine industry gathers numerous market development forces and has
a promising future. The market value and development potential of the traditional Chinese medicine industry have enabled
patients to have greater confidence in choosing traditional Chinese medicine medical services, and have also given traditional
Chinese medicine professionals the confidence to stay in the industry and realize their own value.

2.3 The aging of the population is intensifying

“Having a reliable support system in old age” and “Having access to medical treatment for illness” are the expectations of
most people in our country. As the process of aging in our country continues to advance, we are gradually entering an ultra-
aged society. As the elderly population constitutes a special group, they have a relatively high incidence of chronic diseases
and comorbidities. Traditional Chinese medicine, with its characteristic of syndrome differentiation and treatment, can
play a unique role in preventing chronic diseases and improving the physical condition of the elderly”.”Medical-nursing
integration” refers to a new model that combines professional traditional Chinese medicine medical services with elderly
care services. “Traditional Chinese medicine health preservation” involves applying traditional Chinese medicine theories
and methods to the field of health preservation and care. Both can provide more comprehensive and high-quality health
preservation and care services for the elderly, thereby improving the overall level of medical and elderly care in society.
Under this model, it is necessary to attract more high-quality, high-standard and high-quality young talents to join the cause
of developing the unique medical-nursing integration in traditional Chinese medicine.

2.4 Subjective reasons
In terms of traditional Chinese medicine treatment methods, the elderly have a high level of acceptance for drug treatments
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such as Chinese patent medicines and Chinese herbal decoctions, as well as rehabilitation treatments like moxibustion,
cupping, gua sha, and massage. They also believe that traditional Chinese medicine is relatively inexpensive, has fewer side
effects, and has advantages in the treatment of chronic diseases and difficult conditions. Most elderly people have received
traditional Chinese medicine treatment. Therefore, among the elderly population, without any external objective reasons, they
have a high level of confidence and strong preference for traditional Chinese medicine treatment services, and have a high

degree of recognition of traditional Chinese medicine health services.

3.Analysis of Talent Supply

3.1 Analysis of Talent Supply and Training Model

At present, most traditional Chinese medicine colleges and universities have offered courses such as Traditional Chinese
Medicine Prevention, Traditional Chinese Diagnosis, Chinese Pharmacology, Acupuncture and Massage, Basic Clinical
Knowledge of Traditional Chinese Medicine, Treatise on Febrile Diseases, Inner Canon, and Warm Disease Theory, which
cover the entire life cycle of prevention, diagnosis, treatment, and rehabilitation. The study of ancient classics such as
“Shanghan Lun” mostly adopts theoretical teaching methods. Through multimedia and other auxiliary tools, it enhances
students’ understanding and comprehension of traditional Chinese medicine culture. The diagnostic-related courses mainly
adopt case-based teaching. Based on guiding students to systematically study professional theories, they conduct exercises
in basic traditional Chinese medicine diagnostic skills such as observing, listening, questioning and palpation through cases.
The relatively systematic training methods nowadays include institutional education and apprenticeship training. During
the period of higher education, a large number of students majoring in traditional Chinese medicine can be cultivated in a
relatively short time through learning. The apprenticeship model involves one teacher teaching one or several students over a
considerable period. The learning duration is long, and it is achieved through teaching by example, oral instruction, and heart-
to-heart guidance. Students learn while practicing traditional Chinese medicine, thus having a profound foundation in basic
TCM theories and high learning efficiency, making it easier to cultivate outstanding talents"’.

3.2 Analysis of the Development History of the Traditional Chinese Medicine Industry

Since the founding of the People’s Republic of China, traditional Chinese medicine has embarked on the process of
modernization. The cultivation and breeding of medicinal herbs have evolved from scattered planting to intensive production,
and from traditional herbal shops to standardized Chinese patent medicine factories. A preliminary framework for China’s
traditional medicine industry system has thus been established. In the late 20th century, the management system of traditional
Chinese medicine gradually took shape, and corresponding management institutions for traditional Chinese medicine
emerged. Although the legal regulations and management institutions for traditional Chinese medicine have gradually
improved, the modernization of traditional Chinese medicine is still in its infancy. Under the circumstances of the pandemic,
people’s awareness and attention to the traditional Chinese medicine industry have reached a new high in history. Successive
governments have issued documents to promote the inheritance, innovation and development of traditional Chinese medicine.
The traditional Chinese medicine industry is continuously expanding in its development fields.

The supply-demand relationship of human resources in traditional Chinese medicine in our country exists in two states:
“insufficient supply” and “excessive supply”. Both of these states will hinder the coordinated development of the supply and

demand of human resources in traditional Chinese medicine.

4.Discussion

4.1 The issue of the total quantity and structure of the talent pool

From a total perspective, on one hand, with the country’s high-level attention to the traditional Chinese medicine industry and
the continuous increase in the social demand for traditional Chinese medicine health services, the number of professionals in
the traditional Chinese medicine field across the country has grown rapidly. On the other hand, it should also be noted that
the number of the traditional Chinese medicine talent pool is increasing, and the amount of medical resources is relatively
sufficient. However, there are still some problems in terms of the overall quantity of traditional Chinese medicine talents.

From the perspective of regional distribution, among all the provinces in China, the number of licensed (assistant) physicians
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specializing in traditional Chinese medicine is the highest in Guangdong, while it is the lowest in Xizang; the number
of trainee traditional Chinese medicine practitioners is the largest in Guizhou, and the least in Shanghai; the number of
pharmacists (technicians) is the highest in Shandong, and the least in Xizang. From this, it can be seen that the supply level
of traditional Chinese medicine human resources in the eastern region of our country is the highest, followed by the western
region. The supply level in the central region is the lowest, and there are also significant differences in supply among the
provinces within the region, with an uneven distribution across different regions',

From the perspective of gender structure, there is little difference in the gender ratio among practicing (assistant) physicians.
The proportion of females among pharmacists (technicians) and technicians is slightly higher than that of males. However,
in registered nurses, the gender imbalance is more severe. From the perspective of age structure, practicing (assistant)
physicians, pharmacists (technicians), and technicians are mainly concentrated in the age range of 25-44. From the
perspective of educational background, they are mainly at the university undergraduate level. That is to say, the contradiction
in the structure of traditional Chinese medicine talents is prominent, and the development of talents is insufficient and the
distribution is unbalanced.

4.2 The problems existing in the construction of the talent team in universities

4.2.1 The mechanism for talent cultivation is not well-established

At present, all levels of traditional Chinese medicine colleges and universities in our country have basically established a
training curriculum mechanism centered on diagnosis and treatment. The training of traditional Chinese medicine talents in
higher education institutions is also mainly based on comprehensive teaching. In higher-level traditional Chinese medicine
universities, the majority are of the university type; while institutions such as colleges, independent colleges, junior colleges
and traditional Chinese medicine vocational schools account for only a small proportion. This indicates that there is a
significant difference in the level of traditional Chinese medicine education among these institutions. Apart from the high-
level undergraduate universities, there are few specialized colleges that conduct subject-based teaching for talent cultivation.
4.2.2 The educational and teaching model is not well-developed

First, there is a shortage of preventive medicine professionals. During the COVID-19 pandemic from 2019 to 2022, traditional
Chinese medicine health resources played a unique role, and the general public thus regained confidence in it; however, at the
same time, it also exposed problems such as the lack of specialized preventive medical talents in traditional Chinese medicine
in our country. According to incomplete statistics, currently in China, there are relatively few universities that offer programs
in public health and preventive medicine, and their proportion is quite low. For traditional Chinese medicine universities,
the development of preventive medicine disciplines is not satisfactory. Many traditional Chinese medicine universities lack
specialized preventive medicine programs. From this, it can be seen that prevention, as the leading link in the cultivation of
traditional Chinese medicine talents throughout the entire life cycle, has not been effectively developed. Currently, there is
a shortage of professionals in traditional Chinese medicine prevention, and the number of students trained by universities is
limited and of low quality, which poses certain challenges in responding to sudden public health incidents.

Secondly, the emphasis on diagnostic training is insufficient. Currently, the educational approach in colleges generally follows
the model of Western medical education, which is not conducive to the organic combination of educational content and
form in traditional Chinese medicine education. As a result, the separation between theoretical learning and clinical practice
is quite severe. In traditional Chinese medicine, diagnosis is mainly based on the four diagnostic methods: observation,
auscultation/olfaction, inquiry, and palpation. Diagnosis is also the leading step in treatment. At present, traditional Chinese
medicine colleges mainly rely on courses such as “Fundamentals of Traditional Chinese Medicine Theory” and “Traditional
Chinese Medicine Diagnosis” to cultivate students majoring in traditional Chinese medicine, enabling them to acquire basic
diagnostic knowledge and practical skills during their university years. From the practical teaching courses offered by various
universities, it can be seen that there is a lack of emphasis on practical training courses. Firstly, the practical courses are
merely supplementary to the theoretical courses. Many classroom knowledge cannot be quickly transformed into practical
operational skills. Secondly, the teaching mode is not scientific. In the practical training courses, students mainly learn

through observing the teachers or the operation methods provided in the videos. During the student practice sessions, the
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teachers cannot promptly understand the practical situations of each student, and students are prone to develop bad diagnostic
habits. Finally, the simulation environment is not good. There are no real patients for students to experience, and thus students
do not pay enough attention to this aspect during the diagnosis process. Compared with the prevention methods of traditional
Chinese medicine, the development of traditional Chinese medicine’s diagnostic methods has a longer history and a more
complete system. However, the existing problems still lead to low quality and insufficient levels of traditional Chinese
medicine talent training throughout the entire life cycle.

Without long-term practice and training in clinical operations, the effectiveness of learning traditional Chinese medicine
theory can only be evaluated through test scores, which is not conducive to enhancing students’ practical application of
traditional Chinese medicine theoretical knowledge. This is also reflected in the mismatch between the number of graduates
from traditional Chinese medicine colleges and the number of inheritors of renowned masters. Although there are many
graduates, there are not enough high-level talents who can independently apply traditional Chinese medicine theories for
clinical diagnosis and treatment.

Thirdly, the application of technology is insufficient. Whether it is through academic education or apprenticeship training,
there are still some outdated and rigid phenomena in the cultivation of high-level traditional Chinese medicine professionals.
With the rapid development of big data, the Internet, etc., if universities fail to attach sufficient importance to the combination
of traditional Chinese medicine theoretical phenomena and modern scientific theoretical methods, it will directly affect the
effectiveness of cultivating high-level talents in traditional Chinese medicine™. In the process of studying at the institution
and receiving apprenticeship education, most students mainly adopt imitative operations, presenting a simplistic and
mechanical form of learning. They do not fully exert their subjective initiative, creativity and innovation in experimental
operations, thesis content, and practical internships.

4.3 The problems existing in the construction of the talent team within the industry

4.3.1 Having a single personnel management system

The employers in the Chinese traditional medicine industry are mainly traditional Chinese medicine hospitals and traditional
Chinese medicine enterprises. To become a traditional Chinese medicine practitioner or a traditional Chinese medicine
pharmacist, one must pass the national unified college entrance examination and choose a relevant major that allows them to
take the national professional qualification examination for traditional Chinese medicine practitioners and traditional Chinese
medicine pharmacists and be admitted by a higher education institution. This series of complex and rigorous procedures
actually pose obstacles for a large number of enthusiasts of traditional Chinese medicine, especially those who have already
taken the college entrance examination and chosen other majors, but who still wish to make a second attempt to enter the
field of traditional Chinese medicine!. Some students, in addition to choosing public traditional Chinese medicine medical
institutions, also choose employers from private institutions. Generally speaking, these private institutions do not have very
high requirements for the educational background of job seekers, but often have specific requirements for work experience.
College graduates, after completing their studies, lack work experience, which means that many people with solid knowledge
and skills in traditional Chinese medicine have not been able to fully utilize their talents, resulting in a waste of resources.
4.3.2 The talent evaluation mechanism is lagging behind

The talent evaluation mechanism is an important component of the talent development system and serves as the foundation
for the effective development, management and utilization of human resources. The evaluation of the therapeutic effect of
traditional Chinese medicine is the final stage of the treatment process and is also one of the assessment items for employers
when evaluating traditional Chinese medicine professionals. One of the reasons why medicine has not been widely adopted
globally is that the clinical effectiveness of traditional Chinese medicine has not been widely recognized. Currently, in
the process of evaluating the clinical effects of traditional Chinese medicine, there is a phenomenon of using the Western
biomedical model for evaluation, whether consciously or unconsciously. This model focuses on the evaluation of a single
biological factor, neglecting the comprehensive analysis of multiple factors, resulting in limitations in the evaluation of the
efficacy of traditional Chinese medicine'”.

Furthermore, there are deficiencies in the talent evaluation mechanism in the traditional Chinese medicine industry. For
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instance, the evaluation indicators for talents are overly simplistic. Many traditional Chinese medicine medical institutions
rely solely on papers and projects as evaluation criteria. The evaluation standards are overly rigid and lack corresponding
evaluation systems tailored for individuals with different educational backgrounds, different specialties, and different
positions. The evaluation methods are outdated, and the evaluation approach dominated by administrative power may lead to
unfairness. The aforementioned problems existing in the evaluation mechanism for traditional Chinese medicine professionals
have, to a certain extent, made those who wish to enter this field feel intimidated, worrying about not being able to achieve
the expected personal career development; on the other hand, it has also caused traditional Chinese medicine professionals

within the industry to lose confidence and shift their focus to other industries.

5.Suggestions

5.1 Reform the educational model and cultivate high-quality traditional Chinese medicine professionals
5.1.1 Establish a complete teaching system

First of all, the cultivation of traditional Chinese medicine talents in regular universities, vocational universities and
continuing education institutions should be integrated. Compared with a few developed countries, our vocational education
system still needs to be upgraded, and the continuing education programs for traditional Chinese medicine also need to be
improved. The educational system issues should be addressed by adjusting the curriculum design of the subjects, arranging
the teaching of theory and practice, and changing the concepts of teachers and parents. This will fundamentally improve
the quality of education and reasonably increase the enrollment scale of vocational education institutions'. The continuing
education of traditional Chinese medicine should also be targeted. It should be tailored to the actual needs of hospitals and
the public, ensuring the high-quality development of continuing medical education. Secondly, it is necessary to improve
the entire life-cycle course teaching system. Increase the proportion of higher education institutions offering preventive
medicine programs and public health colleges, integrating traditional Chinese medicine knowledge with preventive medicine;
Place practical training courses in the right position, not simply as supplements to theoretical courses, and set strict training
operation procedures and standards to guide students to lay a solid foundation in traditional Chinese diagnostic methods and
traditional Chinese treatment; At the same time, due to the aging population, the sharp increase in the prevalence of chronic
diseases, and the growing health demands of people, it is necessary to fully utilize the efficacy of “preventing disease before
it occurs” of traditional Chinese medicine in accordance with the requirements of the times. Add courses such as traditional
Chinese health preservation and elderly care in the main courses to create a new type of medical and elderly care healthcare
system that integrates medical care and elderly care".

5.1.2 Develop diversified talent cultivation models

Firstly, we should seek a training model that suits the development laws of talents in traditional Chinese medicine, which
includes both academic education in institutions and apprenticeship education. Combine the apprenticeship education with
the college education, leverage strengths and avoid weaknesses, complement each other’s advantages, and give full play to
the advantages of the college education in terms of large-scale student enrollment and the high quality of the apprenticeship
education. On the basis of establishing a foundation based on traditional Chinese medicine, implement the teaching model of
early internship, early on-site practice, and repeated practice. Secondly, we should change the traditional mode of in-school
teaching and deepen the cooperation between schools and enterprises. Build an activity platform in the school-enterprise
cooperation, cultivate practical application-oriented talents, and lay a foundation for the employment of professionals in the
traditional Chinese medicine field. Finally, by introducing modern scientific technologies, we will promote the “Internet +”
model of traditional Chinese medicine. We will utilize technological means to conduct teaching activities, and adopt a model

that combines online platform teaching with offline classroom teaching to cultivate students.

5.2 Improve the talent evaluation mechanism and reduce the rate of loss of traditional Chinese

medicine talents
The evaluation standards for talents in the field of traditional Chinese medicine cannot simply be applied based on the

indicators of modern medicine. At present, what needs to be strengthened the most is the assessment of the thinking abilities
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of traditional Chinese medicine professionals. For students majoring in traditional Chinese medicine who have just started
their careers, an overall evaluative thinking assessment can be used to determine whether they possess the corresponding
abilities. Some simple and basic diagnostic and treatment tasks can be assigned to them to enhance their operational
proficiency. This can to some extent reduce the difficulty for traditional Chinese medicine students to become qualified
professionals and increase the trust between doctors and patients. Meanwhile, relevant employers can set different entry
requirements for different positions. They do not solely rely on academic qualifications as the entry point. On the basis of
ensuring medical safety, they will employ talents in a flexible and diverse manner. Finally, establishing an efficacy evaluation
system with characteristics of traditional Chinese medicine, not simply relying on Western medicine as a reference, can
enhance the sense of belonging of professionals in the industry; at the same time, appropriately introducing a third-party
evaluation mechanism, separating the main body responsible for evaluating traditional Chinese medicine talents from
administrative functions, providing appropriate promotion mechanisms for traditional Chinese medicine talents within the
industry, improving employment satisfaction, and ensuring that traditional Chinese medicine talents do not leave the industry.
5.3 Cultivate correct employment concepts and guide students to make reasonable career choices

Students of traditional Chinese medicine professional colleges must undergo necessary vocational preparatory education.
To meet the increasing demand for traditional Chinese medicine medical services, a long-term development perspective
is required. The education should enable students to identify their own career development direction based on a thorough
understanding of the industry prospects, enhance their professional qualities and capabilities, and become successors and a
strong reserve force for the development of the traditional Chinese medicine cause!'”. At the same time, we should also guide
students to abandon excessive notions of money and hedonism. During their university years, we should organize a variety
of career planning activities, such as career planning courses and employment guidance lectures, to dispel students’ doubts
and worries about the lower salary levels in the traditional Chinese medicine industry compared to other industries after

employment, and guide students to set lofty career ideals, so as to safeguard people’s health.

Funding
No

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1] Zuoqi, D., Liu, Y., & Sun, J. (2025). Research on the classification and evaluation system for scientific and technological
talents in the field of traditional Chinese medicine. Pharmaceutical Education, 41(2), 1-8.

[2] Zhou, S. (2025). Research on the role of traditional Chinese medicine in the elderly care industry. Financial Economics
Research, 2(2), 1-6.

[3] Zhou, X., Yang, Q., Bi, L., et al. (2024). Integrating traditional apprenticeship and modern educational approaches in
traditional Chinese medicine education. Medical Teacher, 46(6), 792-807.

[4] Xu, S., & Yu, B. (2025). Research on the path and strategy of traditional Chinese medicine talent cultivation based on
demand orientation. Indian Journal of Pharmaceutical Education & Research, 59(2).

[5] Yi, G., Nie, H., Dong, C., et al. (2021). Big data and data science education in traditional Chinese medicine informatics:
Challenges and opportunities. American Journal of Information Science and Technology, 5(4), 109-113.

[6] Cheng, Y. (2025). The dilemmas and breakthroughs in cultivating international communication talents for traditional
Chinese medicine in the digital era. The Educational Review, USA, 9(4).

[7] Yang, T., Wang, N., Zhang, S., et al. (2023). Research on the influencing factors and cultivation strategies of traditional
Chinese medicine talents. In 2023 IEEE International Conference on Bioinformatics and Biomedicine (BIBM) (pp. 4681-
4688). IEEE.

[8] Zheng, J., Zhao, S., Lu, Y., et al. (2024). Exploration and practice of whole process talent cultivation in traditional

Chinese medicine based on innovation and entrepreneurship education. Researches in Higher Education of Pharmacy,

206



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

42(1), 21.

[9] Zhang, X., Wei, J., Liang, Y., et al. (2024). Smart traditional Chinese medicine empowers the whole chain of "pre-
vention—screening—diagnosis—treatment—management" for major chronic diseases in primary healthcare: Research on
cardiovascular—cerebrovascular diseases and tumors. Science of Traditional Chinese Medicine, 10.1097.

[10] Wang, X., & Ma, M. (2025). Exploration of employment and education strategies for traditional Chinese medicine

colleges from the perspective of Zhongjing culture. International Journal of New Developments in Education, 7(7).

207



Asia Pacific Ec ic and Manag t Review

Asia Pacific Science Press A
APSP Vol. 3 No.1 (2026)

Research on the Concept and Ownership Issues of Data
Assets

Yuhan Zhang*

School of Management, Xi’an Polytechnic University, Virginia, 710600, China

*Corresponding author: Yuhan Zhang, 2298245530@qq.com

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstract: The digital economy’s rapid growth has made data a key driver of economic and social development. However,
the replicable and shareable nature of data assets complicates the clear definition of ownership, hindering efficient circulation,
market allocation, and technological innovation. Defining data ownership involves balancing the interests of multiple
stakeholders—individuals, businesses, and governments—amid challenges such as non-exclusivity and replication. Current
legal frameworks, including China’s Data Security Law and Personal Information Protection Law, remain inadequate in
addressing these issues systematically, while international disagreements over data sovereignty add further complexity. This
study examines theoretical and practical challenges related to data asset ownership and proposes an ownership framework
aimed at balancing efficiency and fairness. Theoretically, it explores innovations in data property rights and accounting
standards. Practically, it analyzes ownership disputes between individuals and enterprises, offering insights for improving
data infrastructure, facilitating data circulation, and reconciling individual rights with public interests.
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1.Introduction

Globally, the development of data assets is accelerating, with their economic and social benefits becoming increasingly
prominent. However, due to characteristics such as replicability and ease of sharing, data faces numerous practical challenges
in defining property rights, which serve as a major bottleneck restricting the market-oriented allocation, orderly circulation,
and efficient utilization of data factors. Currently, how to scientifically clarify the ownership relationships of data assets,
reasonably balance the rights and interests of multiple stakeholders, and establish a property rights rule system aligned
with the digital era has become a cutting-edge issue at the intersection of law, economics, and information science. It
also represents a pressing practical challenge for China to deepen the market-oriented reform of data factors and actively
participate in global digital governance. The issue of data ownership is highly complex, stemming not only from the non-
exclusivity and fluidity of data itself but also from the involvement of multiple stakeholders in its generation, processing, and
circulation, making it difficult to clearly delineate the boundaries of ownership, usage rights, and profit rights. Meanwhile,
existing legal frameworks still lag behind in addressing data ownership issues. Although laws such as the *Data Security
Law* and the *Personal Information Protection Law* have laid the groundwork for governance, systemic arrangements for

ownership remain insufficient. In light of this, this study aims to systematically analyze the theoretical disputes and practical
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challenges surrounding data asset ownership, explore the construction of a property rights definition framework that balances
efficiency and fairness, and provide theoretical references and practical guidance for improving China’s data foundation

system, promoting the orderly circulation of data factors, and balancing individual rights with public interests.

2.Conceptual (Sorting out) of Data Assets

Studying data asset ownership first requires clarifying what constitutes a data asset. This section (sorts out) the concept of
data assets based on definitions provided by domestic and international scholars, clarifies which assets are data assets, and
uses this as a foundation for researching data asset ownership.

2.1 Domestic and International Definitions of Data Assets

International scholars’ research on defining the concept of data assets currently focuses primarily on the core question of
“whether data constitutes an asset.” The concept of data assets originates from information assets, which themselves are an
extension of the Big Data concept. The term “Big Data” was first proposed by American scholar Toffler in 1980 and gradually
evolved into a consensus definition based on characteristics such as volume, velocity, and value through deepening research !,
With technological advancements and hardware iterations, data volume has grown exponentially, and the connotation and
extension of information assets have gradually gained attention. Meyer first explicitly proposed the concept of “digital assets”
in his article “A Methodology for Protecting Data Assets” . This concept sparked ongoing discussions among subsequent
scholars. Gregory & Hunter’s research on companies benefiting from information technology showed that data reliability is
a key factor in whether data can become an asset driving enterprise development; incorrect data is not an asset and may even
lead to decision-making errors . While data volume continued to surge, the research focus shifted to “how data becomes an
asset.” Building on data reliability, Viktor summarized four characteristics of data and pointed out that data will inevitably
become a component of the balance sheet; however, although the accounting industry has focused on data protection and
reliability, organizational levels still face challenges in data evaluation and management . Based on the need for data asset
rights confirmation, research has also reversely deduced the definition of data assets, increasingly from a human perspective.
For example, Havur G, Steyskal S used the ODRL policy expression language to build a data license clearing center, allowing
users to write arbitrary licenses for the legal and secure reuse of third-party data assets and supporting rights attribution issues
by providing relevant data information . Sabina Leonelli emphasized that data is the cornerstone of science, and science is
the foundation for understanding the world. She argued that when data is regarded as a stable object, its scientific significance
is determined by a few professionals, and illustrated through examples that data is an important asset. Leonelli reviewed
how research data was reconfigured as a political-economic asset in the 20th century, pointed out the trend of rising status
for data curators, and criticized certain foreign social media companies for abusing customer privacy data to manipulate
markets. She finally clarified that data has value at the time of generation, but its importance depends on its source and
subsequent processing . Hannila, while studying data assets and data-driven PPM (Project Portfolio Management), pointed
out that although much data currently has low utilization rates, it should still be treated like other assets because data assets
themselves are a strategic resource . Changyu Hu studied the role of data assets in enterprise operations, showing that they
positively enhance company efficiency, but the degree of effect is influenced by the company’s nature "',

Despite numerous related studies, the concept and definition of data assets have only become clearer in recent years. Yuan
Zhang proposed a relatively clear definition, stating that data assets are collections of data actively or passively collected by
enterprises that can generate profit after processing . International scholars’ research on defining the concept of data assets
has evolved from discussing whether data constitutes an asset (originating from the evolution of information assets and
big data, initially laid by Toffler, Glazer, Meyer, etc.), to focusing on how data becomes an asset (emphasizing reliability,
characteristics as described by Viktor, and recognizing challenges in accounting and management), and then to (focusing
on) the confirmation of rights, value sources, and applications of data assets (e.g., Havur et al. addressing rights attribution,
Leonelli emphasizing scientific and political-economic value and source/processing dependency, Hannila viewing it as
a strategic resource, Changyu Hu empirically proving its role in enhancing operational efficiency). Although research is
abundant, its conceptual definition has only recently become clearer, with current consensus tending to view it as datasets

owned by enterprises that can generate profit after processing.
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Chinese scholars’ research on defining the concept of data assets mainly focuses on “what a data asset is,” primarily through
comparing with intangible assets to(summarize/induce) characteristics, and mostly from an enterprise perspective. Lv Yuqin
defined it as a resource realized through electronic form, without physical form, (believing) it widely exists in enterprises
and the Internet, can bring economic benefits to enterprises, and its proportion will continue to rise '”. Liu Yu emphasized
the difference in sources of data assets, pointing out that they include data actively collected by the holder (with defined
purpose) and passively acquired (not fully mined) data """, Zou Zhaoju proposed that data assets originate from daily business
operations and must meet three conditions: enterprise ownership/control, existence in physical or electronic form, and
ability to generate expected future (benefits/returns) '*.Li Zehong, based on the intangible asset framework, advocated for
incorporating data assets into the accounting scope of intangible assets and systematically studied their initial measurement,
subsequent measurement, disposal, and information disclosure !'*. Li Maohao, when using real options models for
evaluation, defined them as quantifiable data resources generated by historical activities of an enterprise and controlled by the
enterprise Y. Ma Dan, Yu Xi, by migrating OECD rules through the DIKW model, clarified that the statistical boundary of

% In discussing

data assets requires a usage period exceeding one year, specific quality, profitability, and market tradability
characteristics, Li Yuan believed that data is generated from human activities, stored in generalized databases or physical
forms, and belongs to tangible fixed assets that require continuous maintenance, lack stable physical units, are reusable,

' Hu Yaru, (combining) national economic accounting standards, excluded non-digital data

and do not require revaluation
(e.g., paper archives) and digital content products (e.g., online music), emphasizing that enterprises need to obtain benefits
through holding/using data to possess its economic ownership !'”. Gao Hua, Jiang Chaofan integrated previous research
and achievements of CAICT (China Academy of Information and Communications Technology), defining data assets as:
information resources with clear ownership and value, measurable and readable, after processes of collection, mining,
cleaning, labeling, and analysis "*'.

Sun Yongyao, Yang Jiayu compared domestic and international accounting perspectives, pointing out that China adopts
a broader approach, considering data assets as intangible assets but with differing characteristics: their evaluation serves
production and operation needs (e.g., user positioning, risk control), possessing scenario specificity; while accounting
measurement needs to reflect universal fair value "'”. Wang Manlin classified data assets according to subordinate value and

designed accounting treatment methods for initial measurement and subsequent measurement respectively .

2.2 Shooting Accuracy

The user did not explicitly request a citation format, but in an academic context, sources must be cited. Decided to retain
scholar names and years in the distinction dimension table, saving space and facilitating user tracing. Finally, using Deng
Jiandi’s identification decision tree case is very appropriate—the five characteristics she proposed the conversion threshold
from resource to asset.

Table 1: Core Definition and Conversion Condition Diagram

Dimension Data Resource Data Asset
Essence Raw, unprocessed foundational data collection, | Data resources with confirmed ownership, processed, and pos-
ownership and economic value not yet clear. sessing quantifiable economic value.

Ownership | May be in a dispersed or unconfirmed state (e.g., | Owned or controlled by enterprises/institutions, clear ownership

& Control public data, user behavior data). (e.g., authorized, purchased, or self-produced).
. o lue transfi ti hi ; incl i ti
Value Potential value needs realization through devel- Value transformation ac 1eve.d,. can be included in accounting
. measurement or strategic decisions (e.g., customer profiles for
Attribute opment; cannot be

precision marketing).

Accounting | Usually not included in financial statements (costs | Can be included in the scope of intangible assets for initial mea-

Treatment difficult to aggregate, value not explicit). surement, amortization, or impairment.
Conversion Requires: 1 Processing (cleamng, labeling, etc.); Already possesses:
Conditions 2 Clear ownership; 1 Measurability;

3 Ability to generate (benefits/returns). 2 Tradability.
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3.Policies Related to Data Asset Ownership

“The Opinions of the Central Committee of the Communist Party of China and the State Council on Constructing Data Basic
Systems to Better Leverage the Role of Data Elements,” known as the “Data Twenty Articles,” was released on December 19,
2022. This opinion constructs the data basic system from aspects such as data property rights, circulation and trading, (benefit
distribution), and security governance, proposing 20 policy measures aimed at fully leveraging China’s advantages in massive
data scale and rich application scenarios to activate the potential of data elements.

3.1 Establishing a Data Property Rights System

Explore a structurally separated data property rights system, proposing a framework for the “separation of three rights”: data
resource (holding right), data (processing and usage right), and data (product operation right). This is a major innovation, as
the interests of relevant entities involved in data production, circulation, and usage are complex, making traditional property
rights systems difficult to apply. The “Data Twenty Articles” innovates the concept of data property rights, downplays
ownership, emphasizes usage rights, focuses on the circulation of data usage rights, and constructs a data property rights
system with Chinese characteristics.

Data circulation and trading are key to the transformation of data resources into data assets but face challenges such as
difficult rights confirmation and pricing. The “Data Twenty Articles” proposes strengthening top-level design from aspects
such as circulation rules, trading markets, and service ecosystems. Specifically, it includes establishing standard rules for
data circulation access, exploring the construction of a standardized system for data quality; coordinating and optimizing the
planning layout of national data trading venues, issuing management measures, and constructing a multi-level market trading
system; cultivating two types of entities: data brokers and third-party professional service agencies.

At the primary distribution stage, according to the principle of “whoever invests, contributes, benefits,” promote the rational
(tilting) of data element (benefits/returns) towards creators of data value and use value. At the secondary and tertiary
distribution stages, focus on public interests and relatively disadvantaged groups, preventing and legally regulating risks
such as market monopoly formed by (disorderly expansion) of capital in the data field. This helps improve the system where
production factors participate in distribution according to contribution, allowing all people to better share the fruits of digital
economic development and promoting common prosperity.

Construct a governance model involving multi-party collaboration between government, enterprises, and society, emphasizing
security, controllability, resilience, and inclusiveness. Data, as a new type of production factor, has characteristics such as
intangibility and non-consumption, can be replicated infinitely at (near-zero cost), and easily brings security risks. Through
multi-party collaborative governance, it can both ensure data security and create a favorable environment for the data
industry’s development, promoting compliant and efficient data circulation and use.

3.2 Analysis Related to the Separation of Three Rights

The data property rights “separation of three rights” proposed by the “Data Twenty Articles” refers to a property rights
operational mechanism separating the data resource (holding right), data (processing and usage right), and data (product
operation right). This is an innovative institutional framework that downplays ownership, emphasizes usage rights, and
focuses on the circulation of data usage rights. According to the data source and data generation characteristics, it respectively
defines the legal rights enjoyed by various participants in the process of data production, circulation, and use, establishing
a property rights operational mechanism that separates the data resource holding right, data processing and usage right, and
data product operation right. Based on the policy’s(proposition/advocacy) of the separation of three rights for data assets, we
derive the following correspondence (Table 2)

Table2: Entity Actions and Corresponding Rights

Entity Action Corresponding Right
Production (Holding Right)
Use (Processing and Usage Right)
Circulation (Operation Right)
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3.3 Hierarchical and Classified Management of Data Assets
As known from the second part of this paper, forming data assets from data resources requires multiple steps of processing,

the core of which is the hierarchical and classified management of data assets. This is also a strategic cornerstone for
enterprises to build core competitiveness in the digital era, driven by security and compliance. Increasingly strict domestic
and international laws and regulations (such as GDPR, Data Security Law) require the grading of data, especially personal
information and important data, and the application of corresponding protective measures. Lack of classification and grading
forces security policies to be “one-size-fits-all,” leading to resource misallocation; with scientific grading, enterprises
can achieve precise protection of core sensitive data, focus security investments on high-risk areas, clarify management
responsibilities, and avoid compliance risks and huge fines. It is a prerequisite for releasing data value and promoting efficient
utilization. Classification is like drawing a “map” for data, enabling business personnel to quickly discover, understand, and
trust the data they need, effectively breaking down data silos. Grading lays the foundation for the assetization operation and
valuation of core high-value data, empowering data-driven decision-making. It enables refined management of risk and cost.
By identifying high-risk data and focusing monitoring, it significantly reduces the risk of leakage and misuse, protecting
corporate reputation. Meanwhile, formulating different storage and computing strategies based on data levels can effectively
optimize IT costs and avoid resource waste. Classification and grading are key (leverage points/starting points) for ensuring
the effective implementation of the data governance system. They provide a clear basis for formulating all governance
strategies such as data quality, lifecycle management, and sharing processes, making the originally abstract data governance
executable, measurable, and auditable. In short, data classification and grading are the hub connecting strategy, security, and
value, an indispensable step in transforming data from disordered resources into controllable assets.

According to the definition in “GB/T 38667-2020 Information Technology - Big Data - Guidelines for Data Classification,”
data classification is the distinction and categorization of data based on its attributes or characteristics, according to certain
principles and methods, to better manage and use data. There is no unique way to classify data; various classification systems
can be formed based on enterprise management objectives, protection measures, classification dimensions, etc. Some
domestic institutions such as the People’s Bank of China (PBOC), China Securities Regulatory Commission (CSRC), and
Ministry of Industry and Information Technology (MIIT) have already issued standards related to data classification and
grading, which also provide references to a certain extent.

Table 3 Data Classification Standards Issued by Relevant Domestic Institutions

Standard/Guideline Name Issuing Institution Main Reference Content

Objectives, principles, and scope of financial data secu-

Guidelines for Financial Data Security People’s Bank of China sity eradine. as well as elements. rules. and process of
Grading (JR/T 0197-2020) (PBOC) ty grading, , » TUICS, and p
data security classification.
Technical Specification for Protection Mainly focuses on security protection in the collection,
of Personal Financial Information (JR/T PBOC storage, processing, and other links of personal financial
0171-2020) information.
Guidelines for Data Classification and Classifies data into different levels based on the impact

China Securities Regulatory

Grading in the Securities and Futures Commission (CSRC)

Industry (JR/T 0158-2018)

of data leakage or damage, providing a grading method
for data security in the securities and futures industry.

Data Classification and Grading Meth-
ods for Basic Telecom Enterprises (YD/
T 3813-2020)

Data classification and grading in the telecommunica-
tions industry involve communication security, user
privacy protection, etc.

Ministry of Industry and Infor-
mation Technology (MIIT)

Specifies security requirements for the collection, stor-
age, use, sharing, etc., of personal information to protect
it from illegal acquisition and use.

Personal Information Security Specifi- | Standardization Administra-
cation (GB/T 35273-2020) tion of China (SAC)
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In practical implementation, the path for data classification and grading is often summarized into five steps: Step 1,
Consultation, Investigation, and Analysis. Based on industry-related regulatory policies and standard specifications, conduct
a comprehensive investigation and analysis of business systems, current state of data assets, and data security status, to have
a “clear understanding” of the enterprise’s business, data, and security status. Step 2, Data Asset Inventory. Automatically
identify data assets, inventory and tag data assets, build a good data asset catalog and inventory, laying the foundation for
enterprise data classification and grading. Step 3, Data Classification Scheme. Design the data classification system based on
the data asset inventory, complete the implementation of data classification tagging. After tagging, optimize the classification
and grading rules to improve the proportion and accuracy of automated classification. Step 4, Data Grading Scheme.
First, design the data grading system, then optimize the data grading rules, strive to improve the coverage and accuracy of
automated grading, reduce labor costs, then establish data level change maintenance mechanisms and tool platform settings.
Step 5, Data Classification and Grading Panorama. Construct a data classification and grading inventory, achieve visualization
of data classification and grading. Simultaneously produce some data classification and grading operation mechanisms to lay
a good foundation and prepare for data security graded protection.

From the perspective of data classification, classification methods can be (summarized/grouped) into three basic types: linear
classification (method), facet classification (method), and hybrid classification (method).

Linear classification refers to dividing the classified object into multiple levels according to selected attributes or
characteristics, with each level further divided into several categories. Under the same branch, categories at the same level are
parallel, while categories at different levels constitute a subordinate relationship. All categories are mutually exclusive and
non-overlapping in the vertical hierarchy.

Facet classification divides the data object into several independent, non-subordinate “facets” based on its inherent attributes or
characteristics, with each facet containing a set of categories. Combining categories from different facets can form (compound
categories). This method is a parallel classification approach, supporting multiple classification dimensions at the same level.
Hybrid classification combines both linear and facet classification methods to overcome the limitations of a single method
and achieve more reasonable classification results. Its characteristic is using one method as the main approach and the other
as auxiliary, typically applicable to scenarios where broad categories are divided first according to one dimension and then
subdivided into smaller categories according to another dimension.

Data classification dimensions are diverse and can include aspects such as source, content, and purpose, often using a
combination of multiple dimensions. For example, from a personal information perspective, it can be divided into personal
information and non-personal information; from a business perspective, it can be divided into financial data, business data,

operational data, etc.

4.Protection of Data Asset Ownership Rights and Interests

The “Data Twenty Articles” does not (get entangled in) who owns the data, but innovatively proposes a “separation of three
rights” property rights system framework, separating the data resource holding right, data processing and usage right, and
data product operation right. This aims to solve the ownership confirmation challenges brought by the unique properties of
data elements (such as non-exclusivity, replicability). The fundamental purpose of this structurally separated property rights
operational mechanism is to clarify the rights, responsibilities, and benefits of various links and participants in data processing
and circulation, providing an institutional basis for the compliant and efficient circulation and use of data, thereby protecting
relevant rights and interests. This paper argues that the entities forming data assets are divided into two types: sources and
processors, and each should receive protection of their rights and interests.

Table 4: Data Asset Formation Methods and Ownership Protection

Entity Type | Actions Involved Protection Principle
Source Providing Data Fully protect the legitimate rights and interests of the data source provider.
Collection

Reasonably protect the control rights of data assets held legally and compliantly by data pro-
Cessors.

Processor

Storage
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5.Conclusion

Although domestic and international scholars have provided extensive elaboration and research on the definition of data
assets, due to the special nature of data, the current conceptual definition of data assets remains imperfect. Regarding the
ownership of data assets, there are currently no specific laws and regulations in China to standardize it. This paper analyzed
the definition of data assets and, based on policies already issued by the state, analyzed the ownership definition of data
assets, attempting to provide paths and methods for defining data asset ownership, to offer some help for the establishment
of data asset classification, grading management, and rights protection systems. Clearly defining the form and ownership of
data assets can standardize and advance the asset confirmation, compliance review, and registration work during their process
of being (brought onto the balance sheet), thereby effectively reducing legal risks while enhancing the stability of enterprise

operations
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1.Introduction

1.1 Research Background and Significance

In the digital economy era, technologies such as big data and artificial intelligence are profoundly reshaping corporate
operations. As a core function, the efficiency of financial management directly impacts business operations and development.
Traditional models, plagued by cumbersome processes, data silos, and delayed decision-making, struggle to meet evolving
demands. Therefore, examining the impact of digital transformation on financial management efficiency, identifying its
advantages and potential pitfalls, and proposing optimization strategies not only enriches theoretical research but also
provides practical guidance for enterprises seeking to enhance financial management, reduce costs, and optimize decision-
making through digitalization. This holds significant theoretical and practical significance.

1.2 Current State of Domestic and International Research

Overseas research on digital transformation and financial management began earlier, focusing on the application of digital
technologies in optimizing financial processes and risk management. Empirical analyses have confirmed that digital tools
can effectively streamline accounting processes, enhance data accuracy, and support enterprises in achieving refined financial
management. Domestic research has rapidly developed in recent years, with scholars exploring how digital transformation

reshapes financial management models and pathways to efficiency gains. Han Luyao et al. "' analyzed the specific impacts of

216



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

digital transformation on various aspects of corporate financial management using Huayun Company as a case study, finding
that digitalization significantly optimizes capital allocation efficiency. Chen Chen et al. ®focused on the transformation
direction of financial management enabled by new technologies, proposing that digital transformation must balance
technology application with talent development. However, existing research has limitations. Some studies lack concrete case
support and pay insufficient attention to the differentiated impacts on enterprises of varying scales during the transformation
process. This paper combines specific cases and data to further deepen the analysis of how digital transformation affects

financial management efficiency, thereby addressing gaps in existing research.

2.Definition of Related Concepts and Theoretical Foundation

2.1 Core Essence and Characteristics of Digital Transformation

Enterprise digital transformation refers to the comprehensive restructuring of internal business processes, management
models, and organizational structures through digital technologies such as big data, artificial intelligence, cloud computing,
and blockchain. This enables data-driven decision-making and efficient collaborative operations. Its core characteristics
manifest in three aspects: First, datafication—converting diverse operational information into analyzable, actionable data
resources to eliminate data silos. Second, intelligence—replacing manual labor with smart tools for repetitive, foundational
financial tasks to enhance efficiency and accuracy. Third, collaboration—enabling seamless integration between finance
departments and business units, supply chains, and other functions to shift financial management from “post-event
accounting” to “pre-event forecasting and in-process control.” Digital transformation is not merely a technical upgrade but
a fundamental shift in corporate financial management philosophy and models, serving as a core initiative for enterprises to
adapt to the digital economy era.

2.2 Definition and Evaluation Metrics of Corporate Financial Management Efficiency

Corporate financial management efficiency refers to the degree to which a company’s finance department achieves financial
management objectives with minimal investment of human, material, and financial resources while performing tasks such
as capital management, cost accounting, financial analysis, and risk control. Its core evaluation dimensions encompass
operational efficiency, decision-making efficiency, and risk control efficiency. To more clearly measure the impact of digital
transformation on financial management efficiency, this paper integrates existing research and corporate practices to construct
an evaluation indicator system for financial management efficiency, as detailed in Table 1:

Table 1: Evaluation Index System for Corporate Financial Management Efficiency

. . . . . I Direction of Digital
Evaluation Dimension Specific Indicators Measurement Criteria trech . 181
Transformation Impact
Financial Accounting . . . .
Cycle Monthly/Annual Financial Closing Timeline Reduced
Operational Efficiency
Labor Cost Ratio Ratio of Financial l?ersor?nel Compensation to Decreased
Total Financial Costs
Fi ial analysis re- . . . .
. . fnanciat anaiysis re Time required to complete a financial analysis Shortened
Decision-making effi- sponse time
ciency
Decision accuracy rate | Success rate of decisions based on financial data Improved
Risk management effi- Risk identification time Average time to detect financial risks Reduced
ciency Risk resolution costs Funding required for financial risk resolution Decrease

This indicator system covers the core aspects of financial management, enabling a comprehensive and objective assessment
of the impact of digital transformation on corporate financial management efficiency. It provides a foundation for subsequent

case analysis and conclusion summarization.

3.Mechanisms of Digital Transformation’s Impact on Corporate Financial Management
Efficiency
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3.1 Positive Impact Mechanism: Enhancing Efficiency and Optimizing Quality
Digital transformation enhances corporate financial management efficiency through technological empowerment across

multiple dimensions. Its core positive impact mechanism manifests in two primary aspects. Firstly, it optimizes financial
processes and reduces operational costs. In traditional financial management, tasks such as voucher entry, invoice verification,
and accounting processing require manual execution, resulting in low efficiency and susceptibility to human error. Following
digital transformation, tools like financial robots (RPA) and intelligent accounting systems automate these repetitive tasks.
Statistics indicate that digital tools can boost financial accounting efficiency by over 80% and shorten accounting cycles by
approximately 50% ', while simultaneously reducing labor input and lowering financial personnel costs. On the other hand,
it breaks down data silos and enhances decision-making efficiency. Digital transformation integrates corporate financial,
operational, and supply chain data. Through big data analytics tools, it mines and analyzes this data to rapidly generate
financial reports, providing management with precise, timely data support. This drives a shift from “experience-driven” to
“data-driven” decision-making, enhancing accuracy and timeliness. Zhang Yu’s research “'confirms that digital transformation
effectively breaks down interdepartmental data barriers, boosting financial decision efficiency. Furthermore, digital tools
enable real-time monitoring and early warning of financial risks, enhancing risk management efficiency and reducing
corporate financial exposure.

3.2 Negative Impacts and Potential Risks: Factors Limiting Efficiency Gains

Although digital transformation can significantly enhance corporate financial management efficiency, some enterprises
encounter challenges during the transition that negatively impact financial management efficiency. First, insufficient
technological investment and poor system compatibility: Due to limited funds, some SMEs underinvest in digital
technologies, resulting in incomplete financial system functionalities that fail to achieve seamless integration with business
systems. This leads to inefficient data transmission, increasing the workload of financial personnel and reducing financial
management efficiency. Second, inadequate digital literacy among financial personnel. Post-digital transformation, finance
staff must not only master traditional financial expertise but also possess skills in operating digital tools and data analysis.
Currently, the digital literacy of some finance personnel fails to meet transformation demands, resulting in a situation
where they “understand finance but cannot operate the tools,” thereby limiting the effective application of digital solutions.
Third, data security risks arise. Following digital transformation, all corporate financial data resides in networked systems.
Inadequate cybersecurity protections can lead to data breaches or tampering, disrupting financial operations and potentially

causing financial losses. Tong Baoli’s "

research indicates that insufficient digital capabilities among finance personnel and
data security risks are the primary factors hindering the enhancement of financial management efficiency through digital

transformation.

4.Case Analysis of Financial Management Efficiency in Digital Transformation

4.1 Case Selection and Data Sources

To further validate the impact of digital transformation on corporate financial management efficiency, this paper selects
Haier Group as the case study subject. As a benchmark enterprise for digital transformation in China, Haier Group has
invested heavily since initiating its financial management digital transformation in 2018. It has built an intelligent financial
system, integrated financial and operational data, and implemented tools such as financial robots and big data analytics,
achieving remarkable transformation outcomes. The data in this paper primarily originates from Haier Group’s annual
reports, publicly disclosed information on its digital transformation, and industry research reports, ensuring data authenticity
and reliability. Concurrently, by applying the financial management efficiency evaluation framework established earlier,
this study compares Haier Group’s financial management efficiency before and after its digital transformation across three
dimensions—operational efficiency, decision-making efficiency, and risk control efficiency—to validate the impact of digital
transformation.

4.2 Case Analysis and Findings

Prior to digital transformation, Haier Group operated under a traditional financial management model, plagued by issues

such as lengthy financial accounting cycles, severe data silos, and inefficient decision-making. Following the launch of its
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digital transformation in 2018, the company established the “Intelligent Financial Cloud Platform,” achieving full-process
digitization across financial accounting, fund management, risk control, and financial analysis. In terms of operational
efficiency, Haier’s monthly financial accounting cycle before transformation lasted approximately 10 days, with labor costs
accounting for 60% of total financial expenses. Post-transformation, leveraging financial robots reduced the monthly cycle
to 4 days, while labor costs dropped to 35% of total expenses, significantly boosting operational efficiency. Regarding
decision-making efficiency, pre-transformation required about 7 days to complete a financial analysis report, with decisions
relying heavily on management experience. Post-transformation, big data analytics tools enable financial analysis within
2 days, providing management with precise data support and increasing decision accuracy by over 30%. Regarding risk
management efficiency, pre-transformation financial risk identification took an average of 5 days with high resolution costs.
Post-transformation, the intelligent financial system enables real-time financial data monitoring, reducing risk identification
time to within 1 day and lowering risk resolution costs by 40%. The case analysis demonstrates that digital transformation
effectively enhances operational efficiency, decision-making efficiency, and risk management efficiency in corporate financial
management. It serves as an effective pathway for optimizing financial management, consistent with the theoretical analysis

conclusions presented earlier.

Conclusion

Research indicates that digital transformation can significantly enhance corporate financial management efficiency by
optimizing financial processes, strengthening data collaboration, and leveraging intelligent analysis, thereby achieving cost
reduction, efficiency gains, and decision optimization. However, factors such as insufficient technological investment, lagging
digital literacy among financial personnel, and data security risks constrain transformation outcomes. Enterprises should
systematically plan transformation pathways, increase technological investment and talent development, and establish secure
and reliable data governance systems to achieve sustainable development in financial management digitization and efficiency

enhancement.
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Abstract: With the development of media and the economy, “idol chasing” has become a common social phenomenon. Dif-
ferent age groups, regions, and circles have their own ways of chasing idols. These ways range from real-time interactions on
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chasing has become an important carrier that penetrates the daily life of the public and is related to cultural communication
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in society, such as irrational support activities, public order chaos, and ticket scalping.
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1.The Positive Driving Role of Star-chasing Behavior on Social Development

1.1 The “Boom” of Concerts Drives Local GDP

In contemporary society, concerts and fan meetings, as indispensable components of idol-chasing culture, have effectively
driven economic growth across diverse industries and injected sustained vitality into the consumer market. “Traveling to a
city for a single performance” has become the norm for attending large-scale concerts today.

According to a report by the China Association of Performing Arts, the average inter-city attendance rate for large-scale
performances remained above 60% in 2024. The “Crowning Ceremony” concert of the Chinese idol group Times Youth
League - Shanghai stop of the “Champion” tour, which concluded on August 24, attracted nearly 300,000 attendees. The
Xujiahui business district adjacent to the concert stadium recorded a total foot traffic of nearly 2 million person-times
and a total revenue exceeding 145 million yuan. All hotels around the stadium were fully booked, with their total revenue
increasing by 75% month-on-month!"’.

Jay Chou’s Carnival Concert after the pandemic also made a significant contribution to China’s national GDP. Data from
the Hainan Provincial Information Office shows that Jay Chou’s Haikou concert in 2023 boosted Haikou’s economy by 976
million yuan in just 4 days, drawing 95,100 out-of-province tourists to Hainan.

After arriving in the host city, fans need to take subways, buses, taxis, or ride-hailing services to hotels, venues, and other

locations. Shared bikes around performance venues are in short supply before and after concerts, all of which have brought
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significant revenue growth to the transportation industry. Most fans also take the opportunity to travel in the host city while
attending the concert, which in turn drives substantial revenue increases in the catering, retail, and accommodation industries.
1.2 Brand Popularity and the Celebrity Effect

Many consumers develop interest in and pay attention to products because their favorite celebrities endorse them, and
eventually make purchases. Buying “celebrity same-style” products has also become a prevalent phenomenon in recent years.
Not long ago, Lisa, a member of the famous South Korean group BLACKPINK, posted an unboxing video on social
media and shared photos of herself with Labubu dolls. This move immediately attracted widespread public attention. Many
European and American celebrities also began to purchase Labubu products and carry Labubu pendants when going out. The
“celebrity effect” and the pursuit of “same-style items” have greatly stimulated the public’s curiosity and desire to pursue
trends, leading people to follow suit and make purchases'”.

Similarly, many customers are willing to pay for products endorsed by their favorite celebrities, such as clothing items or
cosmetics. It is evident that celebrities exert a significant influence on consumers during the marketing process, and also play
a crucial role for a brand.

1.3 Celebrities Promote Public Welfare

As a group with extensive social influence, celebrities can generate greater impact when they participate in public welfare
communication. Due to their high popularity and wide media exposure, when celebrities engage in public welfare projects,
the media will report on these related public welfare activities driven by the pursuit of attention to celebrities. They can
effectively promote the development of public welfare undertakings by attracting public attention, evoking emotional
resonance, and encouraging fan participation.

Jay Chou, a renowned Taiwanese singer, once participated in the “Fubon Charity Foundation” public welfare activity in
Taiwan. He hoped that this initiative would serve as a catalyst to call on more people to join the ranks of education sponsors,
enabling more disadvantaged students in remote rural areas to attend school with peace of mind.

The implementation of optimized strategies such as the accurate matching of celebrity images with public welfare projects
can better leverage celebrities’ influence, improve the quality and effectiveness of public welfare communication, and
promote public welfare undertakings to gain broader social support and participation. This contributes more to solving social

problems and advancing social progress.

2.Social Problems and Negative Impacts Caused by Idol-Chasing Behavior

2.1 Traffic Congestion Caused by Concerts

In the era of the vigorous development of the entertainment industry, concerts, as a popular form of cultural activity, attract
a large number of fans to attend. However, a series of social problems caused during the holding of concerts have gradually
become prominent, among which traffic congestion is particularly noticeable. It imposes enormous pressure on the urban
transportation system and exerts negative impacts on various aspects such as citizens’ lives and urban operation.

The TFBOYS concert in Xi’an in the summer of 2023 is a typical case. To show support for their idols, fans paraded with
large flags, which had a significant impact on traffic. Many car owners had to take detours, and even pedestrians were
affected. Some fans even went so far as to rush through security gates, demonstrating extremely bad behavior.

2.2 Ticket Scalping, Commodity Hoarding and Price Gouging by “Scalpers”

The sky-high price speculation by “scalpers” through technological monopoly and resource hoarding has become a prominent
problem disrupting market order.

In the ticketing sector, they use technological means such as web crawlers and ticket-snatching bots to purchase tickets in
bulk. After official channels are sold out, they resell the tickets at high prices, with markups ranging from several hundred
yuan to tens of thousands of yuan"'. For instance, for the final stop of Jay Chou’s Carnival Concert in Shanghai in 2025, the
grandstand tickets originally priced at 1,000 yuan were scalped to over 10,000 yuan, and the premium for some scarce tickets
even exceeded 10 times the original price.

Such chaos has also spread to the commodity field. “Scalpers” create local monopolies by buying out “limited-edition

commodities” and then resell them at several times the original price. Take the limited-edition Disney Halloween pendants as
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an example: the official price is around 200 yuan, but the resale price after speculation can reach more than 500 yuan.

This model of “technological snatching - hoarding - sky-high reselling” not only deprives ordinary consumers of the right to
fair access, but also gives rise to a gray industrial chain, exacerbating the imbalance between market supply and demand and
price distortion.

2.3 Celebrities’ Behaviors Influence Fans’ Values

Younger fans, in particular, tend to fall into “filtered cognition” in their idol-chasing behavior. They overlook the fact that
idols are ordinary people too and instead over-idealize them to a godlike extent.

For example, to defend their idols’ images, these fans turn a blind eye to their idols’ negative news—such as illegal and
unethical acts or academic fraud. Some even engage in “whitewashing” (covering up scandals) and “fan wars,” using
irrational remarks to attack critics. Gradually, they lose their ability to make objective judgments and their basic sense of right
and wrong.

Furthermore, the phenomenon of “competitive idol-chasing” emerges among some fan groups. For instance, they compete

over who buys more idol merchandise or who spends more on idol support activities. This practice distorts their own values.

3.Governance Paths and Countermeasures for Regulating Idol-Chasing Behavior

3.1 Strengthen the Social Responsibility of Celebrities and Talent Agencies, and Set a Benchmark for

Positive Guidance
Talent agencies should adopt more constructive and practical measures to dissuade fans from engaging in extreme idol-chas-

ing behaviors—such as those disrupting public order or traffic operations. Instead of relying solely on verbal warnings,
agencies need to take concrete actions. Verbal warnings without substantive penalties will likely be ignored by fans.

For example, entertainment companies can seek assistance from the police or use other incentives to discourage fans from
irrational and excessive behaviors. They may offer fans better idol-chasing benefits or fulfill reasonable fan requests in
exchange for fans canceling extreme activities.

Meanwhile, the government and the public need to strengthen supervision over concert organizers to prevent the proliferation
of “scalped tickets”. One effective measure to combat ticket scalping is the implementation of mandatory real-name ticketing.
Individuals found reselling tickets or using counterfeit tickets should be brought to the police station for disciplinary
education and review. Organizers must not prioritize profits by secretly supplying tickets to scalpers while publicly opposing
scalping.

3.2 Strengthen Platform Supervision and Industry Self-Discipline to Rectify Chaos in Fan Circles
The group of idol-chasers online is diverse, and for users who make extreme remarks, measures such as account suspension
or speech restriction should be imposed. If necessary, online administrators can carry out offline rectification based on
real-name ID card information.

Celebrities should take the lead in promoting “rational idol-chasing”. They need to persuade fans and inform them of the
consequences and penalties for making extreme remarks or participating in irrational activities—for example, the ID card
involved may be banned from purchasing tickets for any performances or offline events in the future.

In addition, given the current chaos in fan circles, major platforms can create a new job position: entertainment reviewer.
These reviewers will be responsible for examining reports on entertainment-related comments and videos, which can better

help maintain healthy norms in fan circles.

3.3 Emphasize Collaborative Education Among Families, Schools, and Society to Cultivate Rational

Idol-Chasing Awareness
Regarding the excessive behaviors of younger idol-chasers nowadays, parents should take control of their children’s pocket

money. They must ensure children do not overspend on idol-chasing and help them establish a correct consumption concept.
Meanwhile, parents can use idol-chasing as a “reward” or “goal”. For example, when a child completes a task excellently—
such as making progress in mid-term exams or reaching a mutually agreed target score—parents can reward the child with
purchasing an album of their favorite singer or endorsed merchandise.

At the school level, efforts should be made to help children build correct values from an early age. For instance, when
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students are in the third grade, schools can properly educate them on the hardships of earning money and the importance
of rational spending. This helps children develop a proper understanding of earning and spending, preventing them from

spending blindly on idol-chasing and support activities.

Conclusion

In contemporary society, although idol-chasing remains a controversial topic, it has undoubtedly become a common
phenomenon in our society. Celebrities exert considerable influence on the country’s economy, culture, and public welfare
undertakings.

Many people regard celebrities as their “role models” and strive to become better versions of themselves through idol-chas-
ing. However, some others abandon their aspirations and neglect their duties due to excessive idol-chasing.

In the process of idol-chasing, we must remain rational and avoid blind conformity. When engaging in offline idol-chasing
activities, we should act within our financial capacity, refrain from blind consumption, and ensure no disruption to social
order or public life. When pursuing idols online, we must always be mindful of our words and deeds, establish correct values,

and contribute to creating a positive and comfortable environment for idol-chasing.
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Abstract: Digital transformation serves as a key driver of better firm financial performance and a critical enabler of high-
quality economic and social development. Using a panel dataset of Chinese A-share listed manufacturing firms over the
2011-2022 period, this study empirically examines how digital transformation affects firm financial performance, along
with its transmission mechanisms and heterogeneous effects. We find that digital transformation significantly improves the
financial performance of manufacturing enterprises. Mechanism tests show that digital transformation enhances performance
by reducing transaction costs, while the mediating channel through production costs is not supported. Heterogeneity analysis
further indicates that the positive performance effect of digital transformation is more pronounced among state-owned
enterprises and mature firms. Our findings enrich the literature on digital transformation and firm performance, and provide
empirical implications for corporate digital practices and public policies aimed at high-quality development.
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Introduction

Amid mounting economic pressures and shifting market demands, digital transformation has emerged as a defining force
reshaping the global manufacturing landscape. By positioning data as a core factor of production, it reconfigures traditional
inputs of capital and labor and fundamentally redefines the logic of value creation'”. As a pillar of global economic growth,
the manufacturing sector stands at the forefront of this paradigm shift. Digital technologies are not only shifting operational
models from capital-driven to data-driven but are also enabling a deep integration of virtual and physical networks. This
integration breaks down the rigid structures of traditional industry, unlocking new efficiency gains™". Consequently, the
profound impact of digital transformation on manufacturing competitiveness and resource allocation efficiency has made it a
central focus for both practitioners and scholars"®,

At the heart of this transformation, however, lies a persistent debate: does digital transformation actually enhance the financial
performance of manufacturing firms? Consensus remains elusive, as theoretical and empirical perspectives remain sharply
divided. On one hand, digital transformation is often framed as a key driver of productivity growth—by reducing information
asymmetry, optimizing resource allocation, and fostering innovation and cost reduction, it promises to enhance total factor
productivity (TFP) and reshape profit mechanisms'™®. On the other hand, concerns over a “productivity paradox” endure.

Substantial adjustment costs—such as those related to workforce training, infrastructure investment, and organizational
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restructuring—along with potential mismatches between technology adoption and organizational capabilities, may delay or
even negate gains in performance™"”".

This unresolved debate highlights two critical questions that warrant further investigation. First, the theoretical underpinnings
of how digital transformation influences financial performance remain inadequately developed. Existing studies often focus
on estimating its net effect, yet they seldom disentangle the specific economic channels—such as improvements in resource
allocation efficiency, reduction in transaction costs, and mitigation of operational risks—that ultimately drive financial
outcomes (Chen et al., 2021)!"". Second, the impact of digital transformation likely varies significantly across firms with
different resource endowments and under different institutional conditions. Current research offers limited insight into which
firms stand to benefit most.

Addressing these questions is both an academic necessity and a practical imperative. As digital transformation becomes
widespread, manufacturing firms require empirically grounded strategies to maximize returns on their digital investments.
This study therefore seeks to answer: (1) Does digital transformation improve the financial performance of manufacturing
firms as theory suggests? (2) What are the key economic mechanisms through which this relationship operates? (3) How do
these effects vary across heterogeneous firms? By answering these questions, this research aims to enrich the literature on the

digital economy and offer actionable insights to help firms tailor their digital strategies based on their specific contexts.

1.Theoretical analysis and research hypothesis

1.1 The Effect of Digital Transformation on the Financial Performance of Manufacturing Firms

In the digital transformation of manufacturing, digital technologies reshape core components of a firm’s value chain, driving
gains in operational efficiency and transformative shifts in value creation models—thereby exerting a systemic influence on
corporate financial performance. Specifically, at the operational level, these technologies enable deep synergy and a closed
data loop across R&D, production, and sales functions. Technologies rooted in machine learning and predictive analytics
markedly optimize product portfolio decisions and R&D resource allocation, shortening innovation cycles and elevating

021 Meanwhile, the Internet of Things (IoT) and real-time data analytics support flexible, intelligent

innovative outpu'
scheduling of production processes, reducing manufacturing costs and boosting asset utilization'”). On the sales and
marketing front, leveraging big data on consumer behavior and intelligent algorithms, firms achieve precise demand insight,
personalized recommendations, and dynamic pricing, which in turn lift sales conversion rates and customer lifetime value'*.
Furthermore, digital transformation propels manufacturing firms to evolve toward platform-based, ecosystem-oriented
organizational forms, thereby reshaping their profit underpinnings. Digital platforms facilitate the integration of internal
and external innovation resources and foster open innovation, allowing firms to respond more agilely to market changes
and seize emerging value opportunities”. At the same time, the development of user-participatory value co-creation
systems—including demand co-creation, process visibility, and closed feedback loops—not only strengthens customer
stickiness but also enables continuous refinement of product and service portfolios. This unlocks new revenue streams and
builds sustainable competitive advantages for firms". This inward-outward digital restructuring collectively underpins
improvements in a firm’s profitability, operational efficiency, and market value. Accordingly, this paper formulates the
following hypothesis:

HI: Digital transformation in manufacturing has a positive facilitating effect on corporate financial performance.

1.2 Underlying Mechanisms Through Which Digital Transformation Affects the Financial Performance
of Manufacturing Firms

Digital technologies reshape information transmission and contractual enforcement, thereby systematically reducing
transaction costs for manufacturing firms. On the one hand, comprehensive real-time data aggregation and sharing break
down traditional information barriers between supply and demand: big data analytics allows firms to accurately capture
heterogeneous consumer demand and feed it back to production in real time, while digital platforms deliver transparent
information on supplier qualifications and product specifications, substantially lowering search costs and opportunistic risks
driven by information asymmetry (Williamson, 2020; Tang et al., 2022)""""). On the other hand, smart contracts and digital

governance redefine the contractual enforcement environment: automated performance terms cut manual monitoring costs,
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and cross-organizational digital trust networks reduce the marginal cost of enforcing contractual obligations (Wu et al., 2022;
Liu et al., 2024)!"1,

Digital transformation further curbs implicit transaction costs by strengthening internal and external coordination. Externally,
digital cross-organizational networks speed up supply-demand matching and reduce adaptive adjustment costs caused by

2071 Internally, Al-driven decision support systems integrate market, supply chain, and production

demand fluctuations)'
data, improving coordination across purchasing, sales, and production units and lowering information losses and bargaining
costs in internal governance (Brynjolfsson & Mitchell, 2021)**. Taken together, by alleviating information and contractual
frictions, digital transformation redefines the transaction efficiency frontier for manufacturing firms and provides a cost
foundation for stronger financial performance. We therefore propose the following hypothesis:

H2: Digital transformation significantly improves the financial performance of manufacturing firms by reducing transaction
costs.

Digital technologies enable a structural reduction in production costs for manufacturing firms by facilitating precise
supply-demand matching and optimizing the allocation of production factors. On the one hand, data-driven supply-demand
visibility removes spatial separation and information lags between production and consumption. Using [oT and big data
analytics, firms capture heterogeneous consumer demand in real time, and precision production cuts resource waste and

B2 On the other hand, digital technologies support

inventory holding costs associated with traditional mass production
the efficient reconfiguration of production factors. Specifically, industrial internet platforms enable dynamic cross-process
scheduling of equipment, labor, and other inputs, while Al algorithms refine production scheduling to raise the overall
utilization efficiency of production factors.

Digital transformation further unlocks cost-saving potential by reshaping production models. The modular production
paradigm enabled by digital technologies supports efficient R&D and manufacturing of diversified derivatives using
standardized components. This expands the boundaries of economies of scope and reduces both R&D and production costs
through component commonality “#**), Critically, the widespread adoption of flexible manufacturing systems allows seamless
switching between large-scale, low-variety production and small-batch, high-variety production, effectively alleviating
overcapacity or capacity shortages inherent in traditional manufacturing. This threefold improvement—precision production,
flexible capacity, and intelligent operations—systematically strengthens profitability by lowering unit marginal costs and
improving fixed cost allocation. We therefore propose the following hypothesis:

H3: Digital transformation significantly enhances the financial performance of manufacturing firms by reducing production

Costs.

2.Research design

2.1 Model design

2.1.1 baseline model

In order to test the impact of digital economy on financial performance in the manufacturing sector, this study constructs

baseline panel fixed-effect model as in eq. (1):
ROE,, =a,+a,DT,, +a,Age,, + a;Lev,, + a,Board, , + a;Cash;, + a,Growth,

(M
+a,Indep, , + Z Owner + Z Year + Z Province +¢,,

where ROE is the dependent variable measuring corporate financial performance, DT is the independent variable representing

digital transformation, and &,

denotes the error term. The model also controls for firm ownership (Owner), as well as year
and province fixed effects, with all remaining variables included as additional controls.

2.1.2 mediation effects model

This study examines the underlying mechanisms linking digital transformation and corporate financial performance through

two key channels: transaction costs and production costs:

Transaction/ Cost = 3, + B DT, , + B,Controls + Z Owner + Z Year + Z Province + ¢, ()
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ROE,, = 4, + A DT, , + 4,Controls + Z Owner + z Year + z Province+¢,, 3)

2.2 variables Selection

2.2.1 Explained variables

Corporate Financial Performance (ROE). Prior literature commonly measures corporate financial performance using
accounting metrics drawn from listed firms’ annual reports, which reflect profitability, operational efficiency, and solvency—
including return on equity (ROE), return on assets (ROA), and earnings per share (EPS). Following the mainstream approach,
this study adopt return on equity (ROE) as our baseline dependent variable for financial performance. For robustness tests,
we employ two alternative proxies: return on assets (ROA), which captures overall asset-based profitability, and earnings per
share (EPS), which gauges shareholder-level returns.

2.2.2 Explanatory variable

Digital Transformation (DT). Measuring firm-level digital transformation poses a notable challenge in the existing literature.
We follow the measurement framework developed by Hu &Zhong (2023)". First, consistent with Wu et al. (2021)"",
we construct a comprehensive digital lexicon spanning five categories: artificial intelligence, big data, cloud computing,
blockchain, and digital technology application. Second, using the Python “jieba” module for word segmentation, we perform
textual analysis and word frequency counting on listed firms’ annual reports. Finally, we aggregate the frequencies of all
digital-related keywords for each firm-year to obtain a total count, which serves as our measure of digital transformation
intensity.

2.2.3 Mechanism Variables

This study identifies transaction costs (Transaction) and production costs (Manufacture) as the mediating variables. Following
Chang (2019) ¥ we proxy market transaction costs using the sales expense ratio, defined as the ratio of sales expenses
to operating revenue. In addition, the production cost ratio—calculated as the ratio of production costs to a firm’s operating
revenue—captures the firm’s production cost level.

2.2.4 Control variable

To account for other factors influencing corporate financial performance, we include the following control variables. Firm age
(Age) is computed as the natural logarithm of the number of years since the firm’s establishment plus one. Leverage (Lev) is
defined as the ratio of total liabilities to total assets. Board size (Board) is measured as the natural logarithm of the number
of directors. Cash flow (Cash) reflects operating conditions and is proxied by the ratio of operating cash flows. Firm growth
(Growth) is measured using Tobin’s Q, a widely adopted metric for growth potential. Board independence (Indep) is defined
as the share of independent directors on the board. The descriptive statistical results of the data involved in the paper are
shown in Table 1.

Table 1 Descriptive statistics of variables

Variables sample Sample size Mean Standard deviation| Minimum value Maximum value
ROE 16,400 0.0650 0.122 -0.578 0.352
DT 16,400 2.850 1.142 0 5.613
Transaction 16,400 0.712 0.170 0.172 0.992
Manufacture 16,400 0.0813 0.0965 0.00204 0.499
Age 16,400 10.64 7.105 2 27
Lev 16,400 0.395 0.190 0.0559 0.863
Board 16,400 8.399 1.508 5 13
Growth 16,400 2.156 1.350 0.880 8.622
Cash 16,400 0.961 0.184 0.451 1.435
Indep 16,400 0.381 0.0654 0.250 0.600
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2.3 Data sources
This study draws on a sample of 2,062 manufacturing firms listed on China’s A-share market from 2012 to 2022. We

exclude firms under special treatment (ST or *ST), those with missing data, and firms with less than five years of continuous
operation. The final unbalanced panel consists of 16,400 firm-year observations. To mitigate the influence of outliers, all
continuous variables are winsorized at the 1st and 99th percentiles. Data processing is performed using STATA 17.0. Firm-
level digital transformation metrics are sourced from the Mark Data Network, while financial data are obtained from the
China Stock Market & Accounting Research (CSMAR) Database.

3.Empirical results and analysis

3.1 Baseline regression analysis

Table 2 presents the regression results examining the impact of digital transformation on the financial performance of
manufacturing firms. Column (1) reports estimates with only year, province, and industry fixed effects, while column (2)
adds firm-level controls. The coefficient on digital transformation (DT) is positive and statistically significant at the 1% level,
supporting Hypothesis H1 that digital transformation improves firm financial performance.

A plausible mechanism is that deeper digital transformation enables business model innovation, allowing firms to leverage
digital platforms for cross-functional integration. This enhances resource allocation, meets individualized consumer needs,
and improves supply—demand coordination, thereby boosting financial outcomes.

To mitigate potential endogeneity, column (3) uses the one-period lag of DT (L.DT). The significantly positive coefficient
suggests that the effect of digital transformation on financial performance persists over time, further confirming the reliability
of H1. This indicates that digital transformation provides sustained financial benefits, supporting its role as a durable strategic
upgrade for sustainable firm development.

Table 2 Regression results of the benchmark model

(D | (2) (3)
Variables
ROE
0.006*** 0.008***
DT
(5.81) (8.80)
0.005%***
L.DT
(4.28)
-0.000 0.000%**
Age
(-0.14) (2.49)
-0.150%** -0.152%**
Lev
(-18.18) (-16.29)
0.007%*** 0.008***
Board
(9.44) (9.70)
0.009%*** 0.010%**
Growth
(8.46) (8.51)
-0.052%** -0.054%**
Cash
(-8.56) (-8.02)
0.054%** 0.058***
Indep
(3.33) (3.29)
Owner/Year/Province YES YES YES
0.047%%** 0.065%** 0.025
Constant
(8.96) (4.57) (1.52)
N 16,400 16,400 13,447
R? 0.028 0.101 0.101

Note: ™", " and " represent the significance level of 1%, 5% and 10% respectively; The values in the brackets are t-statistics,

the same below.
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3.2 Robustness check

3.1.1 Excluding firm-year observations from atypical periods

To address potential confounding effects from extreme shocks, we first exclude observations from 2020, when the COVID-19
pandemic severely disrupted national economic activity and introduced heightened volatility in the financial performance
of manufacturing firms. As shown in Table 3, the coefficient on digital transformation remains significantly positive at the
1% level, confirming that the performance-enhancing effect of digital transformation is robust to this sample restriction.
We further conduct regressions using the first-order lag of digital transformation (L.DT). As reported in Column (2), the
coefficient on L.DT is significantly positive at the 1% level, and the lagged effect of digital transformation persists even
after excluding 2022—a year of potential structural volatility. These results collectively support Hypothesis H1 and remain
qualitatively unchanged.

Table 3 Robustness test results 1

(1) 2)
Variables
ROE
DT 0.008***
(8.13)
L.DT 0.004%**
(3.65)
Owner/Year/Province YES YES
0.065%** 0.034*
Constant
(4.26) (1.76)
N 14,289 9,735
R’ 0.099 0.096

3.1.2 Substitute variables

To further verify the robustness of our baseline findings, we substitute the primary measure of financial performance with
two alternative variables: return on assets (ROA) and earnings per share (EPS). As shown in Table 4, the coefficient on
digital transformation remains positive and statistically significant at the 1% level when ROA is used as the dependent
variable (column 1) and similarly when EPS is employed (column 3). These results confirm that the positive effect of
digital transformation on firm performance is not sensitive to the choice of performance metric, thereby strongly supporting
Hypothesis H1.

We also re-examine these specifications using the one-period lag of digital transformation (L.DT). Columns (2) and (4)
indicate that the lagged effect remains positive and significant for both ROA and EPS, suggesting that the positive impact
persists over time. The consistency of these findings across alternative performance measures reinforces the reliability of our
main conclusion.

Table 4 Robustness test results 2

. @ ) @A) “)
Variables
ROA EPS
DT 0.003*** 0.039%***
(7.25) (7.95)
L.DT 0.001*** 0.023%**
(2.85) (4.31)
Owner/Year/Province YES YES YES YES
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. @ ) @A) “)
Variables
ROA EPS
0.050%** 0.026%** -0.220%** -0.524%*%*
Constant
(7.75) (3.45) (-2.91) (-6.07)
N 16,400 13,447 16,400 13,447
R? 0.200 0.195 0.092 0.084

3.3 Channel analysis

Table 5 presents the results of the mechanism tests for transaction costs and production costs. As shown in Column (1),
the coefficient of digital transformation (DT) on transaction costs is significantly negative at the 1% level, indicating that
transaction costs decline significantly as manufacturing firms deepen their digital transformation. Column (2) shows that the
coefficient of transaction costs (Transaction) on financial performance is —0.216 and highly significant, confirming that digital
transformation enhances financial performance by reducing transaction costs. Hypothesis H2 is therefore supported.

This finding aligns with the transaction cost framework in new institutional economics and reflects the real-world
operating features of China’s manufacturing sector. Traditional manufacturing is characterized by long industrial chains,
geographically dispersed supply chains, and persistent information silos between firms, suppliers, and customers. High
information asymmetry not only raises ex ante transaction costs—such as search costs, partner screening, and negotiation
expenses—but also induces opportunism and moral hazard, which in turn inflate ex post costs of monitoring, contract
enforcement, and dispute resolution. Digital transformation mitigates these frictions by enabling real-time data aggregation,
cross-organizational information sharing, and end-to-end visibility across transactions. On the one hand, big data analytics
and digital transaction platforms sharply reduce search and matching costs and alleviate adverse selection stemming from
information asymmetry. On the other hand, digital contracting, online performance tracking, and integrated supply chain
governance strengthen behavioral discipline among trading partners, lower monitoring and enforcement costs, and contain
opportunistic behavior amid external market uncertainty. By delivering a comprehensive reduction in search, contracting,
monitoring, and enforcement costs, digital transformation shifts manufacturing from fragmented, inefficient traditional
transactions toward a more integrated and coordinated digital ecosystem. The resulting cost savings ultimately translate into
stronger financial performance.

Column (3) shows that the coefficients of digital transformation (DT) and production costs (Manufacture) are significantly
positive at the 1% level. In Column (4), the regression coefficient of production costs (Manufacture) on financial performance
is insignificant, indicating that production costs do not act as a mediating channel. For robustness, we conduct the Sobel test:
the Z-statistic for production costs is —1.86 (insignificant), and the bias-corrected confidence interval from the Bootstrap test
includes zero, confirming that the mediating effect is not valid. These results imply that digital transformation does not reduce
corporate production costs and thus fails to improve financial performance, meaning Hypothesis H3 is not supported.

One plausible explanation lies in four interrelated economic and institutional constraints embedded in China’s manufacturing

271 First, short-term cost crowding-out dominates potential

sector, consistent with the digital transformation literature *
efficiency gains: most manufacturing firms in our sample are at an early stage of digitalization, with heavy upfront
investments in hardware, software, and workforce training that directly raise short-term production costs, outweighing any
modest efficiency improvements. Second, critical complementary assets are missing”": low digital maturity means firms
lack synchronized investment in organizational restructuring, skilled digital labor, and cross-firm supply chain integration.
Without these complements, technologies such as modular production, flexible manufacturing, and real-time supply—demand
visibility cannot be fully deployed, leaving traditional extensive growth models intact. Third, scale and network thresholds are
unmet®": many manufacturers remain small-scale with fragmented digital systems, failing to reach the critical mass needed
for network effects that drive large-scale cost reduction. Fourth, path dependence in production models persists””: decades of
extensive, capital-intensive manufacturing have created institutional inertia, with most firms only adopting superficial digital

tools rather than reshaping core production processes. As a result, digitalization remains limited to partial automation rather
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than systemic optimization of resource allocation, making it unable to mitigate cost pressures or deliver sustained production
efficiency gains in the short to medium run.

Table 5 Channel analysis results 1

Variables @ @ ® @
Transaction ROE Manufacture ROE
DT -0.012%** 0.009%** 0.004*** 0.009%**
(-10.90) (6.76) (6.30) (9.47)
Transaction -0.216%**
(-35.12)
Manufacture -0.010
(-0.97)
Owner/Year/Province YES YES YES YES
Constant 0.865%** 0.252%*%* -0.058*** 0.064%*%*
(54.80) (18.62) (-5.88) (4.98)
N 16,400 16,400 16391 16391
R’ 0.31 0.18 0.15 0.10
Table 6 Channel analysis results 2
Transaction Manufacture
Sobel test 0.0031 (z=13.92%**) -0.00008 (z=-1.86)
Goodman test1 0.0031 (z=13.92%%*%*) -0.00008 (z=-1.84)
Goodmantest2 0.0031 (z=13.93%**) -0.00008 (z=-1.88)
mediation effect coefficient 0.0031 (z=13.92%**) -0.00008 (z=-1.86)
direct effect coefficient 0.0053 (z=6.74%**%*) 0.0091(z=10.52%*%*)
total effect coefficient 0.0084 (z=10.44%*%%*) 0.0090(z=10.44%*%*%*)
mediated proportion 0.3704 -0.0091

3.4 Heterogeneity analysis

This study examines whether the effect of digital transformation on manufacturing firms’ financial performance varies with
firm ownership and life cycle stage. First, we classify Chinese listed firms into two groups based on ownership type: state-
owned enterprises (SOEs) and non-state-owned enterprises (non-SOEs). Columns (1) and (2) of Table 5-8 indicate that digital
transformation is significantly positively associated with financial performance among SOEs. One plausible explanation is
that SOE executives bear considerable responsibility for policy implementation, employment stability, and social welfare
objectives. Amid strong national promotion of digital transformation, SOEs therefore exhibit greater policy alignment and
stronger incentives to proactively implement digital initiatives.

Second, we split the sample into growth firms and mature firms using a firm-age threshold of 10 years. Columns (3) and
(4) of Table 5-8 show that digital transformation has a substantially stronger positive effect on financial performance for
mature firms. Mature firms typically benefit from longer operating histories, richer resource endowments, and stronger brand
reputation. Since customers tend to favor established firms over younger growth-stage entrants, this demand-side advantage

reinforces the performance gains from digital transformation among mature manufacturing firms.

231



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

Table 7 Heterogeneity analysis results

(0] 2 (&) @
Variables non-SOEs SOEs Growth Stage Mature Stage
ROE
DT 0.013%** 0.006%** 0.004%** 0.015%**
(7.47) (5.33) (3.66) (9.28)
Owner/Year/Province YES YES YES YES
Constant 0.080%** 0.048%** 0.053 % 0.068***
(3.26) (2.80) (3.17) (3.06)
N 4,720 11,680 8,669 7,731
R’ 0.168 0.110 0.126 0.118

4.Conclusion and implications

4.1 research conclusion

In recent years, with the rapid advancement of advanced technologies including big data, blockchain, and cloud computing,
digital transformation has emerged as a pivotal driver of industrial upgrading and high-quality development for traditional
real economy firms. This study employs a sample of 16,400 firm-year observations from 2,062 manufacturing listed
companies on China’s A-share market over the 2012-2022 period to examine the impact of digital transformation on
manufacturing firms’ financial performance and the underlying mechanisms of this relationship. Key findings are as follows:
(1) Manufacturing firms’ digital transformation exerts a significantly positive effect on their financial performance, and the
digital economy exhibits a notable lagged impact on firms’ financial outcomes. (2) The advancement of digital technologies
further mitigates the constraining effect of transaction costs on the financial performance of manufacturing firms. (3) The
impact of digital transformation on manufacturing firms’ financial performance is heterogeneous: it yields a weaker positive
effect for non-state-owned enterprises and firms in the growth stage, whereas a substantially stronger positive effect is
observed for state-owned enterprises and mature firms.

4.2 Practical Implications

4.2.1 Continuous Policy Guidance and Support for Deepening Digital Transformation

Policy-driven deep digital transformation of manufacturing firms is a pivotal measure to elevate the sector’s overall financial
performance. On one hand, governments should strengthen strategic advocacy and exemplary demonstration—by releasing
industry white papers on digital transformation and showcasing successful practices of benchmark firms—to foster a long-
term mindset among corporate decision-makers, break their cognitive reliance on traditional resource-driven growth, and
deepen their understanding of digitalization’s core role in driving cost reduction, efficiency gains, and value upgrading. On
the other hand, policymakers need to scale up targeted support to address pain points in corporate transformation such as
technological incompatibility and financial constraints: establish special subsidies for digital transformation, build public
digital technology service platforms, and incentivize firms to leverage mature technologies including the Internet of Things
and big data to restructure an integrated management system for production, procurement, and sales. This shift from extensive
to refined production models, enabled by breaking down data silos, optimizing resource allocation, and cutting operational
costs, empowers manufacturing firms to achieve concurrent improvements in financial performance and long-term firm value.
4.2.2 Strengthening the Development of Data Processing and Analytics Capabilities

Governments should take the lead in formulating unified data governance standards for the manufacturing sector, building
cross-entity public data sharing platforms, and opening up non-confidential industry foundational data to reduce firms’
transaction costs of data acquisition, verification, and interoperability at the source. They should also establish special

funding for data technology applications, providing targeted support for firms to deploy practical data analytics tools for core
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scenarios including production scheduling and supply chain collaboration. Data-driven evidence-based decision-making
optimizes resource allocation, cutting explicit production costs such as material waste and capacity redundancy. Firms must
integrate data capability development into daily operations, cultivating manufacturing-specific data analytics talent through
university-industry collaborations and targeted in-house training—prioritizing solutions to practical pain points like quality
control and energy efficiency optimization over the blind pursuit of cutting-edge technologies. Additionally, firms should
enhance technological collaboration with research institutions and industry leaders to develop implementable data analytics
models, embedding data processing and analytics capabilities across the full R&D, production, and sales value chain to
translate data value into tangible cost savings and operational efficiency gains.

4.2.3 Implementing Targeted Support Policies Based on Firm Heterogeneity

Governments must abandon a one-size-fits-all support approach and formulate targeted policies to facilitate firms’ digital
transformation. For firms with distinct ownership structures, the evaluation systems of state-owned enterprises (SOEs) should
be optimized to incorporate core performance metrics such as cost control and efficiency improvements stemming from
digital transformation. This guides SOEs to focus on digital upgrading of core businesses and industry chain collaborative
transformation, allowing them to play a demonstrative leading role in the sector while curbing blind investment and resource
waste. For non-state-owned enterprises, tiered special subsidies tied to digital investment intensity and cost-efficiency
outcomes should be rolled out, complemented by tax incentives for equipment procurement and interest subsidies for digital
transformation-specific loans—policies that directly address the financial and technological bottlenecks these firms face in
their digital transition. For firms at different stages of the corporate life cycle, growing firms should be prioritized for support
including technical diagnostics for digital transformation, guidance on scenario-specific solutions, and free basic talent
training. This enables them to first complete lightweight digital upgrading of core processes such as production, delivering
rapid cost-saving and efficiency-enhancing transformation outcomes. Mature firms should receive increased policy support
for industrial internet platform development and in-depth digital technology application; they are encouraged to leverage
their industrial leadership to drive collaborative digital transformation among upstream and downstream suppliers, further

amplifying the positive spillover effects of digital transformation on corporate financial performance.
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1.Evolution of Monetary Forms and Policy Instruments

Money, the lifeblood of economic activity, has an evolutionary history that is a condensed chronicle of economic and
financial development. Each leap in its form has profoundly altered the ways value is stored, transacted, and measured, and
has fundamentally determined the possibility and boundaries of macroeconomic management.

1.1 Phase 1: The Materialization of Value—The Era of Commodity Money

During this long historical period, money and commodity were one and the same. Whether shells, grains, or precious metals,
their value was rooted in physical scarcity and social consensus. "Monetary policy" was virtually non-existent; the money
supply was constrained by natural endowments and mining technology, leaving economies to passively oscillate between
deflation (slow discovery of gold and silver) and inflation (influx of gold and silver from the New World). This was an era
where value was imprisoned by its physical form.

1.2 Phase 2: The Symbolization of Credit—The Era of Fiat Paper Money

With the development of a commodity economy, the unwieldiness of metallic money became increasingly apparent. The
emergence of paper money, especially fiat money delinked from gold, was a great liberation in monetary history. The value

of money no longer depended on its physical carrier but was anchored to sovereign credit. This transformation gave birth to

236



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

modern central banks and endowed them with the divine power to manage economic cycles by controlling the money supply.
A series of monetary policy tools, such as interest rates, reserve requirements, and open market operations, came into being,
thus ushering in an era of active macroeconomic management centered on national credit.

1.3 Phase 3: The Electronification of Transactions—The Era of Bank Account Money

Since the mid-20th century, the revolution in computer and communication technology has brought money into the electronic
age. The vast majority of money (the main component of M2) exists as electronic book entries of commercial bank liabilities
(i.e., deposits). The efficiency of payments and settlements underwent a qualitative leap, but this also greatly consolidated the
two-tier system of "central bank-commercial banks." In this system, commercial banks are not only payment intermediaries
but also the core hubs of credit creation. The transmission of monetary policy heavily relied on the health and efficiency of
this "intermediary pipeline" of commercial banks. Any blockage in this pipeline (such as a credit crunch or banks' reluctance
to lend) would weaken policy effects.

1.4 Phase 4: The Intelligization of Value—The Era of Digital Currency

We are currently at the forefront of the fourth wave. Digital currency, driven by cryptography, distributed ledger technology
(DLT), and mobile internet, is redefining the form and function of money. Unlike bank account money, which is merely
an electronic representation of traditional money, digital currency (especially CBDC) is a direct digital form of central
bank liability. It brings entirely new properties: Programmability, the feasibility of Peer-to-Peer (P2P) transactions, and

the potential pressure for Disintermediation'!

. This heralds a shift in the implementation and transmission of monetary
policy, potentially moving from reliance on indirect "pipeline dredging" to more direct and precise "drip irrigation" and
"programming" (Stockel, 2025).

Table 1: Evolution of Monetary Forms and Their Impact on Monetary Policy

Monetary . . . Core Transmission
Form Key Features Basis of Credit Impact on Monetary Policy Bottleneck
Commodity Intrinsic value, e.g., Intrinsic value of A;lllilé os.tsrlllo nlldiﬁz Iilti?intt) mo;: e;[ir; Supply rigidit
Money gold, silver. the commodity. poticy; Supply ¢ by phy PPIy HIEICILy:
production.
Fiat Paper Value symbol mandated . . Blrﬂ? of central b.a nks,A enabling Physical distribution
. National credit. policy implementation via control of .
Money by national law. . and collection costs.
base money and interest rates.
L National credit & Consolidated the two-tier banking Frictions and time lags
Bank Ac- Electronic digits as com- . . . . . .
count Mone mercial bank liabilities commercial bank system; policy transmitted mainly of bank intermedia-
y ' credit. through the bank credit channel. tion.
.. Digital value form based .Dlverse (algo- . Potentliallly al‘Fers the role of banlf Technical security,
Digital Cur- rithms, asset col- | intermediaries, introduces new policy . .
on cryptography and . .\ privacy, and financial
rency network technolo lateral, national tools, challenges traditional mecha- stability risks
£y: credit). nisms (Wronka, 2023). Y '

2.Classic Channels of Monetary Policy and Their Limitations

Before delving into the disruptive impact of digital currency, we must first conduct a detailed dissection of the classic

monetary policy transmission mechanism and examine the dilemmas it faces in the current complex economic environment.
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Figure 1: Schematic Diagram of the Traditional Monetary Policy Transmission Mechanism (with Feedback Loops)
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2.1 Interest Rate Channel

This is the cornerstone of monetary economics textbooks. By adjusting the benchmark interest rate (e.g., the federal funds
rate), the central bank influences the entire interest rate structure of the financial market, from short-term government bonds
to long-term corporate bonds, and finally to commercial bank deposit and lending rates, ultimately affecting household
consumption and saving decisions and corporate investment decisions'”.

Interest rate transmission is subject to "stickiness," as banks may not immediately or fully pass on changes in the policy rate
to their customers. More importantly, since the 2008 financial crisis, major global economies have been in a low-interest
or even zero-interest environment for a long time, severely compressing the room for traditional rate cuts. This is the well-
known Zero Lower Bound (ZLB) problem, which has rendered the interest rate channel nearly ineffective.

2.2 Credit Channel

This channel emphasizes the importance of asymmetric information in financial markets and consists of two sub-channels:
1)Bank Lending Channel: A contractionary monetary policy reduces bank reserves, thus shrinking their loanable funds and
leading to a contraction in credit supply. 2)Balance Sheet Channel: A contractionary monetary policy reduces the net worth of
borrowers (firms and households), worsening their financial position and thereby increasing the risk for banks to issue loans,
leading to a tightening of credit standards'.

The development of financial innovation (e.g., shadow banking, capital market financing) has reduced corporate dependence
on bank loans, weakening the bank lending channel. Meanwhile, during periods of economic pessimism, even if the central
bank "opens the floodgates," firms and banks may be reluctant to invest and lend due to a lack of confidence, resulting in a
"liquidity trap."

2.3 Asset Price Channel

Monetary policy works by influencing the prices of assets such as stocks, bonds, and real estate. For instance, an interest rate
cut boosts asset valuations (Tobin's q effect) and increases household wealth (wealth effect), thereby stimulating investment
and consumption'"*,

The effects of the asset price channel are often accompanied by significant risks. Prolonged loose policies can easily fuel asset

238



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

price bubbles, increasing the fragility of the financial system. Once a bubble bursts, it can severely impact the real economy.
Moreover, the distribution of the wealth effect is highly uneven, which may exacerbate social inequality.

2.4 Exchange Rate Channel

In an open economy, a decrease in domestic interest rates can trigger capital outflows, leading to a depreciation of the
domestic currency. Currency depreciation makes exports cheaper and imports more expensive, thereby improving net exports
and stimulating aggregate demand"”.

In today's globalized world, the effectiveness of the exchange rate channel is constrained by "competitive devaluations." One
country's currency depreciation may prompt others to follow suit, leading to a "currency war" that ultimately cancels out the
effects. Also, for countries deeply integrated into global supply chains, the boost to exports from currency depreciation may
be eroded by the rising cost of imported raw materials.

2.5 Expectations Channel

Modern monetary policy places increasing emphasis on managing public expectations. Through its policy statements, forward
guidance, and governors' speeches, the central bank influences market expectations about future inflation and economic
growth, thereby guiding current consumption and investment behavior”.

Managing expectations is an art, not a science. The central bank's communication can be misinterpreted by the market, and
its credibility, which takes a long time to build, is difficult to repair once damaged. In an age of information overload, the
formation of public expectations is increasingly complex and more susceptible to various "noises."

These five channels are intertwined in practice, forming the complex network of monetary policy transmission. However, the
limitations mentioned above indicate that this traditional network is already struggling to cope with the challenges of the new

century. The emergence of digital currency offers new possibilities for breaking these deadlocks.

3.How Digital Currency Reshapes the Transmission Mechanism

Digital currency, especially CBDC issued directly by the central bank, will systematically permeate and reshape the five
transmission channels as a brand-new financial asset with the dual attributes of "base money" and a "retail payment tool."

3.1 Impact on and Enhancement of the Interest Rate Channel

The transformation of the interest rate channel will be one of the most profound impacts of digital currency. At its core is
the fact that CBDC provides the central bank with a tool that can directly reach the public and possesses entirely new policy
dimensions.

First, CBDC offers the technical feasibility to break the Zero Lower Bound (ZLB). Traditionally, physical cash held by the
public serves as a "safe haven" with a zero nominal interest rate. If bank deposit rates turn negative, depositors can withdraw
cash on a large scale, thereby rendering negative interest rate policy ineffective. However, if a CBDC issued by the central
bank can largely replace cash and can itself be set to a negative interest rate, the central bank can directly impose negative
rates on the money held by the public. This would guide the entire interest rate system into negative territory, providing an
unprecedentedly powerful policy tool to combat deep economic recessions or deflation'”.

Second, CBDC makes "tiered interest rates" and "dynamic interest rates" possible, greatly enhancing policy precision. The
central bank can design a non-linear, tiered CBDC remuneration system. For example, Financial Inclusion Tier: A zero or
symbolic positive interest rate could be paid on a certain amount of CBDC in every citizen's account (e.g., ¥5,000) to ensure
its basic transaction and store-of-value functions, promoting financial inclusion'"",

Policy Transmission Tier: For holdings exceeding the inclusion tier, an interest rate linked to the policy rate would be applied,
making it a direct vehicle for monetary policy transmission.

Penalty Tier: For very large holdings (e.g., over ¥1,000,000), a rate significantly below the policy rate, or even a negative
rate, could be applied to prevent CBDC from becoming a tool for financial disintermediation or a "liquidity drain" on bank

deposits during times of panic (Wronka, 2023).
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Table 2: CBDC Tiered-Rate Design and Its Policy Intentions

Rate Tier Target Amount Rate Setting Main Policy Objective Reference
. . Small (e.g., < . . Fulfill daily payment needs, promote
Inclusion Tier ¥5,000) Zero or slightly positive financial inclusion Lukonga (2023)
. . . Closely linked to policy Serve as the main channel for interest Koczian et al.
Transmission Tier Medium .
rate rate transmission (2022)
Penalty/. Stability Large/Very Significantly bel(.)w policy | Prevent ba.nk dlslnt‘ermedliagon, main- | o (2023)
Tier Large rate/negative tain financial stability

Figure 2: Schematic Diagram of a CBDC Tiered Interest Rate System

Tier 3: Stability (Penalty)

Objective: Discourage large holdings,
prevent bank disintermediation.

Ity Rate (<0) -

Tier 2: Transmission

Objective: Directly transmit
monetary policy signals.

Policy Rate +
Tier 1: Inclusion
Objective: Promote usage, satisfy
basic payment needs.
0% pay

Threshold 1 Threshold 2
Amount of CBDC Holdings

3.2 Deconstruction and Reorganization of the Credit Channel

The transformation of the credit channel is fraught with contradictions and tensions. On one hand, there is the significant risk
of "bank disintermediation"; on the other, there is the vast prospect of data-driven credit efficiency gains.

The core risk is that CBDC, as a risk-free central bank liability, is a natural substitute for commercial bank deposits. If the
public, especially corporations, shifts large amounts of deposits from commercial banks to CBDC accounts, it would directly
erode the stable funding base of the banking system. This would lead to:

Increased Bank Funding Costs: Banks would be forced to offer higher interest rates to retain deposits or turn to more volatile
wholesale funding markets (e.g., issuing interbank certificates of deposit, financial bonds), thereby pushing up their overall
funding costs.

Contraction in Credit Supply: Rising funding costs and unstable funding sources would compel banks to raise lending rates,
tighten credit standards, or even directly shrink their credit scale. This would directly weaken the effectiveness of the bank

lending channel, preventing loose monetary policy from being effectively translated into credit support for the real economy .

oL  aL*
9% 20,2 o
app @D

To mitigate this risk, in addition to the aforementioned tiered rates and holding limits, central banks would need to design

L* = f(pr,pp, D, K) where

new liquidity provision tools to support commercial banks when necessary, playing a dual role as both "lender of last resort"

and "provider of wholesale funding."
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Table 3: Potential Impacts of CBDC on the Credit Channel and Corresponding Strategies

Impact Area Mechanism Description Challenge for Monetary Policy Coping Strategy

Public shifts deposits to | Weakens the bank lending chan-
CBDC, reducing banks’ | nel, potentially leading to a credit
funding sources. crunch (Wronka, 2023).

Bank Disinterme-
diation

Holding limits, tiered rates, non-inter-
est-bearing/low-interest design.

Banks may shift to whole- | Increases credit costs, reducing the | Central bank to provide new liquidity
sale funding, increasing | sensitivity to monetary policy eas- | support facilities (e.g., term funding
their financing costs. ing. facilities).

Structural Change
in Credit Markets

Data-Driven Credit
Efficiency

Central bank can analyze . . . Establish a “data sandbox” to provide
. . Requires a strict data privacy pro- . .
credit flows using macro . macro credit risk assessment informa-
tection framework. . . . .
CBDC data. tion to banks while protecting privacy.

On the other hand, CBDC also offers the potential for "efficiency gains" in the credit channel. Through macroscopic,
anonymized analysis of CBDC transaction data, the central bank can gain near-real-time, high-granularity insights into
economic activity'"”. For example, it could precisely identify which industries and regions have credit gaps, thereby guiding
commercial banks to allocate credit more accurately or designing more targeted structural monetary policy tools (e.g.,
targeted re-lending). This could potentially solve the long-standing problem of asymmetric information in the traditional
credit channel and improve the allocation efficiency of credit resources.

3.3 Amplification and Complication of the Asset Price and Exchange Rate Channels

As an emerging asset class and payment tool, digital currency's influence will transcend national borders, introducing new
variables to the asset price and exchange rate channels.

For the asset price channel, the rise of private digital currencies (especially stablecoins) introduces new transmission nodes.
Global stablecoins (e.g., USDT, USDC pegged to the US dollar) have already become a massive market. The issuers of these
stablecoins hold vast amounts of reserve assets, typically high-quality liquid assets like short-term government debt and
commercial paper'.

Transmission Amplifier: Changes in monetary policy affect the value and yield of these reserve assets, thereby impacting the
operation and confidence in stablecoins. Conversely, a panic in the stablecoin market (e.g., rumors of insufficient reserves)
could trigger a sell-off of reserve assets, creating shocks in traditional financial markets (like the commercial paper market)
and forming new risk transmission pathways.

New Dimension of Wealth Effect: The violent price fluctuations of crypto assets themselves constitute a new source of the
wealth effect. Although their scale is still small relative to total global wealth, their impact on consumption and investment
cannot be ignored as their acceptance grows.

Table 4: Special Impacts of Stablecoins on Monetary Policy Channels

Channel Mechanism Description Potential Risk Reference

Regulatory arbitrage, weak-
ening the central bank’s con-
trol over interest rates.

Interest Rate | If stablecoins offer interest, they will directly compete
Channel with bank deposits, affecting interest rate transmission.

Eichengreen & Viswa-
nath-Natraj (2022)

The reserve management practices of stablecoin issu- | Can trigger volatility in
ers affect the liquidity of markets for assets they hold, | short-term funding markets,
such as commercial paper and bonds. creating systemic risk.

Global stablecoins (e.g., pegged to the USD) could

Exchange induce “digital dollarization” or “digital euro-ization”
Rate Channel | in other countries, eroding the monetary policy sover-
eignty of local central banks.

Credit Chan-
nel

Eichengreen & Viswa-
nath-Natraj (2022)

Loss of monetary policy in-
dependence, increased finan- | Bagis (2022)
cial fragility.

As a “gateway” to the crypto-asset world, changes in | Contagion of risk from cryp-
stablecoin liquidity can affect prices across the entire | to markets to the traditional | Broby (2022)
crypto market. financial system.

Asset Price
Channel

For the exchange rate channel, the cross-border payment potential of CBDC is a "double-edged sword." By establishing
multi-CBDC bridges (mCBDC Bridges) or unified cross-border payment platforms, the complex correspondent banking
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system can be bypassed, achieving near-real-time, low-cost cross-border transactions (Lukonga, 2023). This will greatly
promote international trade and investment. However, it also means that the speed and scale of capital flows will be amplified
as never before.

Figure 3: Impact of CBDC on Cross-Border Capital Flows and the Exchange Rate Channel

A. Traditional Cross-Border Payment B. With Cross-Border CBDC (mCBDC Bridge)

[ Capital in Country A ’

Correspondent Baﬂ

‘ Correspondent Bank
e

‘ Capital in Country A ]

| mCBDC Bridge / Direct P2P ]

l Capital arrives in Country B Capital arrives in Country B J

Slow, complex, multiple intermediaries Fast, direct, low friction

‘ High Transaction Costs (T) 1 [ Near-Zero Transaction Costs (T = 0) ’

3.4 Revolutionizing the Expectations Channel

The effectiveness of the expectations channel heavily relies on the central bank's credibility and the clarity of its
communication. CBDC, particularly its "programmability," offers a revolutionary tool to innovate this channel.

Achieving "State-Contingent" Automated Monetary Policy: The central bank can pre-set rules that tie the execution of
monetary policy to specific economic states (e.g., the unemployment rate hitting a certain threshold, CPI exceeding a certain
level). For example, a "smart" CBDC could be designed to automatically distribute a certain amount of digital currency to
all citizens' accounts during a recession, with a stipulation that it must be spent within a specific period or face automatic
expiration or a negative interest rate. This precise version of "helicopter money" would bypass all intermediaries and directly
stimulate aggregate demand!”.

Advantages: It dramatically shortens policy lags, avoids interference from political maneuvering, and sends a strong signal to
the public of the central bank's firm resolve to stabilize the economy, thereby powerfully anchoring expectations.

Challenges: It involves complex ethical and governance issues, as the central bank's power is greatly expanded, requiring a
strong legal and democratic oversight framework.

Making Forward Guidance Tangible: Traditional "forward guidance" relies on subtle changes in language, which can easily
be ambiguous. With CBDC, the central bank can "codify" its future policy intentions. For example, the central bank could
announce how future CBDC tiered interest rates will be adjusted according to the inflation path and make this algorithm
public. This would provide the market with an extremely clear and credible policy reaction function, greatly stabilizing long-
term expectations *',

Table 5: Mechanisms for Revolutionizing the Expectations Channel with CBDC

Mechanism Description Significance for Monetary Policy Potential Risk
Programma- | Embedding policy rules directly into . .. N Ethical challenges, over-ex-
. . Enhances policy precision, timeliness, .
ble Monetary | CBDC code for automatic execution and credibility (Stockel, 2025) pansion of central bank power,
Policy (e.g., targeted, time-limited subsidies). Y ’ ’ technical complexity.
. . Guiding expectations directly by ad- | Strengthens forward guidance, reduc- | Could lead to market overre-
Direct Sig- | .~ . . .. . . . .
. justing CBDC parameters (e.g., tiered | es market misinterpretation (Cheng, | action, increasing short-term
naling .
rates). 2024). volatility.
Real-Time | Using CBDC data for high-frequency | Shortens policy reaction lags, en- | Data noise could lead to policy
Data Feed- | economic monitoring to quickly ad- | abling dynamic, adaptive expectations | misjudgments, “overfitting” to
back Loop | just policy communication. management (Wu & Zhang, 2024). short-term fluctuations.
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4.Perspectives from Evidence and Models

Although the widespread implementation of CBDC is still in its infancy, the global academic community has actively begun

Vol. 3 No. 1 (2026)

to quantify its potential impact by constructing complex theoretical models and utilizing empirical data from related fields.
Table 6: Comparison of Conclusions from Different Models on the Impact of CBDC

Study Model Type Core Mechanism Key Conclusion Policy Implication
Wu & CBDC alters house- | An interest-bearing CBDC can en- | CBDC should be designed
g g
Zhang DSGE Model | hold intertemporal | hance the effectiveness of monetary | as an effective interest rate
(2024) substitution. policy in stabilizing the economy. transmission tool.
Chen Macroeconomic rCBDC bypasses | Retail CBDC is more efficient in | rCBDC can serve as a sup-
(2024g) Model frictions in bank | transmitting certain specific monetary | plementary tool when the
credit. policies (e.g., QE). credit channel is impaired.
Chen et al Bankine Com- CBDC intensifies | The impact of CBDC depends on the | CBDC design must consider
(2025) ’ etitiongModel competition in the | trade-off between bank market power | its impact on the banking
P deposit market. and the disintermediation effect. competition landscape.
Davlatov & Theoretical Integrates multiple CBDC.W.IH fundameptally alter. the Requires a systematic and
, . transmission mechanism, potentially o . .
Sagi (2025) | Review Model | channels. . « ” holistic policy design.
leading to a “new monetary order.

Due to the lack of macro data on CBDC, researchers have cleverly used proxy variables. In his study of Tanzania,

Wainyaragania "

used the prevalence and transaction volume of mobile money (like M-Pesa) as a proxy for "private sector
digital currency." Using a Vector Autoregression (VAR) model, his results show that shocks to mobile money transaction
volume have a significant positive impact on both broad money supply (M2) and credit to the private sector. This suggests

that even a payment-focused digital currency has already begun to alter the parameters of monetary policy transmission by

influencing the money multiplier and financial deepening.

Table 7: Summary of VAR Model Results on the Impact of Digital Currency in Tanzania

. Response Direction of Significance .
Shock Variable Variable Impact Level Interpretation
Mobile Money Trans- M2 Positive 50, Moblle money accelerates money v.eloc1ty, po-
action Vol. tentially affecting the money multiplier.
Mobile Money Trans- | Private Sector .\ Mobile money data may be used for SME credit
. . Positive 10% . . . .
action Vol. Credit scoring, promoting financial inclusion.
Cryptocurrency M2 / Credit Not significant ) Cryptocurrenc'les have rllot yet hé.ld a significant
Awareness macroeconomic impact in the region.

These early quantitative studies, despite their limitations, collectively point to one conclusion: digital currency is not
neutrally embedded into the existing system but will systematically change the structure and parameters of the transmission

mechanism.

5.Challenges and Prospects

The grand vision for digital currency is confronted by a complex web of technological, social, and geopolitical challenges.
Central banks are like explorers in the Age of Discovery, sailing into uncharted waters full of opportunities but also fraught
with hidden reefs.
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Figure 4: Opportunities and Challenges of Digital Currency for Monetary Policy (SWOT Analysis)

S - Strengths

« Increased policy precision (tiered rates).

« Enhanced transmission speed (direct).

« Potential to overcome Zero Lower Bound.
« Rich, real-time data for analysis.

« Improved cross-border payment efficiency.

(Internal / Positive)

(Internal / Negative)

W - Weaknesses

= Technical complexity and operational risk.

« Centralization of data creates single point of failure.
« Potential for exclusion (digital divide).

« Difficult to balance privacy and transparency.

= Unproven resilience against cyberattacks.

O - Opportunities

+ Automate policy with programmable money.
+ Enhance financial inclusion.

+ Foster FinTech innovation.

» Strengthen international role of the currency.

(External / Positive)

T - Threats

« Risk of systemic bank disintermediation.

« Increased capital flow volatility.

« Geopolitical competition ("digital currency wars").

« "Digital dollarization” eroding monetary sovereignty
« Over-expansion of central bank power and scope.

(External / Negative)

Table 8: Systematic Overview of Key Challenges and Future Research Directions

Challenge Area

Specific Issues

Future Research Directions

1. Financial Sta-

How to precisely calibrate CBDC parameters (lim-
its, rates) to avoid systemic bank disintermediation?

Macroprudential regulatory frameworks for CBDC;
design of “circuit breakers” or penalty rates for

Data Governance

protecting citizens’ right to privacy? How to define
the ownership, usage rights, and supervision of data?

bility During a financial crisis, would CBDC accelerate | CBDC during crises; new liquidity swap mechanisms
bank runs? between the central bank and commercial banks.

How to strike a “Nash equilibrium” between lever- | Technical solutions for “controllable anonymity” in

2. Privacy & aging data advantages for policy effectiveness and | CBDC (e.g., privacy protection based on tiered iden-

tity authentication); establishing an independent, le-
gally supervised CBDC data governance committee.

3. Cybersecurity
& Resilience

As a piece of national financial infrastructure, how
can a CBDC system defend against state-level cy-
berattacks, potential threats from quantum comput-
ing, and single points of failure?

Hybrid architectural designs for CBDC systems
(combining centralized and distributed elements);
research on the application of quantum cryptography;
regular, full-system cyber warfare drills and disaster
recovery plans.

4. International
Monetary System

How will the CBDCs of major economies (China,
US, Europe) interact? Will it intensify currency
competition, leading to “digital currency blocs” and
the fragmentation of the global financial system?

Technical standards and governance rules for
cross-border CBDC interoperability (mCBDC
Bridge); the new role of the IMF in coordinating
global CBDC development and regulation; SDR re-
form in the digital currency era.

5. Law & Central
Bank Gover-
nance

What is the legal status of CBDC? With the central
bank directly providing liabilities to the public, do
its powers and responsibilities need to be redefined?
What is the legitimacy and oversight mechanism for
programmable monetary policy?

Amending the Central Bank Act to clarify the legal
nature of CBDC and the central bank's related pow-
ers and duties; establishing judicial review and dem-
ocratic oversight processes for programmable mone-
tary policy (Banerjee & Sinha, 2025)[2] Banerjee.

6. Digital Divide
& Social Equity

How to ensure that groups unfamiliar with digital
technology, such as the elderly and residents of
remote areas, are not marginalized in the new mon-
etary system? Will CBDC exacerbate data-driven
discrimination?

Inclusive financial design for CBDC, including vig-
orous development of hardware wallets supporting
offline payments (e.g., smart cards, wearables); en-
acting regulations against algorithmic discrimination
to ensure fairness in the use of CBDC data.
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6.Conclusion

The rise of digital currency is the inevitable result of the information revolution's wave finally crashing against the ancient
dam of money. Its impact on the monetary policy transmission mechanism is far from a mere parametric adjustment; it is
a profound paradigm revolution. At the core of this revolution is the unprecedented ability of the central bank to penetrate
traditional financial intermediaries, directly reach every micro-agent in the economy, and use programmable, intelligent tools
for regulation. The interest rate channel is poised to break the "zero lower bound" and become more flexible and precise; the
credit channel faces the severe challenge of "disintermediation" but also embraces the dawn of data-driven efficiency gains;
the complexity and volatility of the asset price and exchange rate channels will increase significantly; and the expectations
channel may transform from a vague "art of communication" into a clear "code-based contract."

However, just as every great technological leap is accompanied by immense social restructuring costs, the challenges brought
by digital currency are equally fundamental. Financial stability, data privacy, central bank independence, and even the global
monetary order—these cornerstones of the modern economic system will all be severely tested in this revolution. Ultimately,
how digital currency shapes the monetary policy transmission mechanism will depend on a grand societal choice—how we
strike a delicate balance between efficiency and stability, innovation and security, convenience and privacy.

We are at a historical crossroads. Central bankers are evolving from being "helmsmen" of the macroeconomy to "chief
architects" of a complex financial ecosystem. Their toolkits are being completely updated, but the nautical charts must be
redrawn. The monetary policy of the future will no longer be just about adjusting interest rates and reserve requirements; it is
more likely to be lines of elegant code running on a new financial operating system built upon digital currency. Understanding

and navigating this transformation will be the central theme of global macroeconomic management for decades to come.

Funding
No

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

Reference

[1] Bagis, B. (2022). Digital currencies and monetary policy in the new era. Insight Turkey, 24(3), 189-212.

[2] Banerjee, S., & Sinha, M. (2025). The policy endorsement of central bank digital currency - trend analysis and research
scope using bibliometric review. International Journal of Management Practice, 18(1), 64-91. https://doi.org/10.1504/
1JMP.2025.143077

[3] Broby, D. (2022). Central bank digital currencies: policy implications. Law and Financial Markets Review, 16(1-2), 100-
115. https://doi.org/10.1080/17521440.2023.2209294

[4] Chen, H., Hédnsel, M., & Nguyen, H. (2025). Monetary policy transmission, central bank digital currency, and
bank market power. Jahrbiicher fiir Nationalokonomie und Statistik, 245(4-5), 527-576. https://doi.org/10.1515/
JBNST-2024-0008

[5] Chen, Y. (2025). The rise of digital currency and the adaptability of traditional monetary policy transmission
mechanisms. Critical Humanistic Social Theory, 2(2). https://doi.org/10.62177/CHST.V212.397

[6] Cheng, Z. (2024). Evaluating the effectiveness of monetary policy for retail central bank digital currency. Latin American
Journal of Central Banking, 5(3), 100111. https://doi.org/10.1016/J.LATCB.2023.100111

[7] Davlatov, E., & Sagi, J. (2025). The transmission mechanism of monetary policy and central bank digital currency:
A new monetary order? Journal of Central Banking Theory and Practice, 14(1), 95-119. https://doi.org/10.2478/
JCBTP-2025-0006

[8] Eichengreen, B., & Viswanath-Natraj, G. (2022). Stablecoins and central bank digital currencies: Policy and regulatory
challenges. Asian Economic Papers, 21(1), 29-46. https://doi.org/10.1162/ASEP_A 00843

[9] Ikeda, D. (2025). Digital money as a medium of exchange and monetary policy in open economies. Macroeconomic
Dynamics, 29, ¢162. https://doi.org/10.1017/S1365100525100618

245



Asia Pacific Economic and Management Review Vol. 3 No. 1 (2026)

[10] Koczian, B., Kollarik, A., Kiss, L., & Simon, P. (2022). Central bank digital currency: A new instrument of monetary
policy. Public Finance Quarterly, 67(4). https://doi.org/10.35551/PFQ_2022 4 3

[11] Lukonga, I. (2023). Monetary policy implications central bank digital currencies: Perspectives on jurisdictions with
conventional and Islamic banking systems (IMF Working Paper No. 2023/060). International Monetary Fund. https://
doi.org/10.5089/9798400236532.001

[12] Stockel, M. (2025). Digital but not crypto: possible design pitfalls and rebound effects for green monetary policy using
central bank digital currency. Eurasian Economic Review, 15(2), 1-14. https://doi.org/10.1007/S40822-024-00302-X

[13] Wainyaragania, K. A. (2023). The effect of digital currency on monetary policy in Tanzania: An empirical investigation.
South Asian Journal of Social Studies and Economics, 20(4), 25-34. https://doi.org/10.9734/SAJSSE/2023/V2014740

[14] Wronka, C. (2023). Central bank digital currencies (CBDCs) and their potential impact on traditional banking and
monetary policy: an initial analysis. Digital Finance, 5(3-4), 613-641. https://doi.org/10.1007/S42521-023-00090-0

[15] Wu, B., & Zhang, M. (2024). The impact of central bank digital currency on monetary policy effectiveness. Economic
Change and Restructuring, 57(3). https://doi.org/10.1007/S10644-024-09720-Y

246



Asia Pacific Ec ic and Manag t Review

Asia Pacific Science Press A
APSP Vol. 3 No.1 (2026)

Research on the Pathways, Policies, and Impacts of
Biomanufacturing in Industrial Transformation and
Upgrading

Kehan Feng*

Shaanxi Xinyudan Traditional Chinese Medicine Biotechnology Co., Ltd, 726207

*Corresponding author: Kehan Feng, 253302009@qq.com

Copyright: 2026 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY-NC 4.0), permitting distribution and reproduction in any medium, provided the original author and source

are credited, and explicitly prohibiting its use for commercial purposes.

Abstract: As a disruptive paradigm of deep integration between biotechnology and advanced manufacturing, biomanufacturing
is becoming a strategic engine for promoting green industrial transformation and cultivating new quality productive forces. This
paper systematically studies the pathway mechanisms, policy frameworks, and comprehensive impacts of biomanufacturing in
industrial transformation and upgrading. First, it constructs a “technology-industry-policy” co-evolution analysis framework
to explain the internal mechanisms driving industrial transformation. Second, it identifies four core pathways: raw material
substitution, process innovation, product upgrading, and system integration. Third, it conducts an in-depth analysis of the
strategic orientation and implementation mechanisms of the “14th Five-Year” bioeconomy policy, evaluating the layout and
synergistic effects of industrial clusters in the Beijing-Tianjin-Hebei region, Yangtze River Delta, Guangdong-Hong Kong-Macao
Greater Bay Area, and Chengdu-Chongqing region. Finally, it systematically assesses the comprehensive impacts on industrial
restructuring, industrial scale expansion, and sustainable development. The study finds that although China’s biomanufacturing
industry leads in market scale, it still faces challenges including core technology dependence, slow industrialization, insufficient
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1.Introduction

1.1 Research Background and Significance

In the global wave of new round of technological revolution and industrial transformation, the bioeconomy is emerging as
the fourth economic form following agricultural economy, industrial economy, and information economy. As a disruptive
paradigm of deep integration between biotechnology and advanced manufacturing, biomanufacturing carries the historical
mission of promoting green transformation in manufacturing and serves as a strategic engine for cultivating new quality
productive forces and reshaping the global industrial landscape.

From an international perspective, the bioeconomy has become a strategic high ground contested by major global economies.
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The European Union regards it as a key pathway to achieving sustainable development, successively releasing “Innovating
for Sustainable Growth: A Bioeconomy for Europe” (2012) and “A Sustainable Bioeconomy for Europe” (2018) to promote
transformation toward a renewable resource-based economy. The United States strengthened its global leadership position
through the “Executive Order on Advancing Biotechnology and Biomanufacturing Innovation” (2022), launching the “National
Biotechnology and Biomanufacturing Initiative” with investment exceeding $2 billion. Japan released the “Bio Strategy
2019” and its upgraded version “Bioeconomy Strategy” (2024), targeting a market scale of 100 trillion yen by 2030.

China attaches great importance to bioeconomy development. In May 2022, the National Development and Reform
Commission issued the “14th Five-Year Plan for Bioeconomy Development,” listing it as a strategic emerging industry and
deploying key tasks in five aspects: consolidating innovation foundations, strengthening pillar industries, enhancing resource
conservation and utilization, building security systems, and optimizing the policy environment. The 2024 “Government
Work Report” included biomanufacturing for the first time, explicitly proposing to “actively build biomanufacturing and
other new growth engines.” According to OECD predictions, the global biomanufacturing industry scale will reach 35% of
total industrial production value by 2030, and China’s bioindustry scale is expected to exceed 9 trillion yuan. Leveraging its
green and low-carbon advantages, biomanufacturing reshapes traditional industrial systems through raw material substitution,
process innovation, and product innovation, fostering new business forms such as circular economy and providing a “green
engine” for global sustainable development.

In-depth research on the pathways and countermeasures of biomanufacturing in promoting industrial transformation and
upgrading, and systematic analysis of the strategic orientation and implementation mechanisms of bioeconomy policies,
are of significant value for promoting high-quality development of China’s bioeconomy and seizing global high ground.
The theoretical significance lies in constructing an analytical framework to enrich industrial economics and technological
innovation theory research, and providing new cases for policy science. The practical significance lies in providing reference
guidance for government decision-making, enterprise layout, and scientific research innovation.

1.2 Research Objectives and Content

This paper aims to systematically review the pathway mechanisms of biomanufacturing in promoting industrial
transformation and upgrading, deeply analyze the strategic orientation of the “14th Five-Year” bioeconomy policy, and
reveal its profound impacts on industrial structure. Specific research objectives include: constructing a theoretical analysis
framework to explain the internal mechanisms of biomanufacturing-driven industrial transformation from three dimensions
of technological innovation, industrial economy, and sustainable development, establishing a “technology-industry-policy”
co-evolution framework; revealing core pathways, systematically reviewing the technological evolution and industrial
transformation of industrial biomanufacturing, identifying key pathways for transformation and upgrading, analyzing
challenges faced and proposing countermeasures; evaluating policy implementation mechanisms and effects, deeply
analyzing national strategic planning and policy orientation, evaluating regional layout and industrial synergy mechanisms,
identifying key areas and proposing optimization recommendations.

1.3 Research Methods

This paper comprehensively employs literature research, comparative analysis, and policy analysis methods. Through
systematic review of academic literature and policy documents in the field of biomanufacturing at home and abroad, it
constructs the theoretical foundation of the research; comparative analysis is conducted on the characteristics and differences
of biomanufacturing development strategies among major economies including the United States, European Union, Japan,
and China; systematic interpretation of the “14th Five-Year” bioeconomy development plan and related supporting policies
is conducted to analyze policy objectives, tools, and implementation mechanisms. The technical route of this paper is to
construct a theoretical analysis framework through literature research; analyze the application of biomanufacturing in
industrial and agricultural fields through comparative analysis and case studies; interpret the “14th Five-Year” bioeconomy
policy through policy analysis; finally, comprehensively evaluate the impact of the bioeconomy and propose conclusions and

policy recommendations.
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2.Theoretical Foundation and Analytical Framework

2.1 Definition of Core Concepts

Biomanufacturing refers to the manufacturing paradigm that utilizes biological systems to produce chemicals, materials, and
energy. Clomburg et al. (2017)"'pointed out that industrial biomanufacturing represents the future of chemical production,
enabling the fundamental shift from fossil raw materials to renewable raw materials through microbial cell factories.

From the perspective of technological evolution, biomanufacturing has experienced leapfrog development from traditional
fermentation to metabolic engineering and then to synthetic biology. Tan Tianwei (2024)"'divides the development of
biomanufacturing into four stages: Biomanufacturing 1.0 began during World War I, mainly producing primary metabolites
through single-strain anaerobic fermentation; Biomanufacturing 2.0 originated during World War I, using mutagenesis-se-
lected microbial mutants to achieve secondary metabolite production; Biomanufacturing 3.0 is marked by recombinant DNA
technology and cell culture systems, enabling the production of biological macromolecules; the current period is Bioman-
ufacturing 4.0, characterized by the integration of synthetic biology and artificial intelligence, promoting biomanufacturing
toward “new production methods, new products, and sustainability.”

2.2 Technological Evolution and Industrial Transformation of Biomanufacturing

Biomanufacturing is a manufacturing paradigm that utilizes biological systems to produce chemicals, materials, and energy.
The groundbreaking research published by Clomburg et al. (2017)"in Science pointed out that industrial biomanufacturing
is the future of chemical production, capable of achieving the fundamental shift from fossil raw materials to renewable raw
materials through microbial cell factories. This paper has been cited over 600 times and has become a foundational work
in the field.From the perspective of technological evolution, biomanufacturing has experienced leapfrog development from
traditional fermentation to metabolic engineering and then to synthetic biology, which can be divided into four stages: The 1.0
period began in World War I, converting sugars into primary metabolites such as acetone and butanol through single-strain
anaerobic fermentation; the 2.0 period originated in World War II, using mutagenesis-selected microbial mutants combined
with liquid submerged aerobic fermentation to produce secondary metabolites such as penicillin; the 3.0 period is marked
by recombinant DNA technology and cell culture systems, achieving the production of biological macromolecules such
as therapeutic proteins and industrial enzymes; the current period is the deepening formation period of 4.0, represented by
synthetic biology technology, promoting development toward “new production methods, new products, and sustainability.”
The “Bioprocessing 4.0” concept proposed by Pandey et al. (2024) "'deeply integrates the Fourth Industrial Revolution with
biomanufacturing, highlighting the key role of digitalization and intelligence.

2.3 Theoretical Foundation and Analytical Framework

This paper comprehensively employs technological innovation theory, industrial economics, and sustainable development
theory to construct a “technology-industry-policy” co-evolution analytical framework. At the technological innovation level,
based on Schumpeter’s innovation theory and techno-economic paradigm theory, it emphasizes that biomanufacturing is
achieving a paradigm shift from experience-driven to data-driven through the integration of synthetic biology and artificial
intelligence, forming a new techno-economic paradigm that reshapes the industrial landscape. At the industrial economy
level, it utilizes industrial structure, industrial cluster, and industrial life cycle theories to explain how biomanufacturing
promotes the high-end, green, and intelligent evolution of industrial structure through industrial chain extension and value
chain reconstruction, and achieves economies of scale and knowledge spillover effects through industrial park construction.
At the sustainable development level, based on sustainable development, circular economy, and ecosystem services theories,
it demonstrates that biomanufacturing uses renewable resources as raw materials and achieves win-win economic and envi-
ronmental outcomes through clean production, while emphasizing the importance of biodiversity conservation. The core logic
of this framework is that technological innovation provides underlying support, industrial application forms market traction,
and policy guidance creates institutional environments, with the three mutually promoting to jointly drive high-quality
development of the bioeconomy. Based on this, this paper will systematically analyze the pathways and countermeasures of
biomanufacturing in promoting industrial transformation and upgrading, evaluate the implementation effects of the “14th

Five-Year” bioeconomy policy, and provide academic support for the development of China’s bioeconomy.
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3.Pathways and Countermeasures of Biomanufacturing in Promoting Industrial
Transformation and Upgrading

3.1 Analysis of Current Development Status of Industrial Biomanufacturing

Industrial biomanufacturing is the core application field of biomanufacturing, covering subdivisions such as bio-based ma-
terials, chemicals, energy, and pharmaceuticals. Current development in China presents the following characteristics:Market
scale continues to expand. China’s bio-fermentation industry has formed a pattern with leading scale and complete systems,
with bulk products such as amino acids, organic acids, vitamins, and enzyme preparations ranking among the world’s top in
production. According to statistics, China’s annual amino acid production exceeds 3 million tons, accounting for over 70% of
global production; citric acid annual production exceeds 1.5 million tons, accounting for over 60% of global production.
Technological innovation continues to break through. Underlying tools are rapidly iterating, with industry-university-research
collaboration conquering multiple key technologies. In gene editing, the Institute of Zoology, Chinese Academy of Sciences
established a new method for protein engineering modification (MIDAS), obtaining new tools such as high-activity Cas12i
Max and high-specificity Cas12i HiFi; in genome synthesis, the Tianjin University team achieved precise synthesis, assembly,
and cross-species delivery of megabase-pair level human DNA, developing the chromosome elimination-mediated large-scale
DNA assembly and delivery method (HAnDy).

Industrial applications continue to expand. In the medical and health field, the world’s first injectable type III humanized col-
lagen gel was synthesized using E. coli expression systems, and the de novo synthesis of B-lactam parent nuclei was achieved
through artificial enzyme design and pathway reconstruction. In the chemical materials field, synthetic biology promotes
green and low-carbon transformation, with domestic enterprises breaking through cost and performance limitations of fully
biodegradable materials (PHA) by modifying microbial metabolic pathways. In the energy substitution field, hydrocarbon
aviation fuel technology converts sugars into aviation kerosene through engineered yeast, achieving pilot trials in enterprises
such as Sinopec and China Aviation Oil, with full life cycle carbon emissions reducible by over 70%.

Regional layout is initially formed. Industrial clusters in the Beijing-Tianjin-Hebei region, Yangtze River Delta, Guang-
dong-Hong Kong-Macao Greater Bay Area, and Chengdu-Chongqing region are initially taking shape. Beijing focuses on
developing biomedicine and bioinformatics, Shanghai concentrates on biomaterials and biomanufacturing, and Shenzhen
emphasizes synthetic biology and biomanufacturing. As of June 2023, 23 national bioindustry bases have been established
nationwide; in July 2023, the National Development and Reform Commission approved the construction of the first national
biomanufacturing industry innovation center, led by the Shenzhen Institute of Advanced Technology, Chinese Academy of
Sciences.

3.2 Pathway Analysis of Industrial Transformation and Upgrading

Biomanufacturing has clear pathways for promoting industrial transformation and upgrading. The “biointelligent value-add-

ing” framework proposed by Miche et al. (2020)

emphasizes the deep integration of manufacturing, information, and
biotechnology and the co-evolution of socio-technical systems, providing a theoretical perspective for understanding this
transformation. Based on theoretical analysis and practical cases, this paper identifies four core pathways: The raw material
substitution pathway achieves renewability by replacing fossil raw materials with biomass resources, such as bio-based
plastics significantly reducing carbon footprints, with predictions that industrial biotechnology will reduce 2.5 billion tons of
carbon dioxide emissions annually by 2030. The process innovation pathway utilizes microorganisms or enzyme catalysis to
replace traditional chemical synthesis, achieving efficient conversion at room temperature and pressure with advantages of
strong selectivity and less pollution, such as enzyme-catalyzed pharmaceutical production reducing organic solvent use and
bioenzyme textile treatment achieving water and energy conservation. The product upgrading pathway develops high-per-
formance bio-based products to optimize structure, such as bio-based carbon fiber applied in aerospace and other fields, and
bio-based cosmetic raw materials meeting green consumption demands, with the global bio-based chemicals market scale
expected to reach hundreds of billions of dollars by 2030. The system integration pathway constructs complete industrial
chains from raw material supply to market application, promoting collaborative innovation through forms such as industrial

alliances and innovation platforms to form industrial ecosystems. Research shows that elements such as bio-based materials
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and green design platforms play key roles in enterprise green transformation. Tan Tianwei (2024)*'pointed out that China’s
biomanufacturing development faces multiple opportunities and challenges in technology, industry, and policy, proposing a
“technology breakthrough-industry cultivation-policy innovation” trinity transformation and upgrading pathway.

3.3 Challenges Faced by Industrial Biomanufacturing Development

Although China’s industrial biomanufacturing has made significant progress, it still faces many challenges compared to
international advanced levels:

Insufficient independent innovation capability in core technologies. High-end gene editing tools and core algorithms and
other key technologies are constrained by imports, urgently needing to break through “bottleneck™ constraints; in chassis
cell development, while industrial-level model microorganism modification capabilities are relatively strong, original and
high-performance chassis lag behind; core industrial software such as Al-assisted design and metabolic network models also
rely on imports, requiring long-term accumulation of underlying technology depth.

Slow industrialization process. There exists a “valley of death” from laboratory to industrialization, with scaled production
facing problems such as high costs, poor stability, and immature processes; pilot platform construction lags behind, lacking
public service platforms supporting technology maturation. Asin-Garcia et al. (2025)"'pointed out that insufficient research
infrastructure is a key bottleneck constraining industrial development.

Cost competitiveness needs improvement. Biomanufacturing products are relatively expensive compared to traditional petro-
chemical products, with high costs for biomass raw material collection, storage, and transportation, high fermentation energy
consumption, and separation and purification costs remaining high, posing economic challenges for bio-based materials and
biofuels in low oil price environments.

Incomplete standard systems and certification mechanisms. Bio-based product certification standards and methods are not
unified, making it difficult for consumers to distinguish product bio-based content and environmental benefits; standards for
safety evaluation and environmental impact assessment also need to be improved.

Incomplete industrial ecosystem. Upstream and downstream coordination in the industrial chain is insufficient, with poor
connection between raw material supply, technology research and development, and product application; enterprises
lack effective cooperation mechanisms with downstream application enterprises, with product development disconnected
from market demands; insufficient financial support from industrial investment funds and venture capital constrains the
development of startup enterprises.

Prominent talent shortage issues. As an interdisciplinary field, biomanufacturing urgently needs compound talents with
backgrounds in biology, chemistry, engineering, and informatics. Currently, there are significant gaps in high-end talents,
skilled talents, and industrialization talents who understand both technology and markets.

3.4 Countermeasures and Policy Tools

In response to the above challenges, this paper proposes the following recommendations:Strengthen basic research and
technology breakthroughs. Increase R&D investment in frontier fields such as synthetic biology and metabolic engineering,
build national-level innovation platforms, focus on breaking through core technologies such as chassis cell modification, core
strain construction, key enzyme preparation, genome editing, and Al-driven biomanufacturing, and accelerate independent
research and development and industrialization relying on carriers such as national science and technology major projects.
Improve industrial ecosystems and market mechanisms. Establish product certification systems and green procurement
policies, promote the construction of standard systems for bio-based materials and chemicals; improve carbon trading
mechanisms to convert carbon reduction benefits into economic returns; establish industrial alliances to promote upstream
and downstream collaborative innovation.

Optimize regional layout and collaborative development. Layout projects in industrial clusters such as chemicals and
materials to promote cluster development—the Beijing-Tianjin-Hebei region focuses on biomedicine and bioinformatics,
the Yangtze River Delta focuses on biomaterials and manufacturing, the Guangdong-Hong Kong-Macao Greater Bay Area
emphasizes biomedicine and information, and the Chengdu-Chongqing region develops bio-agriculture and environmental

protection, forming full industrial chain supporting capabilities.
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Strengthen talent cultivation and international cooperation. Deepen industry-education integration, support universities
in setting up relevant majors, and establish vocational skills training systems; strengthen international scientific and
technological cooperation, participate in international standard setting, introduce advanced technology and experience, and
support enterprises in expanding international markets.

Innovate policy tools and incentive mechanisms. Comprehensively utilize policies such as fiscal subsidies, tax incentives,
and financial support, establish special funds for industrial development, provide corporate income tax incentives and R&D
expense super-deductions, and guide financial institutions to develop innovative products such as intellectual property pledge
financing.

Accelerate pilot capabilities and infrastructure construction. Layout pilot capabilities and service systems, build technology
maturation platforms; strengthen data infrastructure construction, carry out digital analysis of microbial resources, and mine

new functional elements and metabolic pathways.

4.Policy Analysis and Institutional Environment

4.1 National Strategic Planning and Policy Orientation

The “14th Five-Year” Plan elevates the bioeconomy to national strategic height, clarifying the overall direction and key tasks
for bioeconomy development. In May 2022, the National Development and Reform Commission issued the “14th Five-
Year Plan for Bioeconomy Development,” China’s first five-year plan for the bioeconomy, marking the formal entry of the
bioeconomy into the sequence of national strategic emerging industries.

The plan emphasizes the integrated innovation of biotechnology and information technology, explicitly proposing to promote
the integrated development of biotechnology and information technology, and to accelerate biotechnology research and
development and application using technologies such as artificial intelligence, big data, and cloud computing. The plan
lists biomanufacturing as one of the four key areas of the bioeconomy, proposing to promote the scaled application of
biomanufacturing and improve the innovation and development capabilities of the biomanufacturing industry.

From the perspective of development goals, the plan clarifies that by 2025, the bioeconomy will become a strong driving
force for promoting high-quality development, achieving significant improvements in total scale, comprehensive scientific
and technological strength, industrial integration development, and biosafety guarantee capabilities. Specific indicators
include: the proportion of bioeconomy value-added in GDP steadily increasing; biotechnology industry output maintaining an
average annual growth rate of about 10%; and the proportion of R&D investment in sales revenue for bio-sector enterprises
reaching over 8%.

The plan deploys five key tasks: consolidating the foundation for biotechnology innovation, cultivating and strengthening
pillar industries such as biomedicine and bio-agriculture, strengthening the conservation and utilization of biological
resources, building a solid biosafety guarantee system, and optimizing the policy environment.

4.2 Regional Layout and Industrial Synergy

The “14th Five-Year” Plan systematically plans the regional layout of the bioeconomy, clarifying the development positioning
and key areas of each region: The Beijing-Tianjin-Hebei region is positioned as an innovation source. Relying on platforms
such as Zhongguancun, Binhai New Area, and Xiong’an New Area, it focuses on developing biomedicine, biomanufacturing,
and bioinformatics. Beijing focuses on original innovation, Tianjin emphasizes industrialization, and Hebei undertakes
industrial transfer.

The Yangtze River Delta region is positioned as an industrial highland. Relying on platforms such as Zhangjiang Science
City, Suzhou Industrial Park, and Hangzhou Future Sci-Tech City, it focuses on developing biomaterials, bioenergy,
and biomedicine. Shanghai leverages its internationalization and capital advantages, Jiangsu strengthens manufacturing
supporting capabilities, and Zhejiang activates private economic vitality.

The Guangdong-Hong Kong-Macao Greater Bay Area is positioned as an open gateway. Relying on platforms such as
Guangming Science City and Guangzhou International Bio Island, it focuses on developing biomedicine, bioinformatics,
and biomedical engineering. Shenzhen focuses on synthetic biology and R&D, while Guangzhou emphasizes production and

clinical application.
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The Chengdu-Chongqing region is positioned as an emerging growth pole. Relying on platforms such as Tianfu International
Bio City and Liangjiang New Area, it focuses on developing bio-agriculture, bio-environmental protection, and biomedicine.
In terms of industrial synergy, the plan emphasizes strengthening industry-university-research synergy, promoting deep
cooperation between universities, research institutions, and enterprises; strengthening regional synergy to form a division
of labor and cooperation pattern; and strengthening international cooperation to actively participate in global bioeconomy
governance.

4.3 Policy Optimization Directions

The implementation of the “14th Five-Year” bioeconomy policy has achieved positive results, but still needs further
optimization.

Strengthen coordination and integration. Establish cross-departmental and cross-field coordination mechanisms, strengthen
communication between the National Development and Reform Commission, Ministry of Science and Technology, Ministry
of Industry and Information Technology, and other departments to form policy synergy; formulate special plans to clarify
division of responsibilities and task lists.

Improve precision. Formulate differentiated measures according to the needs of different fields, regions, and enterprises:
increase fiscal investment in basic research, improve market mechanisms and give play to the main role of enterprises in
industrialization, and implement categorized policies based on resource endowments for regional development.

Enhance sustainability. Establish long-term mechanisms, incorporate the bioeconomy into national economic and social
development plans, and maintain policy continuity and stability.

Improve evaluation mechanisms. Establish scientific evaluation indicator systems, conduct regular evaluations and timely

adjustments and optimizations; introduce third-party evaluations to improve objectivity and fairness.

5.Comprehensive Impacts of Bioeconomy on Industrial Transformation

5.1 Industrial Restructuring Effects

Biomanufacturing is reshaping industrial structure from multiple dimensions, profoundly changing the underlying logic of
industrial production. It reshapes traditional production models. Traditional chemical industry relies on fossil raw materials
for chemical synthesis production, while biomanufacturing uses biomass as raw materials and utilizes microorganisms or
enzyme catalysis to achieve biological transformation, forming new production routes and reshaping raw material supply
chains, processes, product systems, and market patterns.

It provides industrial decarbonization pathways. Using renewable resources as raw materials and achieving efficient resource
utilization and environmental friendliness through clean production is an important pathway to achieve industrial carbon
neutrality. According to estimates, industrial biotechnology can reduce carbon emissions by hundreds of millions of tons
annually; bio-based materials replacing petroleum-based materials can significantly reduce product carbon footprints, and
biofuels replacing fossil fuels can reduce carbon emissions in the transportation sector.

It promotes industrial intelligent development. Biomanufacturing 4.0 combines the “design-build-test-learn” cycle of
synthetic biology with the “predict-optimize-mine-generate” of artificial intelligence. The application of technologies such as
intelligent bioreactors, automated production lines, and digital quality control systems has significantly improved efficiency
and stability.

It becomes a new focus of international competition. Major economies have listed it as a national strategy, increasing R&D
investment and policy support to compete for leading positions. Although China’s industrial scale is large, there are still gaps
compared to international advanced levels in core technologies, high-end products, and brand influence, urgently needing to
enhance industrial competitiveness.

5.2 Industrial Scale and Economic Benefits

The bioeconomy has become an important pillar of the national economy. In 2022, China’s industrial scale exceeded 15
trillion yuan, accounting for over 12% of GDP, of which the biomedicine and biomanufacturing industries exceeded 4
trillion yuan and 3 trillion yuan respectively, with the overall scale expected to reach 20 trillion yuan by 2030. Meanwhile,

the bioeconomy is profoundly reshaping employment patterns, with over 10 million direct employees and over 30 million
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indirectly employed, and has spawned emerging professions such as bioinformatics analysts and synthetic biology engineers,
putting higher requirements on labor quality.

The bioeconomy is becoming an important field of technological innovation. R&D investment in the bioeconomy field
continues to grow, with enterprise R&D investment accounting for over 8% of sales revenue, higher than the manufacturing
average. China’s share of global patent applications in biomanufacturing has steadily risen from 28.9% in 2014 to 51.9% in
2022, demonstrating China’s innovation vitality in this field.

The bioeconomy is becoming a new engine for regional economic growth. Bioeconomy clusters in the Beijing-Tianjin-
Hebei region, Yangtze River Delta, Guangdong-Hong Kong-Macao Greater Bay Area, and Chengdu-Chongqing region are
accelerating development, becoming important growth poles for regional economies. The development of the bioeconomy
has driven the aggregation of related industrial chains, formed bioeconomy industrial clusters, and promoted the optimization
and upgrading of regional economic structures.

5.3 Sustainable Development Effects

The contribution of biomanufacturing to sustainable development is reflected in three dimensions: environmental, economic,
and social. In the environmental dimension, it significantly reduces environmental footprints by replacing fossil raw
materials, optimizing processes, and developing green products; bio-based materials are degradable and reduce plastic
pollution, biological processes reduce chemical waste emissions, and bioenergy replaces fossil energy to reduce greenhouse
gas emissions. In the economic dimension, it improves the quality and efficiency of the industrial economy by improving
resource utilization efficiency, developing high value-added products, and creating new industrial opportunities; its long
industrial chain and strong driving effects, combined with circular economy, achieve sustainable resource utilization. In the
social dimension, it enhances social welfare by improving product quality, reducing costs, and creating employment; bio-
based products are safer and healthier to meet green consumption demands, reducing the cost of medical materials to improve

accessibility, and creating high-skill jobs to promote human capital improvement.

6.Conclusions and Policy Recommendations

6.1 Main Research Conclusions

This paper systematically reviewed core literature at home and abroad, deeply analyzed the pathways and countermeasures
of biomanufacturing in promoting industrial transformation and upgrading, discussed the strategic orientation and
implementation mechanisms of the “14th Five-Year” bioeconomy policy, and evaluated its comprehensive impacts on
industry.

The bioeconomy is becoming a strategic high ground for global competition. The EU is sustainability-oriented, the US is
technology innovation-driven, and China focuses on industrial transformation, with major economies actively laying out
strategies. As a core driving force, biomanufacturing carries the mission of promoting green transformation in manufacturing
and serves as a strategic engine for cultivating new quality productive forces and reshaping the global industrial landscape.
The pathways for biomanufacturing to promote industrial transformation and upgrading are clear. Through four pathways—
raw material substitution, process innovation, product upgrading, and system integration—it reshapes the logic of industrial
production: replacing fossil raw materials with bio-based raw materials to achieve renewability; replacing chemical processes
with biological processes to achieve greening; developing high-performance bio-based products to optimize product structure;
and building industrial ecosystems to achieve industrial chain collaborative development.

The “14th Five-Year” Plan has constructed a systematic policy framework. From national strategy to regional layout, from
industrial synergy to breakthroughs in key areas, the policy system is increasingly improving. The Beijing-Tianjin-Hebei
region, Yangtze River Delta, Guangdong-Hong Kong-Macao Greater Bay Area, and Chengdu-Chongqing region have become
important growth poles, but policy synergy, precision, sustainability, and evaluation mechanisms still need to be strengthened.
The bioeconomy has profound impacts on industry. At the macro level, the bioeconomy has become an important pillar of the
national economy, with the scale expected to reach 20 trillion yuan by 2030; at the meso level, biomanufacturing is promoting
deep adjustment of industrial structure, reshaping industrial chains and value chains, and promoting green transformation and

intelligent manufacturing.
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China’s bioeconomy development faces both opportunities and challenges. Opportunities lie in the complete industrial
system, huge market demand, abundant biological resources, and continuous technological innovation; challenges are
reflected in insufficient independent innovation capability in core technologies, slow industrialization processes, lack of cost
competitiveness, incomplete standard certification mechanisms, weak industrial ecosystems, and prominent talent shortages.
6.2 Policy Recommendations

Strengthen top-level design and coordination for biomanufacturing. Formulate national medium and long-term development
plans oriented toward “dual carbon” goals, clarifying phased goals, key tasks, and guarantee measures; establish cross-
departmental and cross-regional coordination mechanisms to guide differentiated local layouts and avoid redundant
construction.

Focus on improving independent innovation capabilities in key core technologies. Systematically catalog technology
breakthrough lists, focus on “bottleneck” areas to build “industry-university-research-application” collaborative innovation
systems, and focus on breaking through core technologies such as chassis cell modification, core strain construction, key
enzyme preparation, synthetic biology underlying technologies, genome editing, and Al-driven biomanufacturing.

Promote integrated layout of “basic research-technology breakthrough-industrial application.” Form a closed-loop
development model of “basic breakthrough-technology transformation-scenario verification-scale promotion,” and build a
“industry-university-research-application-finance” collaborative industrial ecosystem.

Accelerate industrial ecosystem construction. Improve product certification systems and green procurement policies, promote
the construction of bio-based product standard systems, optimize carbon trading mechanisms to convert carbon reduction
benefits, and establish industrial alliances to promote upstream and downstream collaborative innovation.

Strengthen talent cultivation and introduction. Deepen industry-education integration to cultivate interdisciplinary talents,
support universities in setting up relevant majors, establish vocational skills training systems, and implement open policies to
introduce international top talents.

Deepen international cooperation. Participate in global bioeconomy governance and standard setting, strengthen international
scientific and technological cooperation, and support domestic enterprises in expanding international markets.

Optimize regional layout. Promote the Beijing-Tianjin-Hebei region, Yangtze River Delta, Guangdong-Hong Kong-Macao
Greater Bay Area, and Chengdu-Chongqing region to form bioeconomy industrial clusters with distinctive characteristics,

creating innovation sources, industrial highlands, open gateways, and emerging growth poles.
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