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Abstract

This study investigates the impact of Environmental Policy Stringency (EPS) on GVC func-
tional specialization. We find that EPS promotes high value-added, low-carbon upstream
and downstream specialization—supporting the “Porter Hypothesis (PH)”—while simulta-
neously driving carbon-intensive production to regions with lax regulations, validating the
“Pollution Haven Hypothesis (PHH)”. These findings demonstrate that both effects coexist
across distinct GVC stages. Heterogeneity analysis reveal that policy impacts vary different
instruments: market-based instruments drive upstream functional specialization, whereas
non-market measures drive downstream functional specialization. In terms of temporal
dynamics, the Paris Agreement intensified the PHH in production activities while catalyz-
ing medium-to-long-term incentives for upstream and downstream specialization. The
influence of EPS on GVC structural adjustments has strengthened notably since the Paris
Agreement, reflecting a significant temporal lag and long-term efficacy. Mechanistically,
low-carbon innovation serves as the primary channel for functional upgrading, an effect
significantly amplified by robust national innovation systems (NIS) and entrepreneurship.
Meanwhile, NIS and entrepreneurship partly amplify the positive effect of EPS on high-
end functional specialization. From a GVC functional perspective, this study offers new
evidence reconciling the PH and the PHH.

Keywords: environmental policy stringency; GVC functional specialization; low-carbon
innovation; national innovation system; entrepreneurship

1. Introduction
Increasing global warming and environmental pollution pose severe challenges to

human health and ecosystem sustainability. In the context of worsening global warming
and ecological crises, stringent environmental policies are regarded as effective ways to
promote green technological innovation and achieve emission reduction targets. How-
ever, from the perspective of international trade, unilateral environmental policies impose
significant externalities. Since such policies reshape cost structures and trade patterns
among nations by restricting energy consumption and production in polluting industries,
they have sparked widespread academic concerns over the risks of “carbon leakage” and
the potential erosion of international industrial competitiveness [1,2]. Consequently, the
difficult balancing act between environmental performance and maintaining international
competitiveness has become a primary focus of government environmental governance.
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Although early studies provided important insights into examining the trade effects
of environmental policies, their conclusions remain highly contested. The debate primarily
centers on two opposing theoretical perspectives: the “Pollution Haven Hypothesis (PHH)”
and the “Porter Hypothesis (PH)” [3,4]. The PHH suggests that stringent environmental
policies may increase environmental burdens on producers and consumers, raising environ-
mental governance costs unrelated to core outputs and value-added, thereby eroding trade
benefits [5]. However, these negative impacts are generally viewed as short-term phenom-
ena. The “revisionist” perspective argues that, in the long run, improved environmental
performance should be regarded as a key source of enhanced international competitiveness.
Porter and Linde (1995) noted that the negative impact of environmental policies on eco-
nomic performance stems from a static mindset, which views pollution as resource waste
and assumes pollution reduction will boost productivity [6]. They hypothesized that more
stringent but properly designed environmental policies could incentivize technological
innovation, partially or fully offsetting the compliance costs incurred by firms in adhering
to environmental regulations through an “innovation compensation” effect known as the
PH. Consequently, the trade-promoting effect of stringent environmental policies largely
hinges on the strength of the “innovation offset effect” referenced in the PH.

The GVC has reshaped the structure of international trade through production frag-
mentation, further complicating the debate between the PHH and the PH [7,8]. In addition,
it spatially separates consumption from production through fragmented manufacturing,
thus decoupling pollution sources from the entities responsible for emissions [9]. This
facilitates the transnational transfer and outsourcing of pollution-intensive production
processes. Najarzadeh et al. (2021) verified the existence of the PHH from the perspective
of GVC participation structures [10]. The study indicates that under the emission reduction
obligations of the Kyoto Protocol, the export scale of energy-intensive intermediate goods
from committing countries significantly contracted, leading to a decline in their forward
participation in GVCs. Conversely, these countries tended to substitute domestic high-
pollution production by expanding intermediate goods imports, objectively elevating their
backward participation levels in GVCs. Yu and Choi (2024) demonstrate that the “pollution
haven effect” of environmental regulations exhibits heterogeneity across countries at dif-
ferent development levels: in developed economies, this effect manifests only in forward
participation patterns within GVCs, whereas developing economies show significant effect
biases in both forward and backward participation patterns [4]. However, Yuan et al.
(2023) based on an environmental policy study of China’s Cleaner Production Standards
found that these standards support the strong form of PH by enhancing innovation and
R&D capabilities, accelerating the integration of Chinese manufacturing enterprises into
GVCs [11]. Li et al. (2022) constructed a bargaining power index to characterize GVC status
based on CEPII BACI six-digit import–export product data [12]. They found a U-shaped
nonlinear relationship between environmental regulation and GVC position: moderate
environmental regulation can enhance GVC position by promoting technological progress,
whereas overly stringent environmental regulation may inhibit technological advancement,
thereby hindering GVC status improvement.

Although scholars have conducted extensive research on the interaction between
environmental policies and the structure of GVCs, there are still certain areas that require
further refinement: (1) Existing research predominantly utilizes traditional GVC structural
indicators based on product dimensions—such as GVC participation rate, production chain
length, and status index [4,10], export complexity [13] and bargaining power [12]—to
examine the impact of environmental policies on the depth and status of specialization.
However, the functional specialization approach can more precisely delineate the specific
value-added activities involved in a product’s market entry process and their capacity to
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capture value [14,15]. Therefore, there is an urgent need to expand the analysis of environ-
mental policy effects from the product level to the functional level. (2) In the framework for
studying the impact of environmental policies on GVC structures, there is a lack of in-depth
analysis of the heterogeneous effects of different environmental policy instruments (such
as command-and-control versus market-based incentives) on GVC structures. (3) Existing
literature often views the impact of environmental policies on GVC structures as the re-
sult of the interaction and mutual offsetting of the PHH and the PH. However, research
still lacks systematic examination of whether environmental policies merely generate an
“innovation-inducing effect” or can also form an “innovation-compensating effect” (the
strong form of PH) that drives functional leapfrogging within GVCs.

Furthermore, the inconsistent findings regarding the impact of environmental policies
on GVC structures stem largely from previous studies overlooking the heterogeneity of
domestic institutional environments across nations. Petroni, Bigliardi, and Galati (2019)
emphasized that institutional factors influencing value appropriation are pivotal in de-
termining the trade effects of environmental policies [16]. National innovation systems
(NIS) and entrepreneurship, as indicators of a country’s resource coordination efficiency
and micro-level subject activity [17], have garnered increasing attention in examining the
interplay between environmental policies, productivity, and innovation. First, NIS inte-
grates core elements such as investors, incubators, supportive policies, and technology
transfer infrastructure. By providing critical resources, expert guidance, and collaborative
platforms, it profoundly shapes the decision-making logic of actors within the system
pursuing green innovation [18]. Second, entrepreneurship is not only inextricably linked
to knowledge accumulation and technological progress but also serves as a core driver of
economic growth [19]. Recent research further confirms that established firms are increas-
ingly engaging in deep collaborations with “born green” startups through acquisitions,
investments, or strategic alliances to access cutting-edge environmental technologies. This
trend underscores the critical role of entrepreneurship in navigating environmental reg-
ulations [20]. However, while existing literature fully recognizes the significance of NIS
and entrepreneurship in moderating environmental policy effects, systematic empirical
examinations remain scarce regarding how these factors mediate the complex relationship
between environmental policies and GVC structures within the GVC research framework.

Against this background, this study addresses the following research questions:
Q1: Does EPS affect functional specialization across different segments of GVCs?
Q2: Do these effects differ across policy instruments, specifically market-based, non-

market-based, and technology-support policies?
Q3: Does EPS indirectly influence GVC functional specialization through low-

carbon innovation?
Q4: Do the NIS and entrepreneurship moderate the impact of EPS on GVC func-

tional specialization?
This paper makes three primary contributions. First, this paper reframes the analysis

of environmental policies’ trade effects by adopting a functional specialization perspective
that captures the dynamic distribution of value added. Unlike conventional GVC indicators
that focus on participation depth or fragmentation intensity, this approach reveals whether
environmental policies induce shifts from low-value-added functions toward high-value-
added activities such as R&D and marketing, thereby offering a novel empirical test of
competing interpretations of the PHH and the PH. Second, this study jointly examines
the direct effects of EPS on GVC functional specialization and the indirect, innovation-
mediated channel, thereby systematically testing both the weak and strong forms of the
PH. It clarifies how EPS stimulate low-carbon innovation that translates into functional
restructuring, offering empirical support for GVC-oriented industrial upgrading. Third,
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as existing literature overlooks the differentiated impacts of specific policy instruments.
this study categorizes EPS into market-based, non-market-based, and technology-support,
allowing an examination of whether the impact of policy stringency on GVC functional
specialization varies by policy type.

This study is organized as follows: Section 2 reviews the literature and proposes
hypotheses; Section 3 elaborates on the empirical design and variable definitions; Section 4
reports empirical results, heterogeneity analysis, robustness checks, and endogeneity tests;
Section 5 explores transmission mechanisms and moderating effects; Section 6 presents
conclusions and discussions; Section 7 clarifies policy implications and research limitations.

2. Literature Review and Research Hypothesis
2.1. Environmental Policy Stringency and GVC Functional Specialization

Stringent environmental policies, as a strong external constraint, induce firms to adopt
proactive environmental management and technological innovation strategies, thereby
reshaping their competitive advantages within GVCs and facilitating upgrading toward
high-value-added upstream and downstream functions [21]. On the one hand, stringent en-
vironmental policies can stimulate low-carbon technological innovation and environmental
management upgrading, encouraging firms to shift toward higher value-added, low-carbon
upstream and downstream functions—such as R&D, design, and advanced services—thus
strengthening their competitive positioning within GVCs [22–25]. On the other hand,
stricter regulations may raise compliance costs for pollution-intensive industries, weaken-
ing price competitiveness and prompting the relocation of high-carbon, low-value-added
production functions to countries with laxer environmental standards through outsourcing
or cross-border production shifts [26].

From a management strategy perspective, EPS affects firms’ functional specialization
choices by redefining corporate responsibility boundaries and strategic priorities. Firms
facing stricter regulation are compelled to internalize environmental responsibility and
signal commitment to sustainability in international markets, which helps mitigate in-
formation asymmetry and enhance legitimacy and reputational capital [27]. In response,
firms tend to reallocate resources toward green product R&D, low-carbon technologies,
and strategic repositioning, promoting specialization in low-carbon, knowledge-intensive
upstream functions such as R&D and design. Meanwhile, regulatory pressure and compli-
ance management generate a top-down transmission mechanism within GVCs. Lead firms
expand environmental responsibility requirements to suppliers and partners, inducing
more sustainable practices along the supply chain [28]. Firms engaged in downstream
functions are thus more likely to adopt eco-branding strategies [29], transforming environ-
mental attributes into differentiation advantages through eco-design, cleaner production,
and waste management practices [30].

From a technological innovation strategy perspective, stringent environmental poli-
cies strengthen rigid market demand for pollution control and clean energy technolo-
gies by inducing governments to make credible commitments to low-carbon transition
pathways [31]. This demand-side shock raises the expected returns to green R&D and
strengthens firms’ incentives for low-carbon innovation, encouraging resource reallocation
toward knowledge-intensive activities and reinforcing upstream functional specialization.
Moreover, EPS reshapes financial resource allocation by promoting green finance. As green
investment becomes increasingly prominent in capital markets [32], governments and finan-
cial institutions deepen green financial markets through green bonds and dedicated funds,
alleviating firms’ financing constraints and reducing the cost and risk of green innovation.
These mechanisms enable firms to enhance environmental performance and product differ-
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entiation, thereby strengthening their value capture capabilities in downstream functions
such as branding and marketing.

In contrast, EPS places production-oriented suppliers at a structural disadvantage,
often trapping them in the “factory manager dilemma” [26]. Production functions are typi-
cally characterized by low value added and high carbon intensity, making them particularly
sensitive to rising compliance costs. Environmental responsibility pressure from upstream
lead firms is transmitted along the supply chain, further compressing profit margins and
survival space. Moreover, suppliers specializing in production functions are highly de-
pendent on lead firms’ strategic decisions, rendering their responses to environmental
regulation passive and subordinate, with limited scope for functional upgrading through
innovation [33]. Under these conditions, multinational enterprises may find it economically
advantageous to relocate production activities to jurisdictions with laxer environmental
standards rather than bear the costs of strict local compliance.

Based on the above reasoning, the following hypotheses are proposed:

H1a. EPS promotes GVC upstream functional specialization.

H1b. EPS hinders GVC production functional specialization.

H1c. EPS promotes GVC downstream functional specialization.

2.2. The Transmission Mechanism of Low-Carbon Innovation

Low-carbon innovation refers to the adoption of industrial production technologies
that emphasize environmental adaptability, sustainability, and resource efficiency [34,35].
It is widely recognized as a key driver of environmental sustainability and long-term
ecological resilience. According to the PH, environmental regulation can induce innovation
by constraining pollution and waste generation, thereby stimulating the development
of cleaner energy technologies [36]. In addition, energy price fluctuations triggered by
stringent environmental policies—particularly rising fossil fuel costs—encourage firms to
explore cleaner production strategies and green technologies, ultimately reducing reliance
on carbon-intensive inputs [37,38].

EPS stimulates low-carbon innovation in production functions mainly through
compliance-driven and pressure-induced channels. First, non-market-based instruments,
such as emission caps and administrative penalties-impose direct regulatory pressure on
production-oriented firms, forcing them to improve production processes, adopt recycling
practices, and accelerate the phase-out of inefficient capacity. These adjustments primarily
aim at meeting regulatory standards and mitigating cost pressures rather than achieving
functional upgrading. Second, within a cascading governance structure along GVC, lead
firms increasingly require downstream producers to comply with sustainability standards
as part of reputation management and value chain control. To meet these requirements,
lead firms may transfer green patents or share cleaner production technologies with suppli-
ers, improving production efficiency but reinforcing their role as compliant manufacturers
rather than enabling a shift toward higher-value functional specialization.

Based on this reasoning, the following hypotheses are proposed:

H2a. EPS promotes GVC upstream functional specialization by promoting low-carbon innovation.

H2b. EPS inhibits GVC production function specialization by constraining low-carbon innovation.

H2c. EPS promotes GVC downstream functional specialization by promoting low-carbon innovation.
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2.3. The Moderating Role of National Innovation System

The NIS plays a decisive role at the national level in the creation and diffusion of
knowledge and technology [39]. As an analytical framework, the NIS captures the linkages
within innovation institutions, human resources and knowledge flows, industrial clusters,
and firms’ innovation behaviors, thereby forming a multi-actor interactive network that
facilitates knowledge circulation as well as the development and diffusion of new technolo-
gies [40,41]. Accordingly, this study introduces the NIS as a moderating variable to examine
how it conditions the relationship between EPS and GVC functional specialization.

When a country possesses a more well-developed NIS, it can maintain sustained
learning and innovation capabilities amid global competition and shifts in value chain allo-
cation [42]. EPS consequently enhances the promotion of functional specialization across
upstream and downstream segments of GVCs. Well-developed innovation infrastructure
and a supportive innovation culture can offset the lack of intrinsic innovation incentives
under stringent environmental policies, fostering knowledge creation and providing in-
stitutional conditions conducive to green technology development [43]. Simultaneously,
economies with highly developed innovation systems reduce barriers to cross-sector collab-
oration through networked arrangements, accelerating the diffusion of new knowledge and
technologies within and across regions [44]. Therefore, under stringent environmental pol-
icy pressures, a high-level NIS not only promotes green R&D through knowledge creation
but also facilitates knowledge diffusion, enabling the transformation of new knowledge
into technologies or processes and supporting the upgrading of upstream GVC functions
such as R&D and design.

In high NIS contexts, factors related to market maturity and commercialization facili-
tate knowledge collaboration and interaction across countries, thereby promoting heteroge-
neous knowledge spillovers. A strong innovation system thus provides channels through
which countries specializing in production functions can absorb knowledge spillovers from
GVC lead firms. Furthermore, an advanced NIS can alleviate firms’ financing constraints
for technological R&D, foster the integration of domestic innovation inputs with foreign
technologies, and provide financial support for mandatory compliance by production-
oriented firms. These mechanisms effectively mitigate the negative impacts associated
with environmental and social upgrading requirements faced by firms engaged in produc-
tion functions.

In high-NIS contexts, final consumers become influential innovation actors, shaping
and sometimes even directing R&D and product innovation trajectories [45]. Downstream
functions—such as branding, international marketing, and logistics—are closer to final
consumers, and through their influence, advanced NIS can steer consumer preferences
toward sustainability, thereby expanding demand for sustainable products. Moreover,
stricter environmental policies may serve as a distinctive form of firms’ product differ-
entiation strategies [45]. Product differentiation strategies that commercialize products
produced in accordance with environmental and social standards constitute an effective
means of capturing price premiums [46]. Therefore, the NIS further amplifies the positive
effect of EPS on firms’ downstream functional specialization, particularly in product design,
international marketing, and brand promotion.

H3a. NIS positively moderates the relationship between EPS and GVC upstream functional specialization.

H3b. NIS positively moderates the relationship between EPS and GVC production func-
tional specialization.

H3c. NIS positively moderates the relationship between EPS and GVC downstream func-
tional specialization.
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2.4. The Moderating Role of Entrepreneurship

Entrepreneurship can be understood as a set of attitudes, resources, and institutional
infrastructures that enable entrepreneurs to identify, explore, and exploit new opportuni-
ties. As such, entrepreneurship has been widely regarded as a key driver of innovation,
economic development, and institutional change, particularly in the context of sustainable
development [20,47,48].

From a theoretical perspective, entrepreneurship is likely to moderate the relation-
ship between EPS and GVC functional specialization. Existing studies suggest that en-
trepreneurs pursuing sustainability-oriented opportunities differ systematically from con-
ventional entrepreneurs in their decision-making logics, entrepreneurial motivations, and
network configurations [49,50]. As individual change agents, sustainability-oriented en-
trepreneurs can leverage their roles as role models, mentors, and investors to shape con-
sumer and investor perceptions of green consumption and to emphasize environmental
and socio-economic returns, thereby accelerating market acceptance of sustainable products
and services [49,50]. Given that downstream GVC functions, such as branding, marketing,
and distribution, are closely linked to final markets, higher levels of entrepreneurship are
expected to strengthen the positive effect of EPS on downstream functional specialization.

Entrepreneurship also operates as an informal institutional mechanism that facilitates
the mobilization of talent and resources. Sustainability-oriented entrepreneurs are more
likely to perceive entrepreneurial opportunities arising from unsustainable economic prac-
tices [51]. Under conditions of heightened environmental and social pressure, higher levels
of entrepreneurship promote more intensive interactions between entrepreneurs and a
broad range of environmental and social stakeholders. Such interactions contribute to the
formation of a supportive institutional environment for the exploration and commercial-
ization of new products and technologies. Accordingly, entrepreneurship is expected to
reinforce the positive effect of EPS on upgrading toward upstream functional specialization,
particularly in R&D and design intensive activities.

Finally, for firms specializing in production functions, entrepreneurship may mitigate
the compliance costs associated with stringent environmental policies. Higher levels of
entrepreneurship enhance entrepreneurs’ bargaining power and strategic capabilities in
negotiations with GVC lead firms, enabling them to seek deeper involvement of lead firms
in environmental and social upgrading processes [26]. This involvement may include
compliance training, technology transfer, and financial assistance, which help to share the
costs of upgrading. Therefore, entrepreneurship is expected to alleviate the negative impact
of EPS on production functional specialization.

H4a. Entrepreneurship positively moderates the relationship between EPS and GVC upstream
functional specialization.

H4b. Entrepreneurship positively moderates the relationship between EPS and GVC production
functional specialization.

H4c. Entrepreneurship positively moderates the relationship between EPS and GVC downstream
functional specialization.

Building on the theoretical framework outlined above, this study develops the fol-
lowing research model (see Figure 1) to assess the impact of EPS on GVC functional
specialization and explore the mechanisms underlying this relationship.
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Figure 1. Research framework model.

3. Model Construction and Variable Selection
3.1. Baseline Model

To test the main effect hypothesis of this study, the following model is proposed:

FSIi,t+1 = ∂0 + ∂1EPSi,t +∅Xi,t + µi + µt + εit (1)

where subscripts i and t represent sample individuals and years, respectively, and the
variable to be explained is the GVC functional specialization of economy i during pe-
riod t + 1, which is discussed from upstream functional specialization (UFSI), production
functional specialization (PFSI) and downstream functional specialization (DFSI), respec-
tively. The explanatory variable is the EPS of economy i during period t + 1, and the
sub-indicators include market-based policies (MEPS), non-market-based policies (NMEPS)
and technology-support policies (TSEPS); X represents the set of control variables, µi, µt

represent fixed effects of year and country, respectively, and εit represents random error
terms. This paper introduces the explanatory variables with a one-period lag to account
for the delayed effects of EPS on GVC functional specialization and to address potential
endogeneity issues arising from reverse causality.

3.2. Variable Selection
3.2.1. Explained Variables: Gvc Functional Specialization

GVC Functional Specialization. This article utilizes the fDi Markets database to
obtain foreign direct investment (FDI) flow information. Operated by fDi Intelligence,
the investment intelligence arm of the Financial Times, this database has continuously
provided detailed data on cross-border greenfield investment projects across countries and
industries worldwide since 2003. Notably, fDi Intelligence also provides information on the
value-added activities involved in each FDI project, specifically the value chain functions.
These functions encompass the entire process from product launch to after-sales service,
including headquarters activities, R&D, design and testing, manufacturing and assembly,
as well as logistics, brand promotion, and sales services.

Based on this critical information, this study employs the classic three-stage clas-
sification of global value chain activities to categorize inflowing FDI projects into three
types: upstream functions (such as knowledge-intensive tasks like headquarters services,
R&D, design, and training), production functions (such as manufacturing and assembly),
and downstream functions (such as logistics, marketing, and after-sales services) [52–54].
Subsequently, this paper calculates the proportion of FDI inflows associated with each GVC
stage relative to total FDI inflows for country i at time t.

Notably, we use the number of FDI projects rather than investment amounts to con-
struct FDI indicators, as investment values reported by fDi Markets are largely estimated
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and lack transparent methodology. The frequency of projects is therefore more reliable, and
this approach is consistent with a substantial body of empirical studies using fDi Markets
data [55–57]. Accordingly, we use the number of investment projects in our empirical
analysis to enhance reliability and robustness. To address zero values for inward green-
field investments in certain functions and years, we add one to the upstream, production,
and downstream functional indices prior to logarithmic transformation, thereby avoiding
sample loss and selection bias.

3.2.2. Explanatory Variables: Environmental Policy Stringency

Environmental Policy Stringency (EPS). This paper utilizes the composite index of EPS
from the OECD-EPS21 database published by Kruse et al. (2022) [58]. This database updates
and expands upon the OECD-EPS16 database developed by Botta and Koźluk (2014) [59].
The index is a composite measure derived from three sub-policy components: Market-
Based Policy Stringency (MEPS), Non-Market-Based Policy Stringency (NMEPS), and
Technology-Support Policy Stringency (TSEPS). Specifically, the market-based policy sub-
index measures the stringency of “market-based” policy instruments, primarily including
carbon trading schemes, renewable energy trading mechanisms, carbon taxes, and fiscal
instruments such as fuel taxes on diesel engines. Non-market-based policies refer to
regulatory measures involving mandatory emission limits and standards, such as emission
caps for nitrogen oxides, sulfur oxides, and particulate matter, as well as sulfur content
limits for diesel engines. The technology support policy indicator reflects subsidies for clean
technology innovation and renewable energy pricing, including public R&D spending on
low-carbon energy technologies and renewable energy support for solar and wind power.
Furthermore, all these variables are continuous, with values classified on a 0-to-6 Likert
scale. Higher values indicate stricter policy implementation.

As illustrated in Figure 2, the EPS index has shown a steady upward trend over the ob-
servation period, with a particularly marked increase after 1999. This rise is closely associated
with the stricter regulatory environment introduced through the implementation of the Kyoto
Protocol and the European Emission Trading System (ETS). From the perspective of policy
composition, non-market mechanism policies currently serve as the primary environmen-
tal governance instruments across countries (regions), complemented by technology-based
policies. Although many countries have made substantial efforts in recent years to develop
carbon pricing, carbon trading mechanisms, and carbon tax systems, the adoption of market-
based policy instruments remains relatively limited, partly due to their later introduction.
Nonetheless, since 2012, market-based policies have exhibited an accelerating development
trend, gradually closing the gap with other types of policy instruments.

 
Figure 2. Evolution of EPS index and its various policy sub-indexes from 1995 to 2020.
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3.2.3. Transmission Mechanism Variable: Low Carbon Innovation

Popp (2010) identifies three stages in the innovation process: invention (the birth of
ideas), innovation (transforming inventions into commercially viable products), and diffu-
sion (the widespread adoption of innovations) [60]. This empirical analysis focuses on the
second stage—the innovation phase. During this phase, participants monetize their inven-
tions by converting them into patents. As an indicator of low-carbon innovation, this paper
employs the annual number of patent applications per million inhabitants in the climate
change mitigation sector [60,61]. These data originate from the Technology Development
dataset within the OECD Environment Database, constructed by the OECD Directorate
for Environment based on data extracted from the OECD STI Microdata Laboratory’s
Intellectual Property Database.

3.2.4. Moderating Variables: National Innovation System and Entrepreneurship

National Innovation System (NIS). Data for this variable are primarily drawn from the
Global Innovation Index (GII) database. The GII is the product of a collaboration between
Cornell University, INSEAD, and the World Intellectual Property Organization (WIPO),
and is widely recognized as an authoritative source for measuring both input components
and output outcomes of NIS.

Entrepreneurship (TEA). In this paper, Total Early-stage Entrepreneurial Activity (TEA)
is used to measure entrepreneurship. Specifically, TEA captures the percentage of the adult
population who are either in the process of starting or already running a new business. The
data are sourced from the Global Entrepreneurship Monitor (GEM).

3.2.5. Control Variables

With reference to existing literature and data availability, this study incorporates the
following control variables:

• Macroeconomic factors: The level of GVC functional specialization in a country is
generally closely associated with its economic development and industrial structure.
Accordingly, we control for two key economic characteristics: gross domestic prod-
uct (GDP) measured in 2017 international purchasing power parity (PPP) dollars,
and industrial structure, represented by the share of manufacturing value-added in
GDP (Manf).

• Technological factors: Technological change plays a critical role in mediating the
relationship between economic benefits and environmental outcomes in GVCs. To
account for technological progress, we include two variables: firstly, the number of
researchers per million people (R&D) is selected as the direct measurement indicator
of technical capability; secondly, control the proportion of total fixed capital formation
(Gfcf ) to GDP. This proportion reflects the speed of capital accumulation in an economy
(including tangible and intangible capital) and serves as an indirect indicator of
technological innovation, especially process innovation [62].

• International factors: We further controls for the degree of trade openness (Open), which
is measured by the ratio of total imports and exports to the gross domestic product.

• Government factors: To capture the role of the state, we include the ratio of govern-
ment expenditure to GDP, which reflects a government’s commitment to economic
development and social welfare enhancement.

All control variables are sourced from the World Bank database. To maintain con-
sistency in country/region coverage and time span, this study employs a balanced panel
dataset encompassing 40 countries/regions over the period from 2003 to 2020. This dataset
examines the impact of EPS on the specialization of different functions within GVCs and
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the underlying mechanisms. Table 1 clearly visualizes the variables of the study and
their descriptions.

Table 1. Variable description.

Variables Description

Explanatory variables Environmental Policy Stringency (EPS) The composite index of EPS from the OECD-EPS21
database published by Kruse et al. (2022) [58].

Explained variables GVC Functional Specialization (FSI)
The proportion of inward FDI projects in each country i
in time t associated with each GVCs stage to the total FDI
projects in the country.

Transmission Mechanism
Variable Low Carbon Innovation (LCI)

The annual number of patent applications in the field of
climate change mitigation technologies per million
people.

Moderating Mechanism
Variables

National Innovation System (NIS) The Global Innovation Index (GII).
Entrepreneurship (TEA) Total Early-stage Entrepreneurial Activity.

Control variables

Gross domestic product (GDP) Gross domestic product (GDP) measured in 2017
international purchasing power parity (PPP) dollars

Industrial structure (Manf ) The share of manufacturing value-added in GDP.
Technological capacity (R&D) The number of researchers per million R&D people.

Capital accumulation (Gfcf ) The percentage of total fixed capital formation to the
gross domestic product.

Trade openness (Open) The ratio of total exports and total imports to the gross
domestic product.

Government commitment (Govn) The ratio of government expenditure to GDP.

3.3. Descriptive Statistics

Table 2 reports descriptive statistics for the key variables. The average GVC production
function value (0.893) is notably lower than those at the upstream and downstream ends
of the smile curve. EPS ranges from 0 to 6 with a mean of 2.407, indicating generally
low policy stringency across sample countries, while substantial cross-country variation is
evident, with values spanning from 0 to 4.889.

Table 2. Descriptive statistics and correlation coefficient analysis.

Variable Sample Average Minimum Maximum (1) (2) (3) (4) (5) (6)

1. UFSI 720 2.15 0 18.079 1
2. PFSI 712 0.893 0 2.445 −0.557 *** 1
3. DFSI 720 2.261 0 11.567 0.207 *** −0.500 *** 1
4. EPS 720 2.407 0 4.889 0.298 *** −0.281 *** 0.222 *** 1

5. MEPS 720 1.212 0 4.167 0.143 *** −0.226 *** 0.152 *** 0.734 *** 1
6. NMEPS 720 1.881 0 6 0.157 *** −0.234 *** 0.01 0.663 *** 0.291 *** 1
7. TSEPS 702 1.92 0 6 0.160 *** −0.234 *** 0.009 0.667 *** 0.294 *** 1.000 ***
8. lnGII 383 3.199 0.956 4.225 0.091 * −0.126 ** 0.097 * 0.273 *** 0.109 ** −0.003

9. lnTEA 400 1.867 0.482 2.195 0.434 *** −0.391 *** 0.306 *** 0.530 *** 0.440 *** 0.365 ***
10. lngdp 720 26.963 23.288 30.627 0.116 *** −0.133 *** 0.054 0.058 −0.006 0.018

11. lnR&D 617 7.905 4.49 9.061 0.441 *** −0.393 *** 0.273 *** 0.600 *** 0.550 *** 0.310 ***
12. lnManf 719 2.649 1.516 3.548 −0.218 *** 0.226*** −0.355 *** −0.086 ** 0.014 −0.106 ***
13. lnGfcf 682 25.463 21.416 29.472 0.095 ** −0.105 *** 0.023 0.056 −0.001 0.008
14. lnOpen 720 4.321 3.06 5.946 0.133 *** 0.032 0.035 0.365 *** 0.253 *** 0.153 ***
15. lnGovn 720 2.897 2.093 3.335 0.209 *** −0.287 *** 0.326 *** 0.323 *** 0.310 *** 0.212 ***

(7) (8) (9) (10) (11) (12) (13) (14) (15)

7. TSEPS 1
8. lnGII −0.003 1

9. lnTEA 0.378 *** 0.381 *** 1
10. lngdp 0.019 0.042 −0.144 *** 1

11. lnR&D 0.322 *** 0.218 *** 0.846 *** −0.113 *** 1
12. lnManf −0.106 *** −0.049 −0.306 *** 0.146 *** −0.177 *** 1
13. lnGfcf 0.009 0.033 −0.206 *** 0.989 *** −0.124 *** 0.247 *** 1
14. lnOpen 0.154 *** 0.117 ** 0.309 *** −0.655 *** 0.330 *** −0.640 *** 0.04 1
15. lnGovn 0.213 *** 0.041 0.611 *** −0.208 *** 0.616 *** −0.267 *** 0.171 *** −0.359 *** 1

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.
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Correlation analysis reveals that EPS is significantly positively associated with the
GVC upstream and downstream functional specialization, but significantly negatively
associated with GVC production functional specialization, providing preliminary support
for H1. Examining specific policy types, the regression results for MEPS largely mirror those
of overall EPS. NMEPS and TSEPS significantly promote the GVC upstream functional
specialization while inhibiting the production functional specialization. Although these
two policy types also show a positive effect on GVC downstream functional specialization,
the results are not statistically significant and require further empirical verification.

Additionally, most control variables are significantly associated with the functional
specialization in different GVC functions, further confirming the appropriateness of the
selected controls. Notably, the correlation coefficients among variables are all below 0.6, and
the variance inflation factor (VIF) does not exceed 3.2, indicating no severe multicollinearity
issues in the variable selection.

4. Empirical Results
4.1. Baseline Regression Analysis

Table 3 employs a two-way fixed effects model that controls for both country and
time effects. The corresponding sample sizes are 680 and 563. Although the inclusion
of macro-level control variables in the latter specifications leads to a certain reduction in
sample size, the estimations remain sufficiently representative.

Table 3. Baseline regression results.

Variable
(1) (2) (3) (4) (5) (6)

F.lnUFSI F.lnPFSI F.lnDFSI F.lnUFSI F.lnPFSI F.lnDFSI

lnEPS 0.252 *** −0.190 *** 0.303 *** 0.439 *** −0.196 *** 0.136 *
(7.85) (−8.32) (6.47) (5.35) (−6.11) (1.81)

lnGdp 2.041 *** −0.355 *** 0.001
(7.50) (−3.20) (0.00)

LnR&D 0.112 −0.085 ** −0.007
(1.11) (−2.51) (−0.08)

lnManf −0.302 0.145 ** −0.817 ***
(−0.93) (2.02) (−3.67)

lnGfcf −1.521 *** 0.327 *** 0.115
(−5.50) (2.92) (0.39)

lnOpen 0.014 *** 0.002 *** −0.000
(4.44) (2.80) (−0.02)

lnGovn −0.791 −0.146 1.056 ***
(−1.53) (−1.17) (3.54)

constant 0.217 * 0.195 *** 1.781 *** −18.027
*** 2.821 *** −0.386

(1.65) (3.49) (6.83) (−8.82) (3.72) (−0.20)
N 680 680 680 563 563 563
R2 0.116 0.123 0.069 0.336 0.291 0.172

National effect YES YES YES YES YES YES
Time effect YES YES YES YES YES YES

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

The effects of EPS on functional specialization exhibit pronounced heterogeneity across
different GVC stages. Specifically, EPS has a significantly positive effect on UFSI, with a
coefficient of 0.252 that is significant at the 1% level, thus supporting H1a. This finding
supports the PH at the GVC upstream functional level indicating that more stringent
environmental policies facilitate countries’ upgrading toward upstream, high-value-added
activities such as research and development, key intermediate components, and technology-
intensive functions.

By contrast, EPS exerts a significantly negative effect on PFSI. The estimated coefficient
is −0.190 and significant at the 1% level, thereby confirming H1b. This result suggests
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that stringent environmental regulations impose significant constraints on processing- and
manufacturing-oriented intermediate stages, thereby eroding their comparative advan-
tages. In this sense, the findings provide empirical support for the PHH at the production
functional level of GVC.

In addition, EPS is found to have a significantly positive impact on DFSI, with a coeffi-
cient of 0.303 that is significant at the 1% level, lending support to H1c. This result suggests
that EPS support the PH at the upstream level of GVC by promoting servitization, brand-
ing, and market-oriented upgrading, thereby facilitating the embedding of downstream
high-value-added functions.

After the inclusion of control variables, the heterogeneous effects of EPS across different
types of functional specialization remain evident. Although the statistical significance of
DFSI (H1c) slightly weakens, the estimated effect remains robust. Overall, the results indicate
that stringent environmental regulations simultaneously promote upstream and downstream
functional upgrading in GVCs while constraining production-related specialization. This
suggests that environmental policy acts not only as a regulatory constraint but also as a
structural driver that reallocates value chain activities toward higher value-added segments.

4.2. Robustness Test
4.2.1. Replace the Explained Variable

GVC functional specialization, serving as the core variable in this study, draws its
indicators from the fDi Markets database. This database not only provides commercial
activity classifications related to cross-border greenfield investments but also estimates
the investment amount involved in each transaction event and the number of jobs created.
Therefore, this study employs two alternative measures for the explained variable, and the
results are shown in Table 4.

Table 4. Robustness test: Replace the explained variable.

Variable
(1) (2) (3) (4) (5) (6)

F.lnUFSIvalue F.lnPFSIvalue F.lnDFSIvalue F.lnUFSIjob F.lnPFSIjob F.lnDFSIjob

lnEPS 0.469 ** −0.975 * 0.007 *** 0.018 *** −0.001 * 0.010 *
(1.40) (−1.03) (1.27) (1.65) (−0.40) (1.31)

constant −30.150 *** −8.577 −0.158 −21.435 *** 1.332 −0.984
(−2.95) (−1.56) (−0.03) (−9.43) (0.28) (−0.40)

N 370 370 370 563 563 563
R2 0.697 0.730 0.466 0.322 0.709 0.183

National effect YES YES YES YES YES YES
time effect YES YES YES YES YES YES

Control
variable YES YES YES YES YES YES

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

First, considering that using the number of FDI project events as an indicator may
overlook variations in investment scale, potentially affecting the robustness of the results,
this study further calculates the levels of functional specialization in GVCs based on
capital investment amounts. It then tests the consistency of this measure with the one
based on the number of FDI transaction events. After replacing the dependent variable,
the coefficient (columns 1–3) signs and significance levels of the impact of EPS on GVC
functional specialization remain consistent with the baseline regression results. This finding
further supports the notion that stringent environmental policies can promote the continued
deepening of functional specialization in both upstream and downstream GVCs, while
exerting a suppressive effect on production functional specialization.

Second, we further calculate the GVC functional specialization based on the number
of employment opportunities created. Specifically, while retaining the original functional
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activity classification standards, the measurement basis is shifted from the number of FDI
projects to the number of jobs created by FDI projects. By examining the comparative
advantage of a specific country or industry in terms of its FDI employment share relative
to the global level across various functional segments, the GVC functional specialization
level from an employment perspective is measured. After changing the explained variable,
the sign and significance level of the coefficient (columns 4–6) for EPS on GVC functional
specialization remain consistent with the benchmark regression results.

4.2.2. Replace the Explanatory Variables

Drawing on Carril-Caccia and Milgram Baleix (2024) [63], we adopt the Environmental
Regulation Stringency (ERS) index from the World Economic Forum’s (WEF) Executive
Opinion Survey as an alternative proxy for EPS. The survey solicits perceptions from CEOs
globally regarding regulatory enforcement. The ERS score is derived from responses to
the question: “How would you assess the stringency of your country’s environmental
regulations?” on a scale from 1 (relatively lax) to 7 (the most stringent). This indicator is
extensively utilized in prior studies [64,65].

The regression results using this alternative proxy are as follows (columns 1–3 in
Table 5). Consistent with our baseline findings, the coefficients remain significantly positive
for GVC upstream and downstream functional specialization, and significantly negative
for production functional specialization.

Table 5. Robustness tests.

Replace the Explanatory Variable Driscoll–Kraay Robust Standard Error Estimation Method

Variable
(1) (2) (3) (4) (5) (6)

F.lnUFSI F.lnPFSI F.lnDFSI F.lnUFSI F.lnPFSI F.lnDFSI

lnERS 0.352 ** −0.019 *** 0.216 ***
(1.40) (−0.12) (1.07)

lnEPS 0.155 ** −0.029 *** 0.073 ***
(1.62) (−1.36) (0.77)

constant −30.150 *** 3.085 *** −2.160 20.952 −0.740 −16.331
(−2.95) (3.02) (−1.59) (1.54) (−0.15) (−1.04)

N 563 563 563 563 563 563
R2 0.697 0.259 0.246 0.221 0.249 0.211

National effect YES YES YES YES YES YES
time effect YES YES YES YES YES YES

Control
variable YES YES YES YES YES YES

Add Control Variables

Variable
(7) (8) (9)

F.lnUFSI F.lnPFSI F.lnDFSI

lnEPS 0.252 ** −0.106 *** 0.041 **
(2.57) (−4.55) (0.47)

lnFD 1.860 *** −0.661 *** 0.318
(5.40) (−7.36) (1.05)

lncity −1.292 *** −0.182 * −0.129
(−3.25) (−1.76) (−0.43)

lnfreedom 0.035 *** −0.005 * 0.028 **
(2.89) (−1.81) (2.57)

constant −6.255 ** 0.810 0.463
(−2.00) (1.11) (0.17)

N 528 521 528
R2 0.391 0.424 0.180

National effect YES YES YES
time effect YES YES YES

Control
variable YES YES YES

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.
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4.2.3. Using the Driscoll–Kraay Robust Standard Error Estimation Method

Given the significant transnational linkage and policy diffusion effects of environmen-
tal policies, their implementation often exhibits regional clustering and spillover effects
on neighboring countries. For instance, institutional arrangements such as the EU Carbon
Border Adjustment Mechanism not only influence policy behaviors within member states
but also exert strong institutional pressure and imitation incentives on neighboring coun-
tries. This leads to enhanced coordination in carbon policy responses and carbon emission
behaviors among the sample countries. Such policy diffusion tends to cause systematic
correlations in the error terms between sample units, i.e., cross-sectional dependence.
Therefore, this study employs the Driscoll–Kraay robust standard error estimation method
to address potential cross-sectional correlation issues [66]. The results (columns 4–6 in
Table 5) show that the estimated coefficients and significance levels of the core explanatory
variables remain consistent with the benchmark regression, confirming the robustness of
the econometric model.

4.2.4. Add Control Variables

To mitigate potential estimation errors arising from omitted variables, this study intro-
duces several additional control variables that may be related to environmental policies and
affect GVC functional specialization, including urbanization level, financial development,
and national-level economic freedom as a proxy for institutional quality. Urbanization
data are sourced from the World Bank, financial development data from the International
Financial Development Forum, and economic freedom data from the Heritage Foundation.

The regression results (columns 7–9 in Table 5) indicate that the coefficients and
significance levels of EPS on GVC different functional specialization remain unchanged
after adding these control variables. This finding further confirms the robustness of the
model and the reliability of the results.

4.3. Endogeneity Test

Regressing the explained variable one period earlier can partially address endogeneity
stemming from reverse causality. To further address potential endogeneity issues in the
model, this paper attempts to construct instrumental variables for endogeneity testing.

Drawing on the methodology of Nunn and Qian (2014) [67], Furceri et al. (2023) [68],
this study constructs an interaction term between global factors (time-varying) and country-
specific factors (constant) as the instrumental variable. The rationale is as follows: First,
global variables are used to capture supranational “policy pressure” from environmental
degradation, such as the frequency of extreme weather events, floods, and droughts. These
indicators are plausibly exogenous to individual countries’ policy choices, satisfying the
exogeneity requirement. This approach is consistent with prior studies showing that,
while sustainability-oriented reforms often face resistance due to distributional concerns,
exogenous shocks such as natural disasters can lower resistance and trigger policy change
when adjustment costs become relatively smaller [69]. Second, country-specific factors
are used to capture national vulnerability to environmental degradation, which raises
the likelihood of adopting stringent climate policies and satisfies the relevance condition.
Geographic characteristics are appropriate proxies because they are plausibly exogenous
to GVC functional specialization. Accordingly, this study employs coastline length and
per capita agricultural land area as country-level indicators and applies a 2SLS framework
using interactions between global flood events and coastline length, and between global
drought events and per capita agricultural land. Data are drawn from the World Research
Institute, the International Disaster Database, and the World Bank.
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Based on the above identification strategy, this study constructs exogenous instrumen-
tal variables for EPS by interacting time-varying global climate shocks with relatively stable,
country-specific measures of climate vulnerability. The specific formulation is as follows:

Z f lood
i,t = Floodst × Coastlinei (2)

ZDrought
i,t = Droughtst × Coastlinei (3)

Prior to analyzing IV estimation coefficients, the validity of the instrumental variables
must be confirmed. As reported in Table 6, the weak instrumental variable test yields an
F-statistic exceeding the 10% significance threshold of 19.38, indicating no weak correlation
issues with the IV. The unidentifiability test shows p-values that significantly reject the null
hypothesis of unidentifiability. The over-identifiability test examines the exogeneity of the
IV, with p-values failing to reject the hypothesis of exogeneity, providing evidence for the
IV’s validity. The regression results (columns 1–2) of the first stage reveal that both the
instrumental variable combining coastline length and flood disasters (Floods × Coastline)
and the instrumental variable combining per capita agricultural land area and drought
event frequency (Droughts × Perland) yield significantly positive regression coefficients.
This indicates that global natural disaster events enhance public environmental awareness,
thereby promoting stricter environmental policies. The results (columns 3–5) indicate that,
after controlling for potential endogeneity issues, the causal relationship between EPS and
the GVC different functional specialization in remains unchanged, verifying the robustness
of the regression results.

Table 6. Endogenous test results.

2SLS Phase 1 2SLS Phase 2

(1) (2) (3) (4) (5)

Variable F.lnEPS F.lnEPS F.lnUFSI F.lnPFSI F.lnDFSI

Floods × Coastline 0.029 *
(1.70)

Droughts × Perland 0.178 ***
(9.37)

lnEPS 1.007 *** −0.667 *** 1.270 ***
(3.55) (−5.34) (4.42)

constant −1.365 * −1.194 * −15.888 *** 1.492 3.713
(−1.85) (−1.84) (−7.00) (1.58) (1.53)

N 470 560 563 563 563
R2 0.594 0.661 0.210 −0.589 −0.301

National effect YES YES YES YES YES
Time effect YES YES YES YES YES

Control variable YES YES YES YES YES
Weak tool variable test 28.709

(19.93)
27.841
(19.93)

28.709
(19.93)

Over-identification test 0.295 0.197 0.369
Unidentified test 26.211 ** 24.730 ** 22.236 **

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

4.4. Heterogeneity Analysis
4.4.1. Heterogeneity Analysis Based on Environmental Policy Instruments

We further examine the heterogeneity regarding how different environmental policy
instruments affect GVC functional specialization (see Table 7).
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Table 7. Heterogeneity test results of environmental policy instruments.

Variable
F.lnUFSI F.lnPFSI F.lnDFSI

(1) (2) (3) (4) (5) (6) (7) (8) (9)

lnMEPS 0.072 * −0.117
*** −0.009

(1.89) (−3.60) (−0.15)
lnNMEPS 0.089 −0.100

*** 0.021 *
(3.70) (−5.17) (0.46)

lnTSEPS 0.092 *** −0.100
*** 0.021 **

(3.78) (−5.18) (0.45)
constant −8.230 *** −7.915 *** −7.886 *** 3.177 *** 3.035 *** 2.997 *** −0.821 −0.720 −0.737

(−8.66) (−8.17) (−7.92) (4.17) (3.87) (3.74) (−0.41) (−0.36) (−0.37)
N 563 563 563 563 563 563 563 563 563
R2 0.354 0.368 0.391 0.263 0.281 0.289 0.167 0.168 0.171

National effect YES YES YES YES YES YES YES YES YES
Time effect YES YES YES YES YES YES YES YES YES

Control variable YES YES YES YES YES YES YES YES YES

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

We first examine the heterogeneous effects of environmental policy instruments on
GVC upstream specialization (UFSI) (columns 1–3). The estimates for MEPS and TSEPS
policies validate the PH for UFSI, suggesting that both foster specialization in this segment.
Notably, TSEPS demonstrated the strongest incentive effect, with MEPS ranking second.
This finding aligns with the results reported by Zhang et al. (2025) [70]. Conversely, the
estimated effect of NMEPS on UFSI is not statistically significant, thereby failing to validate
the PH. Zhang et al. (2025) similarly found that NMEPS is significantly less effective than
other types of environmental policy instruments in improving energy and environmental
efficiency [70]. They attribute this to the fact that NMEPS, functioning as command-and-
control instruments, primarily rely on mandatory constraints on pollution emissions. When
policy stringency is relatively low, firms tend to respond through end-of-pipe treatment
rather than green technological upgrades, and the associated compliance costs can be
partially offset by government subsidies [12]. This explanation provides strong literature
support for our findings. In the context of GVCs, environmental policy instruments based
primarily on compliance constraints struggle to effectively incentivize firms to undertake
the long-term capability investments required for transitioning to upstream functions such
as headquarters management and R&D design.

Next, we examine the heterogeneous effects of environmental policy instruments on
GVC production specialization (PFSI) (columns 4–6). Considering that production func-
tions within GVCs are generally pollution-intensive, low-value-added, and highly spatially
mobile, we find that all three types of policy instruments significantly suppress their spe-
cialization. This finding offers functional-level empirical support for the PHH. The results
suggest a clear mechanism: by raising compliance costs and tightening regulatory con-
straints, environmental policies weaken the comparative advantage of pollution-intensive
production links. As a result, firms are compelled to scale back or adjust the configuration
of their production activities.

Finally, Table 7 reports the heterogeneous effects of environmental policy instruments
on GVC downstream specialization (DFSI) (columns 7–9). We find that NMEPS and TSEPS
significantly promote downstream functions, thereby validating the PH in this segment.
Conversely, the impact of MEPS, while negative, is not statistically significant. This can be
interpreted through the lens of Sturgeon (2008) [71]: DFSI is inherently market-transaction
oriented, making them highly sensitive to price signals and cost structures. Unlike TSEPS,
which alleviates financial burdens via fiscal incentives [72], or NMEPS, which focuses on
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physical emission constraints [61], MEPS tends to directly inflate compliance costs through
market pricing mechanisms. Therefore, its ability to foster downstream specialization
proves to be very limited.

4.4.2. Heterogeneity Analysis of Time Periods

The economic effects of EPS may evolve over time; however, existing studies often fail
to effectively distinguish between their short-term and long-term impacts. To capture the
dynamic nature of these effects, this paper divides the sample into two periods—before
and after the implementation of the Paris Agreement—to examine the time heterogeneity
of environmental policy impacts. The Agreement established long-term goals to guide
signatory nations in mitigating and adapting to climate change [53]. It was adopted
by 196 Parties at COP21 in Paris on 12 December 2015. Countries complying with the
Paris Agreement must submit climate action plans, known as Nationally Determined
Contributions (NDCs), to build resilience against climate impacts. Consequently, the
implementation of the Agreement necessitates economic and social transformation at
the national level to fulfill climate commitments. The regression results in Table 8 show
that the impact of EPS on varying functional specializations is significantly strengthened
during the phase of sustained policy intensification, exhibiting distinct characteristics of
time heterogeneity.

Table 8. Heterogeneity test results of time periods (2003–2015/2016–2020).

Variable

F.lnUFSI F.lnPFSI F.lnDFSI

(1) (2) (3) (4) (5) (6)

Before After Before After Before After

lnEPS 0.185 *** 0.499 *** −0.140 *** −0.145 ** 0.147 0.199 ***
(1.19) (5.05) (−5.17) (−2.25) (1.62) (1.51)

Constant −19.977 *** −11.845 *** 3.688 *** 3.325 ** −0.010 −3.482
(−8.73) (−3.11) (5.85) (2.48) (−0.00) (−1.08)

National effect YES YES YES YES YES YES
Time effect YES YES YES YES YES YES

Control variable YES YES YES YES YES YES
N 429 134 429 134 429 134
R2 0.327 0.371 0.371 0.329 0.193 0.172

Note: The brackets indicate the robust standard deviation; **, *** are significant at the levels of 5% and
1%, respectively.

First, EPS consistently fosters UFSI, validating the PH in both periods. Crucially, this
positive effect significantly intensifies post-agreement. This suggests that the institutional-
ization of global climate governance and stabilized policy expectations have progressively
reinforced the incentives for upstream functional specialization.

Second, the inhibitory effect on PFSI persists throughout but significantly magnifies in
magnitude post-implementation. This heightened sensitivity of pollution-intensive func-
tions to regulatory stringency indicates that tighter constraints have functionally reinforced
the PHH accelerating the relocation of manufacturing activities to laxer jurisdictions.

Third, the promotion of downstream specialization becomes significant only in the
post-agreement phase. This result suggests that the support for the PH within the down-
stream functional segments of GVCs exhibits distinct temporal stages; specifically, the
positive incentive effect of EPS is primarily manifested following the implementation of
the Agreement.
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5. Analysis of Mechanisms
5.1. Mechanism Analysis: The Transmission Role of Low-Carbon Innovation (LCI)

We adopt a bootstrap procedure to identify the mechanism through which EPS influ-
ences GVC functional specialization. Addressing the shortcomings of standard stepwise
regression in assessing indirect effects, we estimate confidence intervals based on 1000
bootstrap resamples. The resulting intervals exclude zero, thereby offering strong evidence
that low-carbon innovation acts as a key mediator in the relationship between EPS and
GVC functional specialization. To ensure robustness, all regressions include country and
time fixed effects alongside a comprehensive set of controls, minimizing concerns regarding
omitted variable bias and unobserved heterogeneity.

Table 9 reports the estimates for the mechanism by which EPS influences GVC func-
tional specialization through the channel of low-carbon innovation.

Table 9. Test results of mediating mechanism of low carbon innovation.

(1) (2) (3) (4) (5) (6) (7)

Variable F.lnUFSI F.lnPFSI F.lnDFSI lnLCI F.lnUFSI F.lnPFSI F.lnDFSI

lnEPS 0.439 *** −0.196 *** 0.136 * 0.484 *** 0.228 *** −0.066 ** 0.050 **
(5.35) (−6.11) (1.81) (7.22) (2.78) (−2.15) (0.57)

LCI 0.436 *** −0.256 *** 0.177 ***
(7.70) (−12.70) (3.28)

Constant −18.027 *** 2.821 *** −0.386 −17.165 *** −10.735 *** −1.381 * 2.573
(−8.82) (3.72) (−0.20) (−11.52) (−4.93) (−1.90) (1.22)

N 563 563 563 563 563 563 563
R2 0.336 0.291 0.172 0.780 0.374 0.425 0.185

National effect YES YES YES YES YES YES YES
Time effect YES YES YES YES YES YES YES

Control variable YES YES YES YES YES YES YES
Bootstrap

(1000 times) [0.109, 0.271] [−0.127, −0.054] [0.009, 0.118]

Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

The result (column 4) demonstrates that EPS significantly drives low-carbon innova-
tion among GVC actors (at the 1% level). This validates the “Weak Porter Hypothesis”,
confirming that environmental regulations generate positive incentives for innovation.

We observe significantly positive coefficients (columns 5 and 7) for both EPS and
low-carbon innovation concerning UFSI and DFSI. By comparing these with the base-
line, EPS encourages firms to embed themselves in high-value, low-carbon upstream and
downstream functions by stimulating innovation.

Conversely, the effect of EPS on PFSI remains significantly negative (column 6). Al-
though consistent with the baseline (column 2), the magnitude of the coefficient is reduced.
This implies that while low-carbon innovation partially buffers (or compensates for) the
negative shock of EPS on production functions, it is insufficient to fully offset the overall
inhibitory effect.

5.2. Moderating Effects Analysis

We further investigate how heterogeneous national characteristics moderate the rela-
tionship between EPS and GVC functional specialization.

Specifically, two exogenous moderators are introduced: the NIS and entrepreneurship.
We incorporate these variables into the baseline model by adding their respective interaction
terms with EPS.

FSIi,t+1 = ∂0 + ∂1EPSi,t ∗ NISi,t + ∂2EPSi,t + ∂3NISi,t + ∅Xi,t + µi + µt + εi,t (4)

FSIi,t+1 = ∂0 + ∂1EPSi,t ∗ TEAi,t + ∂2EPSi,t + ∂3TEAi,t + ∅Xi,t + µi + µt + εi,t (5)
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Specifically, NISit serves as the indicator for the National Innovation System, while
TEAit proxies for entrepreneurship across countries (regions). To ensure robustness, we
center the moderating variables around their means. The regression results regarding their
moderating effects are reported in Table 10.

Table 10. Regression results of moderating effects of NIS and entrepreneurship.

NIS Entrepreneurship

(1) (2) (3) (4) (5) (6)

Variable F.lnUFSI F.lnPFSI F.lnDFSI F.lnUFSI F.lnPFSI F.lnDFSI

lnEPS 0.365 *** −0.081 * 0.008 * 0.730 * −0.367 *** 1.338 *
(5.84) (−1.86) (0.13) (1.57) (−4.16) (1.75)

lnEPS*lnGII 0.005 *** 0.005 *** 0.001
(2.95) (3.11) (0.58)

lnGII 0.036 *** −0.006 0.005
(3.38) (−0.54) (0.51)

lnEPS*lnTEA 0.102 * −0.066 0.712 *
(1.76) (−5.09) (1.91)

lnTEA 0.051 −0.014 0.704 **
(0.20) (−0.29) (2.23)

constant −6.869 *** 5.004 *** −3.200 ** 35.106 2.194 *** −73.760 **
(−4.00) (4.23) (−2.20) (1.07) (2.91) (−2.17)

N 329 329 329 335 335 335
R2 0.460 0.442 0.263 0.539 0.454 0.482

National effect YES YES YES YES YES YES
Time effect YES YES YES YES YES YES

Control variable YES YES YES YES YES YES
Note: The brackets indicate the robust standard deviation; *, **, *** are significant at the levels of 10%, 5% and
1%, respectively.

The moderating effect analysis of NIS is as follows (columns 1–3). For UFSI (column 1),
the significantly positive interaction term supports H3a. The rationale is that upstream
activities like R&D and design are knowledge-intensive and entail high risks and positive
externalities. A strong NIS serves to alleviate these risks by offering public knowledge
infrastructure and IP protection. Through this “risk-sharing” mechanism, firms are em-
boldened to tackle strict environmental policies via radical innovation instead of passive
compliance, ultimately fostering upstream upgrading. In the case of PFSI (column 2), while
the direct impact of EPS is negative, the interaction term is significantly positive. This
validates H3b and indicates that a robust NIS acts as a protective buffer. In nations with
advanced innovation ecosystems, mature abatement technologies and cleaner production
methods are both accessible and affordable. This accessibility reduces compliance costs for
manufacturers, thereby averting the “crowding out” effect on production activities often
triggered by stringent regulations [73]. As for DFSI (column 3), the interaction term lacks
statistical significance, failing to support H3c. This suggests that downstream upgrading—
such as branding and logistics—depends more on marketing innovations and soft skills
than on the “hard” R&D capabilities typically fostered by the NIS.

The moderating effect analysis of TEA is as follows (columns 4–6). In the case of
UFSI (column 4), the positive interaction confirms H4a. While established firms often
face “technology lock-in” driven by sunk costs, entrepreneurs act as carriers of “creative
destruction”. Under strict environmental policies, a vibrant entrepreneurial ecosystem
encourages the entry of agile startups focused on green R&D. Unencumbered by internal
rigidities, these entrants are better positioned to drive the radical technical breakthroughs
necessary for moving up the value chain.

Conversely, for PFSI (column 5), the interaction is insignificant, leading to the rejection
of H4b. This can be attributed to “barriers to entry”. Production in GVCs is inherently
capital-intensive and reliant on economies of scale. In contrast, early-stage entrepreneurial
ventures are typically “asset-light” and lack the financial depth to alter mass production
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processes. Thus, entrepreneurship alone cannot effectively offset the substantial compliance
costs associated with strict regulations in the manufacturing sector.

Finally, regarding DFSI (column 6), the significant positive interaction supports H4c.
Unlike the technological focus of the NIS, this effect is market driven. Downstream ac-
tivities require direct consumer engagement, where entrepreneurs hold a comparative
advantage in “market sensing”. They skillfully convert regulatory constraints into differ-
entiation opportunities, such as green premiums or eco-labels. In this way, strict EPS acts
as a catalyst for business model innovation in high-entrepreneurship regions, fostering
downstream specialization.

6. Conclusions and Discussion
This study provides new empirical evidence to reconcile the long-standing debate

between the PHH and the PH by systematically examining the impact of EPS on GVC
functional specialization. The findings reveal a dual dynamic: EPS significantly enhances
functional specialization in high-value-added, low-carbon upstream and downstream seg-
ments, thereby supporting the PH at the functional level. Concurrently, it validates the PHH
within production functions by accelerating the relocation of low-value, carbon-intensive
activities to regions with laxer regulations. These results suggest that the PHH and the
PH are not mutually exclusive; rather, they coexist as parallel pathways reshaping the
functional structure of GVCs. Furthermore, this result suggests that environmental policies
may reinforce the ecological unequal exchange between economic gains and embodied
carbon emissions within the global division of labor [73,74]. Under stringent environ-
mental regulation, high-income countries use their stronger enforcement capacity and
technological advantages to retain high-value-added, low-carbon activities domestically
while offshoring pollution-intensive, low-value-added production to lower-income regions,
thereby deepening asymmetries between carbon responsibilities and economic gains within
global value chains.

The heterogeneity analysis shows that distinct patterns across instruments, and time.
At the upstream level, THEPS and MEPS positively support the Porter Hypothesis, while
at the downstream level, THEPS and NMEPS exert stronger promoting effects. This
instrument-specific heterogeneity suggests that the Porter Hypothesis operates differently
across value chain functions, with upstream activities favoring innovation flexibility and
downstream activities relying on regulatory certainty, thereby offering guidance for targeted
environmental policy design. EPS promotes UFSI both before and after the agreement, with
stronger effects post-implementation, while its suppression of low-value-added, carbon-
intensive PFSI intensifies thereafter, reinforcing the production-stage pollution haven
effect. In contrast, EPS enhances DFSI only after implementation, indicating predominantly
medium- to long-term incentives. Consistent with Najarzadeh et al. (2021), these patterns
reflect the Paris Agreement’s principle of common but differentiated responsibilities, which
creates asymmetric mitigation targets and leaves scope for carbon leakage and production
relocation [10].

The mechanism analysis shows that low-carbon innovation is a key channel through
which EPS influences GVC functional specialization. EPS stimulates low-carbon innovation
and thereby promotes sustained upgrading of high-value-added, low-carbon upstream
and downstream functions, supporting both the weak and strong forms of the PH. In
contrast, for low value-added, carbon-intensive production stages, the cost-mitigating
effects of low-carbon innovation are limited and unable to offset the overall suppressive
impact of environmental policies. Furthermore, NIS and entrepreneurship serve as crucial
positive moderators, amplifying the capacity of environmental policies to drive functional
upgrading, particularly in upstream and downstream segments.
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7. Policy Implications and Research Limitations
The findings provide empirical grounds for optimizing environmental governance.

First, distinct instrument heterogeneity underscores the need for function-specific policy
designs: market-based and technology-support tools are optimal for upstream upgrading,
whereas non-market measures are more effective downstream. Second, to mitigate the
risks of carbon leakage and ecological unequal exchange associated with unilateral regulation,
governance must expand into international frameworks. Adopting consumption-based carbon
accounting could serve as a critical tool for fair performance evaluation. Third, low-carbon
innovation remains the central pathway for navigating regulatory complexity. Governments
should prioritize resources for key green technologies and reduce adoption costs through
green procurement and incentives. Finally, the NIS and entrepreneurship serve as essential
coordinators, facilitating knowledge diffusion and business model innovation.

However, several limitations warrant further investigation. First, the concentration
of the sample in developed economies constrains the generalizability of our findings to
developing-country contexts. Second, the FDI-based specialization indicator employed in
this study primarily captures technology spillovers from multinational lead firms. Future
research should therefore delve deeper into the specific mediating mechanisms of low-
carbon innovation across diverse policy instruments and economic contexts. Moreover,
environmental policies are typically implemented as policy mixes rather than as isolated
instruments, which may attenuate or even offset the heterogeneous effects of individual
policies on GVC structures. Consequently, this study does not fully identify the aggregate
effects or underlying mechanisms of different policy combinations. Future research could
therefore extend the analysis by examining the mediating role of low-carbon innovation
across diverse economic contexts and by adopting a policy-mix perspective to assess the
combined impact of environmental policy instruments on GVC structural adjustment
and upgrading.
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37. Dechezleprêtre, A.; Glachant, M.; Haščič, I.; Johnstone, N.; Ménière, Y. Invention and Transfer of Climate Change–Mitigation
Technologies: A Global Analysis. Rev. Environ. Econ. Policy 2011, 5, 109–130. [CrossRef]

38. Triguero, A.; Moreno-Mondéjar, L.; Davia, M.A. The Influence of Energy Prices on Adoption of Clean Technologies and Recycling:
Evidence from European SMEs. Energy Econ. 2014, 46, 246–257. [CrossRef]

39. Carlsson, B.; Jacobsson, S.; Holmén, M.; Rickne, A. Innovation Systems: Analytical and Methodological Issues. Res. Policy 2002,
31, 233–245. [CrossRef]

40. Acs, Z.J.; Stam, E.; Audretsch, D.B.; O’Connor, A. The Lineages of the Entrepreneurial Ecosystem Approach. Small Bus. Econ.
2017, 49, 1–10. [CrossRef]

41. Kashani, E.S.; Roshani, S. Evolution of Innovation System Literature: Intellectual Bases and Emerging Trends. Technol. Forecast.
Soc. Change 2019, 146, 68–80. [CrossRef]

42. Li, X.; Wu, T.; Zhang, H.-J.; Yang, D.-Y. National Innovation Systems and the Achievement of Sustainable Development Goals:
Effect of Knowledge-Based Dynamic Capability. J. Innov. Knowl. 2023, 8, 100310. [CrossRef]
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