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Introduction: The synergistic development of digitalisation and environmental
protection is an important issue in the context of global economic development.
The core issue that needs to be addressed is whether digital trade rules can
reduce the export embodied carbon emissions and what the specific
mechanisms are.
Method: Using regional trade agreements (RTA) and bilateral trade data signed
and implemented by 137economies from 2001 to2021, this paper quantifies the
depth of digital trade rules from three aspects: total depth, core depth and
enforce depth, based on the classification of digital trade rules in the TAPED
database. Subsequently, by using the extended structural gravity model and
adopting the PPML estimation method, the influence effect and mechanism
of digital trade rules on the export-embodied carbon emissions at the production
and consumption sides in RTA were explored.
Results: (1) The deepening of digital trade rules can significantly reduce the
intensity of implied carbon emissions from exports at both the production and
consumption sides; the effect on implied carbon emissions at the consumption
side is greater than at the production side. (2) Mechanism analysis shows that the
effects of technological innovation, cost reduction, shortening regulatory
distances and bilateral value chain correlation are important mechanisms in
the impact of digital trade rules on export embodied carbon emission
intensity. (3) Heterogeneity analysis shows that trade promotion provisions
have the strongest effect on export-related carbon emissions, followed by
data management provisions. Intellectual property protection provisions have
the weakest effect. Bilateral agreements, US templates, exports to developed
countries and green products in digital trade rules have a greater inhibitory effect
on carbon emissions. The study proposes policy recommendations to promote
the adoption of high-level digital trade rules and reduce carbon emissions from
trade.
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1 Introduction

The combined development of trade liberalisation and environmental protection is a
vital issue for achieving sustainable development in today’s global context. Since joining the
World Trade Organization (WTO) more than 2 decades ago, China has been continuously
liberalising its trade, resulting in significant reductions in trade costs and a consequent
increase in the total volume of foreign trade. However, traditional trade is also associated
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with a number of challenges, including ecological damage, increased
pollution, excessive carbon emissions and global warming, while at
the same time promoting global economic growth. As the global
population grows and the global economy expands, so too do global
carbon dioxide emissions, which have increased cumulatively by
60.77% from 1990 to 20191. Furthermore, the repercussions of
extreme weather, attributable to climate warming, sea level rise,
and reduced food production, among other challenges, pose a grave
threat to human security. There is now a global consensus that
urgent action is required to reduce energy waste, pollutants, and
carbon emissions. Green trade is distinct from traditional trade in
that it considers environmental factors. It is essential for promoting
sustainable economic development. In 2021, the Green International
Trade: The Way Forward report issued by the United Nations
Environment Programme used the term green trade multiple
times, proposing to build an environment and trade 2.0 agenda
by enhancing trade-related environmental policies and advancing
environmental regulations in trade policies and agreements,
promoting environment and trade-related cooperation and
related approaches.

The contemporary trend of international trade, driven by the
scientific, technological and industrial revolution, is shifting from
“value chain trade” to “digital trade”. In the current era of digital
trade, the majority of countries are in favour of the establishment of
digital trade rules, in stark contrast to the lagging development
under the WTO framework. The rise of free trade agreements has
resulted in the global management of digital trade shifting to
bilateral and regional forms (Janow and Mavroidis, 2019).
According to WTO statistics, 116 regional trade agreements
(RTAs) of 341 RTAs that have been signed and entered into
force around the world included special chapters on e-commerce
and accounted for 34.0% of the total number of agreements as of
December 20222. The WTO predicts that digital technology will
drive the growth of global trade volume by 1.8%–2% annually by
20303, and the cooperation mechanism based on RTAs’ digital trade
rules is a key platform for connecting global economic openness and
cooperation.

The “Proposal of the Central Committee of the Communist
Party of China on Formulating the 14th Five-Year Plan for National
Economic and Social Development and Long-Range Objectives
Through the Year 2035”4 points out that it is necessary to
actively participate in the formulation of international rules and
standards in the digital field, while also emphasising the
incorporation of environmental goals into the consideration of

international digital trade rule negotiations. In contrast to
traditional trade, digital trade has the potential to be more
environmentally friendly. Digital technology has transformed
traditional trade patterns, helping to improve energy efficiency
and reduce dependence on high-energy-consuming industries to
advance pollution reduction (Mesagan et al., 2022; Li and Meng,
2024). Driven by the growth in digital trade, companies now have
new opportunities to upgrade from traditional industries, optimise
their industrial configurations, and reduce environmental impacts
from export activities (Ma et al., 2019). Digital trade has been shown
to have a significant impact on traditional trade, leading to the
transformation of trade forms, objects and patterns. It has been
demonstrated that digital trade has the capacity to generate new
industries, business forms and models, and can also generate scale,
scope and demonstration effects. Furthermore, studies have
identified a positive influence on reducing pollutants and carbon
emissions (Oh and Park, 2016; Liu et al., 2024). Digital trade rules
are an integral part of the RTA rules system, extending from a single
e-commerce chapter to investment, intellectual property (IP) rights,
information technology, legal liability, dispute resolution, customs
clearance facilitation and other considerations. The content of laws,
policies and standards in these areas is continuously improved,
updated and expanded, and the enforceability is constantly
strengthened. Digital trade rules have effectively supplemented
and replaced traditional trading systems, thereby promoting
sustainable trade development. Digital trade rules improve supply
chain efficiency and reduce carbon emissions by simplifying cross-
border processes, cutting paperwork, and promoting green
technology adoption, while real-time data monitoring supports
more precise carbon emission management across global trade
networks (Fan and Hossain, 2018; Haldar and Sethi, 2022). The
question of whether digital trade rules can reduce export-embodied
carbon emissions and bring environmental dividends is a pertinent
one. What are the specific mechanisms involved? The answers to
these questions are of considerable practical significance in
promoting the recognition of digital trade rules and China’s
green, low-carbon economy, as well as advancing the coordinated
development of trade and environmental protection.

This paper utilises MRIO data from 137 major economies
worldwide from 2001 to 2021 to empirically examine the effect
and mechanism of deepening digital trade rules on export embodied
carbon emissions. Firstly, this study innovates by focusing on the
depth of digital trade rules, as opposed to previous studies which
only consider the presence or absence of digital trade terms. The
TAPED database was used to construct a more refined index system
for the depth of digital trade rules, which was deconstructed into
three dimensions for quantification. The terms that require
clarification are “total depth”, “core depth” and “enforce depth”.
This multi-dimensional measurement method can capture the
binding force of different rule terms and their potential
environmental impact differences more comprehensively and
accurately. Secondly, this paper provides micro-mechanism
support for the environmental effects of digital trade rules and
offers empirical evidence for countries when negotiating and
formulating “green” digital trade rules. This research makes an
important contribution to the cross-disciplinary study on the
economic and environmental effects of digital trade rules,
deepening the theoretical understanding of the “green dividend”

1 Source: United Nations conference on trade and development database

(UNCTAD STAT), https://unctadstat.unctad.org/EN/

2 Source: World Trade Report 2022, Chapter F: “Digital Trade and Regional

Integration”.

3 Data source: The World Trade Report2018, https://www.wto.org/english/

res_e/publication_e/word_trade_report18_e_under_embargo.pdf

4 The Proposal of the Central Committee of the Communist Party of China

on Formulating the 14th Five-Year Plan for National Economic and Social

Development and Long-RangeObjectives Through the Year 2035, https://

www.gov.cn/zhengce/202203/content_3635465.htm
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of digital trade. It also provides valuable academic support and
policy references for promoting the coordinated development of the
digital economy and the green economy on a global scale, and for
addressing the challenges of climate change through international
rule cooperation. The empirical findings on the emission reduction
mechanisms and the heterogeneous results have also indicated the
direction for policymakers to precisely design a trade rule system
that promotes figures and reduces emissions.

2 Literature review

Three types of literature are related to this study including
literature related to digital trade rules, literature related to trade
and environment and literature related to the trade effects of digital
trade rules (see Figure 1).

2.1 Literature related to digital trade rules

One approach concerns the formation of rules on digital trade
and the establishment of templates, with the content and
classification under RTA frameworks having focused primarily
on cross-border data flow, trade facilitation, privacy protection,
IP protection, network security and dispute settlement and
cooperation. Digital trade rules have evolved from e-commerce in
the WTO into separate chapters on digital trade that cover a wide
range of content, including a variety of subject demands and
complex digital trade rule governance (Burri and Polanco, 2020).
Depending on the different stages of digital industry development in
regional trade member countries, two main types of digital trade
rules have emerged that are characterised as American and
European templates. The American template pursues digital trade
liberalisation (Qi et al., 2023), whereas the European template
emphasises cultural traditions and privacy, with “audio-visual
exception” and “privacy protection” as the main features (Zhou
and Chen, 2020). The second strand of digital trade rules research
has focused on the quantitative measurement of digital trade rules,
with a predominant emphasis on the assessment of its depth and

breadth. With regard to breadth measurement, scholars have taken
divergent approaches. Some have employed the total number of
e-commerce chapter clauses for measurement (Elsig and Klotz,
2021), while others have utilised the weighted summation
method based on the frequency of digital trade rules (Mattoo
et al., 2022). In terms of depth measurement, scholars have
categorised the digital trade rule provisions and employed
different measurement methods. Sun et al. (2022) divided digital
trade rules provisions into the following categories: e-commerce
provisions, data provisions in the services chapter, digital IP rights
provisions and cross-border data flow provisions. This division was
achieved using an index quantification method. Peng et al. (2023)
measured the depth of digital trade provisions in RTAs by dividing
them into market access provisions for digital trade, trade
facilitation provisions, consumer protection provisions, and data-
related provisions using the assignment method. Cui et al. (2024)
quantified the depth of digital trade provisions in RTAs based on
e-commerce terms, data terms in the services section, digital IP
terms and data flow terms.

2.2 Literature related to trade and
environment

Despite extensive research examining this relationship, a
consensus remains elusive. Contemporary research on trade and
the environment has identified three perspectives: “trade is harmful
to the environment”, “trade is beneficial to the environment” and
“trade is neutral to the environment”. The first is the theory of
environmental degradation based on the “pollution paradise”
hypothesis. Some researchers have argued that trade will harm
the environment, supporting the pollution paradise hypothesis
proposed by Copeland and Taylor (1994). The core issue under
discussion is that, in order to circumvent the trade costs associated
with stringent environmental protection standards, organisations
from developed countries often outsource production of polluting
products to developing countries, where costs are lower. Zhang
(2020) study examined the correlation between intermediate goods
trade and the environment. The study’s findings revealed that an
increase in intermediate goods trade can lead to an escalation in
production fragmentation and environmental pollution in
developing countries. Ekesiobi et al. (2024) found that
international trade and FDI reduce CO2 in the short run but
positively affect long-run CO2, supporting the long-run pollution
haven hypothesis. The second perspective is the theory of
environmental improvement based on the “pollution halo”
hypothesis. Some academics have argued that trade has a positive
impact on the environment. Fisher-Vanden et al. (2004) contended
that increased trade openness can facilitate the use of green and
clean technologies, promote the import of low-carbon products and
reduce environmental pollution. Ma andWang (2021) found that, in
comparison with developed countries, developing China can
effectively reduce carbon emissions intensity by participating in
international trade. Kim et al. (2019) examined the case of trade
between North and South countries, demonstrating that trade
activities between developing countries and southern countries
reduced carbon dioxide emissions. The third perspective is the
theory that trade has no inherent environmental impact. As

FIGURE 1
Conceptual framework linking the literature.
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Grossman and Krueger (1995) and Li and Qi (2011) have suggested,
the impact of trade on the environment is contingent on economic
development. In the initial stages of economic growth, trade
activities can be detrimental to the environment; however, as
economies develop, they can also contribute positively to
environmental protection.

2.3 Literature related to the trade effects of
digital trade rules

The majority of studies have focused on whether and how RTAs’
digital trade rules influence trade flow, added value and
environmental services. For instance, Duval et al. (2018) analysed
the influence of digital trade terms facilitation on trade costs and
demonstrated that digital trade facilitation terms reduced trade
costs. Das and Andriamananjara (2006) observed that digital
trade rules have the potential to reduce restrictions on
information flow by breaking through geographic borders,
thereby enhancing knowledge spillover effects. Mattoo et al.
(2022) found that extensive trade treaties generated more trade
creation benefits, but that the effects of trade diversion depend on
the terms of the treaties. Using an empirical model, Cui et al. (2024)
concluded that digital trade rules increase exporting countries’
domestic value added. Sun et al. (2022) considered the
relationship between digital trade rules and service trade export
using empirical evidence and concluded that digital trade rules
contribute to digital service trade significantly. Li and Meng
(2024) examined the environmental benefits of digital trade rules,
demonstrating that it reduced the implied carbon emissions
intensity of contracting countries’ exports. Research has been
conducted by several scholars on the subject of the impact of
digital technology and digital trade on carbon emissions. For
instance, Chaney (2014) holds that the establishment of digital
trade platforms has broken through the limitations of
geographical and cultural distances, reduced the costs of
searching for trade information, marketing and market
development, shaken off the high reliance on traditional logistics
methods, and effectively reduced carbon emissions in the trade
process. Bieser and Hilty (2018) hold that digital technology can
achieve the effect of reducing carbon emissions by enhancing
production efficiency.

2.4 Literature review

To summarise, there has been a considerable amount of
research on digital trade rules; however, some limitations
remain. Firstly, the previous research has primarily focused on
the overall trade effect of digital trade rules. While the majority of
studies have explored its impact on services trade or export added
value, the research has not yet delved into the expanding green
trade sector and has rarely examined export-embodied carbon
emissions. Secondly, while some studies have examined the
influence of digital trade rules on green trade, there has been
limited research into the impact of RTAs’ heterogeneous
provisions on green trade, or into the mediating mechanisms by
which digital trade rules affect green trade. Furthermore, the

majority of studies have been from the country or industry
perspective, rather than the product level.

Accordingly, the present study utilised the University of
Lucerne’s Trade Agreement Provisions on Electronic Commerce
and Data (TAPED) database to calculate the depth of digital trade
rules and investigate how digital trade rules affect export-embodied
carbon emissions. The study’s primary contributions are as follows:
(1) With regard to the construction of indicators, this paper uses the
TAPED database, which is the most comprehensive and detailed
database involving digital trade rules of trade agreements, to
innovatively construct and quantify three kinds of depth
indicators of digital trade rules, such as the total depth, core
depth, and depth of implementation. These are quantified
through the clause count index method, in order to break
through the assumption of homogeneity of digital trade rules. (2)
From a research perspective, this paper analyses the impact of digital
trade rules on implied carbon emissions from exports, from both the
consumption and production sides. This provides a policy basis for
member states to participate in the formulation of international
digital trade rules and to promote the process of digital trade
liberalisation. (3) With regard to the research methods employed,
this paper utilises the multi-regional input-output (MRIO) approach
to quantify export-embodied carbon emissions as the dependent
variable. This method effectively captures the carbon flows
embedded in global value chains across 137 economies. The
analysis provides a comprehensive assessment of the
environmental impacts of the rules by tracing direct emissions
and also accounting for indirect carbon leakage through
intermediate goods trade. (4) In terms of research content, this
paper reveals that technological innovation, trade costs, regulatory
distance and value-chain correlation are the mechanisms through
which digital trade rules influence the reduction of implied carbon
emissions from exports. This further enriches the research content
in this field.

3 Research hypotheses

3.1 Technological innovation effect

The establishment and implementation of digital trade rules
have vigorously promoted technological innovation, which has a
positive influence on decreasing environmental pollution
(Anderson, 2001) and reducing export-embodied carbon
emissions. First, digital trade rules compel trade entities to
innovate and invest more in research and development (R&D) of
clean products. Under trade liberalisation, RTA digital trade rules
have increased market openness and intensified market
competition, compelling countries to enhance innovation
capacities (Yuan and Zou, 2018). As digital trade rules and
associated systems continue to evolve and improve, countries are
promoting stricter requirements on trade products’ technical
standards, forcing enterprises to develop clean products to meet
market needs and trade rules by strengthening R&D investment.
Second, digital trade rules promote cooperation and sharing of green
technology through knowledge and technology spillover effects.
Digital trade rules overcome geographical boundary restrictions
and strengthen the flow of information, which favours the
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knowledge and technology spillover (Das and Andriamananjara,
2006). Joining RTAs accelerates the flow of innovation factors such
as knowledge and talent and the refinement of industrial division of
labour patterns, which promotes regional innovation (Wen et al.,
2023). With the strengthening of the depth of digital terms,
technology exchanges and learning between countries have
become more frequent, promoting international green technology
collaborations and sharing. Countries obtain advanced green
technology knowledge to adopt clean production processes and
reduce export-embodied carbon emissions. Third, digital trade
rules stimulate enterprises’ innovation vitality, which boosts clean
production. Digital trade agreements set standardised trade rules
and frameworks, which reduces institutional risk and trade policy
uncertainty between contracting countries and establishes a
supportive environment for enterprises’ innovation activities (Liu
and Ma, 2020; Moore et al., 2021). Technological innovation enables
enterprises to evolve in the direction of clean production (Sun et al.,
2021), its application in energy management systems improves
energy utilisation efficiency and technological innovation also
optimises carbon emissions and pollution treatment technology
at the end of production and reduces export-embodied carbon
emissions. Therefore, we propose Hypothesis 1.

Hypothesis 1: RTA digital trade rules reduce export-embodied
carbon emissions through the technological innovation effect.

3.2 Trade cost reduction effect

In international trade, trade costs are primarily manifested in
transportation, communication, search and compliance costs (Qi
and Ren, 2021) and reducing trade costs can reduce environmental
pollution (An, 2024). RTA digital trade rules encourage enterprises
to invest more in R&D by reducing trade and total costs, causing
enterprises to allocate more funds to pollution control and
decreasing export-embodied carbon emissions. First, measures
to reduce data flow and positioning restrictions in digital
provisions expand the scope of information search, reducing
search costs, accurately matching supply and demand
information for both trading parties, avoiding the time loss of
traditional face-to-face trade transaction and lowering both
trading parties’ communication costs (Zhao et al., 2022).
Second, non-discriminatory treatment provisions, trade
facilitation provisions, transparency provisions in the chapter
on e-commerce and technology protection provisions in the
chapter on digital IP rights can effectively improve partners’ of
trade information sharing capacity and lower the risk cost of
information asymmetry in the trade process, making the
matching and communication between supply and demand
parties more efficient and accurate (Liu et al., 2021). Third,
provisions such as electronic signatures, electronic
authentication and paperless trade simplify the trade process,
improve information and logistics transfer efficiency in the
trade process, lower products’ transaction and transportation
costs and reduce the costs of trade time and menus (Wilson
et al., 2005). Fourth, the agreement of data-related provisions
relaxes firms’ market access conditions, and the data flow
generated by digital trade rules overcomes restrictions of

geographic distance (Hortaçsu et al., 2009), facilitating the flow
of trade information, diminishing information asymmetry
(Valarezo et al., 2018) and reducing the fixed costs of
traditional trade (Lendle et al., 2013). Therefore, we propose
Hypothesis 2.

Hypothesis 2: RTA digital trade rules reduce export-embodied
carbon emissions through the trade cost reduction effect.

3.3 Regulatory distance reduction effect

Digital trade rules improve contracting parties’ institutional
level, reducing regulatory distance and export-embodied carbon
emissions. First, RTAs promote “introduction” and “going out” at
the institutional level through the exploration of high-standard
digital trade rules (Qi et al., 2023) and advance institutional
quality improvement and regulatory distance reduction through
regulatory integration effects (Liu et al., 2021). The shortened
regulatory distance establishes an institutional guarantee for
green trade and reduces export-embodied carbon emissions by
improving resource allocation efficiency. Second, the RTA digital
trade provisions specify the commitments made by each country in
promoting cross-border e-commerce and stipulate provisions such
as “government information transparency” and “negative list”,
which weakens the differences in each country’s regulation.
Reducing regulatory differences lowers the cost of green
technology transfer, improves green technology flow efficiency,
advances green technology sharing among countries and
substantially improves export carbon emissions in the
international division of labour (Li et al., 2024). Third, non-
discriminatory provisions included in RTA digital trade rules
primarily refer to provisions that improve the quality of
contracting parties’ systems by improving digital regulation
quality (Peng et al., 2023), which shortens the contracting parties’
regulatory distance. Improvements in digital regulation quality
considerably benefit intermediate goods exports, and subsequent
technological spillover and competitive effects can enhance
enterprises’ incentives towards self-innovation and innovation
investment (Calantone et al., 2003). Countries improve
technological efficiency through learning and secondary
innovation, which enhances the capacity to absorb and integrate
green technologies and reduces export-embodied carbon emissions.
Therefore, we propose Hypothesis 3.

Hypothesis 3: RTA digital trade rules reduce export-embodied
carbon emissions through the regulatory distance reduction effect.

3.4 Value chain correlation effect

As the legal basis and institutional foundation of digital trade,
improved digital trade rules and provisions can deepen the degree
of bilateral value chain association and advance trade greening.
First, digital trade rules can stimulate the convergence of
environmental standards and consumer environmental
preferences between countries, accelerating the efficiency of the
transfer of environmental protection, safety and other standards
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between countries along the value chain, encouraging enterprises
to improve pollution challenges and compelling them to take the
initiative to export green products. Second, according to Vogel’s
(1995) environmental gains hypothesis, deepening value chain
correlation have resulted in the rapid integration of more local
firms into the global division of labour, embedding them in the
value chain and increasing the breadth of bilateral value chain
correlation (Antràs and Helpman, 2004). This not only encourages
firms to move up the value chain and conduct technological and
managerial innovation activities to enhance international
competitiveness, but also intensifies market competition,
resulting in the elimination of the best and worst enterprises
(Long and Zhang, 2011). Enterprises will prioritise green
exports through green transformation, R&D innovation and
production of green products that follow the concept of
environmental protection to gain sustainable competitive
advantages. Third, exporting firms can import raw green
materials and digital intermediates from developed countries
through value chain correlation and integration. Enterprises can
improve green and low-carbon technology through imitation,
learning and secondary innovation and enhance forward
participation in the value chain, which is beneficial to saving
energy and realising the development of green exports (Chen
and Steinwender, 2021). Therefore, we propose Hypothesis 4.

Hypothesis 4: RTA digital trade rules reduce export-embodied
carbon emissions through the value chain correlation effect.

4 Research design

4.1 Model setting

Gravity modelling is the main empirical tool used by academics
to analyse the impact of RTAs or FTAs on trade flow (Kohl and

Trojanowska, 2015). In order to examine the question of whether
digital trade rules reduce export-embodied carbon emissions, we will
use the gravity model proposed by Anderson and Wincoop (2003).
To do this, we will incorporate the index of the depth of digital trade
rules in RTAs into a gravity model. The baseline regression model is
as Equation 1:

Carbonijkt � α + βDP Tdepthijt + γControlijkt + μk + δt + εijkt

(1)
Where i, j, k and t respectively represent exporting country,

importing country, product and year. Carbonijkt includes
embodied carbon emissions from the export of the
consumption side (Carbon conijkt) and the production side
(Carbon proijkt). DP Tdepthijt represents the depth of digital
trade rules between countries i and j in year t, including core depth
(DP Cdepthijt), and enforcement depth (DP Enforceijt).
Controlijt represents control variables. μk and δt are product
and year fixed effects. εijkt represents the error term, which is
clustered at the HS6-digit code product level.

4.2 Variable description

4.2.1 Explained variable
The explained variable is defined as the export-embodied carbon

emissions of country i in the year t from consumption and
production. The Eora26 input-output data from 2001 to
2021 was used to support this study, which employed the multi-
regional input-output (MRIO)method to quantify export-embodied
carbon emissions as the explained variable (see Figure 2). This
approach is further supported by the research of Kander et al. (2015)
and Meng et al. (2018).

It is to be assumed that a multi-regional economic system
consists of G countries or regions, each of which has N sectors
engaged in production activities and M items of final demand.

FIGURE 2
Basic form of MRIO table.
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According to the input-output row model, the total global output
decomposition matrix can be expressed as Equation 2:
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The total output decomposition matrix determines countries’
total output based on final demand to reflect the supply and demand
relationship between countries, where the sub-matrix QSR (N × 1)
represents the portion of country S’s total output used to satisfy the
final demand of country R. B (GN × GN) is the complete demand
coefficient matrix and Y(GN × G) is the final demand matrix.

Assume that each country’s technical conditions of production
will not change significantly in the short run and the carbon dioxide
emissions generated in the production process will be fixed in
proportion to the total output. F represents the carbon emissions
factor, where Fs

i denotes the direct carbon dioxide emissions
associated with the production of one unit of total output in
sector i of country S using the Equation 3:
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1,/, FS

n[ ] (3)
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(4)
This matrix reflects the carbon emissions transfer relationship

between different regions from a macro perspective. The sub-matrix
ESR represents the carbon emissions generated by country S to meet the
final demand of country R. Based on the global carbon emissions matrix,
carbon emissions can be measured from production side and
consumption side perspectives using the followingmeasurement process:

1. Production side carbon emissions measurement

The sum of the row in the global carbon emissions matrix
represents total carbon emissions on the production side of
countries’ various sectors, where Carbon proijkt represents
countries’ production side carbon emissions as Equation 5:

Carbon proSi � FSQS � ∑
i

FS
i Q

S
i (5)

2. Consumption side carbon emissions measurement

The sum of the column in the global carbon emissions matrix
represents the total carbon emissions on the consumption side of
countries’ various sectors, where Carbon con represents countries’
consumption side carbon emissions as Equation 6:

Carbon conSi � ∑
R

FRQRS � ∑
R

∑
U

FRBRUYLS (6)

4.2.2 Explanatory variable
The TAPED (Trade Agreements Provisions on Electronic-

commerce and Data) dataset seeks to comprehensively trace
developments in the area of digital trade governance. The dataset
includes a detailed mapping and coding of all preferential trade
agreements (PTAs) that cover chapters, provisions, annexes and side
documents that directly or indirectly regulate digital trade. An
assessment of the extent of legalization of all coded provisions
was also performed, distinguishing between “soft”, “mixed” and
“hard” commitments, as well as the number of provisions and words
contained in each agreement that are related to digital trade.
Therefore, the explanatory variable includes total depth, core
depth, and enforcement depth of digital trade rule, which are
categorized in the TAPED database as E-commerce, data flows,
data or data transmission, intellectual property (IP), specifically
created understandings or provisions, rules on trade in goods
concerning big data, and general exceptions. This paper draws on
the studies of Burri and Polanco (2020) and Peng and Yang (2023) to
divide the digital trade rule into six first-level index clauses such as
data management clauses, trade promotion clauses, privacy
protection clauses, intellectual property protection clauses,
network governance and security clauses, and dispute settlement
and cooperation clauses, including 18 second-level indicators and
35 third-level indicators. Four values, 0, 1, 2, and 3 are introduced to
represent the depth of digital trade rule involved in RTAs. When a
digital trade rule is not stated in the RTA, a value of “0” is assigned; If
the digital trade rule appears in the form of a “soft” commitment, it is
assigned a value of “1,” such as “recognizes the importance,” “should
strive to achieve,” “promote,” but does not require non-compliance
under the agreement’s dispute settlement mechanism. If the rule
takes the form of a “hard” commitment, it is assigned a value of “3”;
that is, these commitments require the trade members to comply
with the provisions, and the failure to comply with the rules can
ultimately be appealed under the agreement’s dispute settlement
mechanism, which the other members can enforce. If the digital
trade rule has both hard and soft commitments in the form of
binding and non-binding obligations, the value is “2”.

This paper calculates and summarises the six first-level
indicators included in the RTA’s digital trade provisions in order
to determine the total depth of digital trade rule (DP_Tdepth). For
the core depth of digital trade rule (DP_Cdepth), this paper selects
the core provisions according to the universality and importance of
the provisions involved in the digital trade rule. With regard to
effectiveness, provisions such as cross-border data flows, market
access rules and trade facilitation may have a greater impact on trade
than others. Therefore, the provisions of the sub-items such as
market access rules, fair competition environment, implementation,
and enforcement in the TAPED database are taken as the “core
provisions” of the digital trade rule and counted and summarized. In
the context of digital trade rule enforcement (DP_Enforce), a
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binding commitment, also referred to as a “hard” commitment,
denotes a legally binding, precise and enforceable commitment that
requires a party to comply with a provision or principle. In the event
of non-compliance, the other party reserves the right to refer the
claim to the dispute settlement mechanism outlined in the
agreement. Examples of binding commitments include “shall”,
“must” and “shall take appropriate measures”, etc. Therefore, the
enforceability of the numerical trade rules is determined by counting
the sub-clauses that contain hard bindings. The specific
measurement formula is shown in Equation 7.

Rulehigher � 1
n
∑n
i�1
Rulelower (7)

Where Rulehigher and Rulelower denote the depth of digital trade
rule at the previous and next level, respectively, and n represents the
number of that level, the total depth of digital trade rule, the core
depth, and the enforce depth index are calculated.

4.2.3 Control variables
The economic development of a country is measured by its gross

domestic product (gdp). It is generally accepted that RTAs will have
a more obvious impact on carbon emissions in countries with higher
economic development and larger economic scale. The level of
economic openness (open) is measured by the amount of foreign
direct investment. Economic openness is indicative of a country’s
participation in the international economic cycle. Countries with
higher economic openness are deeply embedded in international
trade and subject to the checks and balances of multi-party trade
relations, making it relatively more difficult to implement carbon
transfer. The industrial base (indus) is measured by the proportion
of industry value added. A stronger industrial base in a country is
likely to result in higher carbon dioxide emissions from production.
Other dummy variables in the gravity model (lndistw, contig and
colony) respectively indicate the logarithm of the geographic
distance between the two countries, the existence of an official
language shared between them, and the presence of a historical
colonial relationship. If such a relationship exists, the variables are
set to 1, and 0 otherwise. The difference of intensity of

environmental regulations in import and export countries (erg) is
indicative of the level of environmental regulation in a country, as
measured by the number of new environmental laws introduced
each year. The industry energy structure (Ine) is a metric that uses
the proportion of coal in all energy consumption as a proxy indicator
of the energy structure.

4.3 Data sources and description

This study uses data from 137 countries and regions spanning
2001–2021 as the sample, with a total of 4,491,820 observations. The
data for the export-embodied carbon emissions dependent variable
are obtained from the Global Supply Chain Database (Eora26). The
data for digital trade rules for the explanatory variable are obtained
from the TAPED database, which contains information on
191 RTAs (agreement name, agreement type, signing date,
effective date, midway entry or exit, agreement upgrade, clause
writing language and digital trade clause score) from 2001 to
2021. The control variable data are from CEPII-GEO, the CEPII-
Gravity database, the World Bank World Development Index
database and ECOLEX database. Table 1 presents descriptive
statistics of the data.

5 Empirical results

5.1 Characteristic facts

As illustrated in Figure 3, the figure for RTAs in effect globally
from 2000 to 2021 is shown, along with the trend figure involving
digital trade rules. As illustrated in Figure 3, export-embodied
carbon emissions demonstrated variability from 2001 to 2021. It
is evident that the total number of effective RTA is increasing on a
global scale, as is the number of rules related to digital trade. Since
2001, the total number of effective RTAs has increased from 14 to
348 in 2021, a growth of 24.86 times, highlighting the further
deepening and expansion of international trade cooperation.

TABLE 1 Descriptive statistics.

Variable type Variable name Variable symbol Obs Mean SD Min Max

Explained variable Carbon emissions on the production side Carbon_pro 4,481,920 0.1732 2.6164 0.0000 1,265.5101

Carbon emissions on the consumption side Carbon_con 4,481,920 0.1664 2.3727 0.0000 1,012.0400

Core explanatory variable Depth of digital trade rule DP_Tdepth 4,481,920 0.2836 0.5182 0.0000 2.6500

Control variables Economic development gdp 4,481,920 0.5447 0.5099 0.0000 2.6200

Economic openness open 4,356,830 92.9662 43.5784 0.0000 191.8726

Industrial foundation indus 4,402,540 25.9346 7.6067 10.0519 74.1130

Geographic distance lndistw 4,232,255 8.2516 1.0164 4.8810 9.8461

Common language col 4,179,636 0.2797 0.4489 0.0000 1.0000

Colonial relationship contig 4,258,680 0.0779 0.2680 0.0000 1.0000

Environmental regulation difference erg 4,254,563 0.0833 0.2351 0.0075 3.5832

Industry energy structure Ine 4,257,234 0.0462 0.2956 0.0000 0.9356
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Meanwhile, the influence of digital trade rules is also increasing on a
global scale. The total depth of digital trade rules has increased
considerably since 2012, rising from 0.3270 at that time to 2.1013 in
2021. It is evident that the core depth of digital trade has increased
from 0.1786 to 1.4069, while the depth of digital trade execution has
risen from 0.1125 to 0.9607. These data indicate that the legal
regulations and practical standards in the field of digital trade are
constantly evolving and improving to adapt to the increasingly
complex and diverse digital economy environment.

5.2 Benchmark regression

The Poisson Pseudo Maximum Likelihood (PPML) method is a
regression-based technique used to estimate the model parameters
of counting data. It is particularly well-suited for situations involving
overly discrete or zero-inflated data. The fundamental approach
involves maximising the pseudo-likelihood function according to
the given independent variables and parameters under the Poisson
assumption. The PPML method is particularly effective in
producing accurate estimation results when confronted with a
high number of zero values, regression model errors or
heteroscedasticity in the sample. Correia et al. (2020), we employ
the PPMLmethod to conduct the regression, presenting the baseline
regression results in Table 2.

As illustrated in Table 2, the deepening of digital trade rules can
significantly reduce the intensity of implied carbon emissions from
exports at both the production and consumption sides; the effect on
implied carbon emissions at the production side is greater than at
the consumption side. Further analysis of the impact of the three
rule depths on export carbon emissions indicates that the inhibitory
effect of digital trade rules on export carbon emissions is
characterised by the following order of magnitude: enforcement
depth > core depth > total depth. This indicates that, although the
overall depth of the framework is extensive, the generalised
provisions result in the dispersion of compliance costs for

enterprises and insufficient actual motivation for emission
reduction. When the core focuses on key areas to directly reduce
carbon emission intensity but lacks implementation guarantees,
enterprises can circumvent constraints through “selective
compliance”. The depth of execution, through real-time
supervision and punitive mechanisms, significantly increases the
cost of violations, forcing enterprises to internalise low-carbon
technologies as core variables in production decisions.

The coefficients of the control variables are all in line with
expectations. The coefficients of economic development, industrial
size, geographical distance, difference in environmental regulation and
industry energy structure are all found to be significant. This indicates
that as a country’s economy develops more rapidly, its industrial base
grows larger and it becomes more geographically distant from other
countries. Additionally, the difference in environmental regulation
between importing and exporting countries results in increased trade-
related carbon emissions. The coefficients relating to the presence of a
common language or a colonial relationship between the two countries
are notably negative, suggesting that nations tend to seek culturally
similar partners for international trade. These economies often exhibit
greater similarity in trade policies, regulations, consumer demand,
market structure and other factors, facilitating technical cooperation
and technology transfer between the countries, thereby reducing trade-
related carbon emissions.

5.3 Endogeneity test

Despite considering a range of control variables, the study
may still face endogeneity problems, the most significant of
which is reverse causality. This implies that export-embodied
carbon emissions may subsequently affect the depth of digital
trade rules. This is because countries with lower export carbon
emissions tend to sign regional trade agreements that cover more
comprehensive digital trade terms, neglecting variables that
could also introduce endogeneity problems. To address the

FIGURE 3
Trend of changes in the carbon emission, number of RTAs and the depth of digital trade rules from 2001 to 2021.
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above concerns regarding endogeneity, we adopt time-varying
variable lag and instrumental variable (IV) methods for
regression.

5.3.1 Time-varying variable lag
In light of the potential for endogeneity issues to emerge

between time-varying control variables and export-embodied
carbon emissions, this study employs a one-period lag strategy
for all time-varying variables, as illustrated in columns (1) and
(2) of Table 3. This methodological approach is employed to ensure
the integrity and reliability of the regression results. The results
indicate that the coefficients of digital trade rules remain

significantly negative after interacting the core explanatory
variable and all time-varying variables with a one phase lag,
suggesting that RTA digital trade rules continue to reduce
export-embodied carbon emissions.

5.3.2 Instrumental variables
This study introduces two IVs and employs two-stage least

squares regression. First, we take the depth of digital trade rules
with a one period lag as the first IV (DP1). The depth of digital trade
rules in the historical period is an important foundation for the
development of that in the current period that has no direct impact on
the current export-embodied carbon emissions between countries,

TABLE 2 Benchmark regression.

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

Carbon_pro Carbon_pro Carbon_pro Carbon_con Carbon_con Carbon_con

DP_Tdepth −0.2162*** −0.2209***

(0.0174) (0.0147)

DP_Cdepth −0.2393*** −0.2891***

(0.0145) (0.0178)

DP_Enforce −0.2783*** −0.3091***

(0.0158) (0.0142)

gdp 0.3489*** 0.3255*** 0.3212*** 0.6199*** 0.5013*** 0.4133***

(0.0132) (0.0156) (0.0189) (0.0311) (0.0043) (0.0099)

open −0.0073*** −0.0034*** −0.0013*** −0.0041*** −0.0041*** −0.0049***

(0.0003) (0.0002) (0.0003) (0.0002) (0.0002) (0.0002)

indus 0.0435*** 0.0413*** 0.0322*** 0.0274*** 0.0373*** 0.0534***

(0.0002) (0.0003) (0.0009) (0.0004) (0.0005) (0.0006)

lndistw 0.2350*** 0.2103*** 0.2033*** 0.2066*** 0.2866*** 0.2022***

(0.0035) (0.0053) (0.0015) (0.0035) (0.0065) (0.0035)

col −0.5457*** −0.5723*** −0.4922*** −0.5664*** −0.5024*** −0.5933***

(0.0123) (0.0153) (0.0123) (0.0153) (0.0034) (0.0035)

contig −0.7452*** −0.7111*** −0.6173*** −0.5912*** −0.6103*** −0.4901***

(0.0235) (0.0254) (0.0299) (0.0401) (0.0502) (0.0263)

erg 0.0422*** 0.0235*** 0.0426*** 0.0633*** 0.0613*** 0.0754***

(0.0045) (0.0125) (0.0111) (0.0156) (0.0945) (0.0074)

Ine 0.1352*** 0.1155*** 0.1261*** 0.1933*** 0.1934*** 0.1823***

(0.0235) (0.0056) (0.0972) (0.0231) (0.0482) (0.0184)

cons −5.3452*** −3.6373*** −2.0345*** −3.0211*** −1.6732*** −2.0544***

(0.0134) (0.0577) (0.0067) (0.0521) (0.0045) (0.0345)

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 3,972,076 3,972,076 3,972,076 3,972,073 3,972,073 3,972,073

R2 0.0523 0.0523 0.0523 0.0667 0.0667 0.0667

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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which satisfies the correlation and exclusivity hypotheses. Second, this
study takes the average sum of the depth of digital trade rules between
a country and all third countries in the sample as an IV (DP2), where a
larger value indicates that country i is more likely to sign terms
containing digital trade rules with countries other than country j.
Therefore, it is closely related to digital rules between countries i and j,
satisfying the correlation hypothesis. This IV also portrays the relevant
circumstances of RTA digital rules between country i and a third
country and will not directly affect the export-embodied carbon
emissions between country i and country j, which satisfies the
exclusivity hypothesis. Columns (3)–(6) of Table 3 present the IV
regression results, revealing that the estimation results of LM statistic

andCragg-DonaldWald F statistics reject the hypotheses of IV under-
identification and weak identification, confirming the reasonableness
of our IV selection. Furthermore, the coefficients of digital trade rules
are significantly negative, demonstrating that the conclusions
remain valid.

5.4 Robustness tests

This study employs five robustness tests, replacing variables,
alternative estimation methods, shrinking, truncation and replacing
regression samples and DID methods.

TABLE 3 Endogeneity test.

Explanatory variable

Time-varying variable lag
regression

“Digital trade rules lag one
period” as an instrumental

variable 2sls

“The average sum of the
depth of digital trade rules

with all third countries” as an
instrumental variable 2sls

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

Carbon_pro Carbon_con Carbon_pro Carbon_con Carbon_pro Carbon_con

L.DP_Tdepth −0.2134*** −0.2421***

(0.0135) (0.0115)

DP1 −0.0409*** −0.0453***

(0.0023) (0.0053)

DP2 −0.0778*** −0.0792***

(0.0053) (0.0034)

L.gdp 0.5235*** 0.5722***

(0.0211) (0.0251)

L.open −0.0042*** −0.0041***

(0.0002) (0.0002)

L.indus 0.0223*** 0.0152***

(0.0035) (0.0021)

L.erg 0.0445*** 0.0134***

(0.0032) (0.0044)

L.Ine 0.0223*** 0.0143***

(0.0033) (0.0031)

cons −2.0442*** −2.3522*** −0.3455*** −0.2352*** −0.2341*** −0.3511***

(0.0235) (0.0653) (0.0123) (0.0135) (0.0145) (0.0124)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

LM statistic 2.2e+06 [0.0000] 2.2e+06 [0.0000] 1.5e+06 [0.0000] 1.5e+06 [0.0000]

Cragg-Donald Wald F-statistic 1.1e+07 {16.3800} 1.1e+07 {16.3800} 2.5e+06 {16.3800} 2.5e+06 {16.3800}

N 2796888 2796888 2711327 2711327 3972076 3972076

R2 0.4591 0.4505 0.0020 0.0110 0.0070 0.0070

Note: Standard errors in (), p-values in [], and {} are critical values for the Stock-Yogo weak identification test at the 10% level in the 2SLS estimates.
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5.4.1 Replacing core explanatory variable
In order to avoid any potential influence on our estimation

results arising from differing measurement methods for core
explanatory variables, we employ principal component analysis to
re-weight the categorical clauses of digital rules and recalculate
depth, as referenced in Laget et al. (2020). The regression results
are presented in columns (1) and (2) of Table 4. The results indicate
that the estimated coefficients of digital trade rules are all
significantly negative, which aligns with the benchmark
regression results, albeit with slightly lower estimated
coefficient values.

5.4.2 Alternative estimation methods
In order to avoid the influence of different empirical estimation

methods on the conclusions obtained, we use the Generalized
Method of Moments (GMM). The regression results are
presented in Table 4, columns (3) and (4). Regardless of whether
we use PPML or GMM, the coefficients of RTAs’ digital rules are still
significantly negative, indicating that the research conclusions
are robust.

5.4.3 Tail reduction and truncation
The distribution of export-related carbon emissions may be

subject to bias. As extreme samples may interfere with our
estimation results, we conducted 1% and 5% shrinking treatment
and 1% and 5% truncation treatment on the explained variables,
presenting the regression results in columns (1)–(4) of Tables 5, 6.
The findings indicate that the coefficients of core explanatory
variables remain substantially negative after the exclusion of outliers.

5.4.4 Changing the regression sample
Due to the time lag in implementing digital trade rules and the

response of export carbon emissions to these rules, the sample
interval has been divided into 3-, 4- and 5-year lags, respectively.
The regression results are presented in columns (1)–(6) of Table 7.
The results demonstrate that the coefficients of digital trade rules are
significantly negative, confirming that the revised sample intervals
do not change the results and the conclusions remain valid after
considering the time lag effect of digital trade rules.

5.4.5 Changing the regression method
Given the differences in the intensity and signing time of

digital trade rules in RTA, this paper adopts the staggered
difference-in-differences model to evaluate the policy effect of
digital trade rules on export carbon emissions. Specifically, the
question of whether digital trade provisions are included in RTAs
is regarded as a quasi-natural experiment. The countries that
signed the RTA containing the digital trade clause were
designated as the treatment group, and those that did not sign
were set as the control group. Regression analysis was conducted
with the effective year of the policy as the time dividing point.
The model construction is as Equation 8:

Carbonijkt � α+βDP Tdepthijt ×postijt +γControlijt +μk +δt + εijkt
(8)

Where DP Tdepthijt represents the depth of digital trade rule.
postijt represents the year when the digital trade rules policy came
into effect. Controlijt represents control variables. μk and δt are

TABLE 4 Replacement of core explanatory variables and estimation using system GMM (Robustness test).

Explanatory variable
(1) (2) (3) (4)

Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.1633*** −0.1677*** −0.0027*** −0.0032***

(0.0074) (0.0044) (0.0018) (0.0018)

L.Carbon_pro 0.1054***

(0.0145)

L.Carbon_con 0.1535***

(0.0133)

cons −2.5224*** −3.0222*** −0.1563*** −0.1753***

(0.0634) (0.0341) (0.0162) (0.0245)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

AR(1)P value 0.0000 0.0000

AR(2)P value 0.5344 0.4362

N 3,972,076 3,972,073 2,711,327 2,711,327

R2 0.4344 0.4551

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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product and year fixed effects. εijkt represents the error term, which
is clustered at the HS6-digit code product level. Table 8 presents the
regression results. From the results, it can be seen that digital trade
rules significantly reduce export carbon emissions, and the
conclusion has good robustness.

5.5 Heterogeneity tests

5.5.1 Heterogeneity test of clause
The study categorises digital trade rules into the following

headings: data management (DM), trade promotion (TF), privacy
protection (PP), IP protection (IPP), network governance and
security (CGS) and dispute settlement and cooperation (DRC).
We are pleased to inform you that the same method as

benchmark regression is used to construct the empirical
examination of heterogeneous clauses. This is in order to
analyse the various impacts of different digital trade rule
clauses on export-related carbon emissions. Tables 9, 10
present the estimation results.

The results indicate that trade promotion clauses have the
strongest inhibitory effect on export carbon emissions, followed
by DM clauses. IP clauses have the weakest effect. The potential
rationale for this is that trade promotion clauses primarily promote
trade openness between the two sides by improving the business
environment for e-commerce trade, advancing shared green
technology and decreasing export-embodied carbon emissions.
DM clauses provide measures for facilitating cross-border data
flow, reducing trade costs for both sides and directly decreasing
export-related carbon emissions. The restraining effect of IP clauses

TABLE 5 Indentations and truncations (Robustness test).

Explanatory variable

Shrinkage 1% Shrinkage 5%

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

Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.1633*** −0.1744*** −0.1113*** −0.1342***

(0.0026) (0.0033) (0.0054) (0.0035)

cons −4.5233*** −4.3335*** −4.2422*** −4.4213***

(0.0232) (0.0235) (0.0123) (0.0142)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

N 3,972,076 3,972,073 3,972,076 3,972,073

R2 0.2133 0.2133 0.1134 0.1153

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.

TABLE 6 Indentations and truncations (Robustness test).

Explanatory variable

Truncated 1% Truncated 5%

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

Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.1311*** −0.1351*** −0.0696*** −0.0531***

(0.0034) (0.0033) (0.0023) (0.0025)

cons −4.1347*** −4.0135*** −4.3451*** −4.5311***

(0.0531) (0.0252) (0.0144) (0.0138)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

N 3,972,076 3,972,073 3,972,076 3,972,073

R2 0.1523 0.1553 0.0653 0.0651

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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is closely associated with the intensity of protection. A minimal level
of IP protection can lead to a lack of robust safeguards for
enterprises’ innovation outcomes, thereby hindering the pace of
technological innovation and impeding the cross-border
transmission of technological innovation (Guellec and Paunov,
2018). Conversely, an overly stringent IP protection policy may
impede competition and innovation, thereby diminishing the
knowledge and technology spillover effect. When the above
clause types are compared, the effect of IP protection clauses on
export carbon emissions reduction is relatively low.

5.5.2 Heterogeneity test of RTA template
As previously outlined, the two primary templates of RTA digital

trade rules are the American and European templates, which reflect
variations in the fundamental requirements and core provisions.
The impact of digital trade rules under various agreement templates
on export-related carbon emissions may exhibit heterogeneity. This
study uses RTA samples similar to the existing rules templates in
TAPED to conduct regressions based on the heterogeneity of
template types. The regression results are presented in columns
(1) to (6) of Table 11.

TABLE 7 Redistribution of sample intervals (Robustness test).

Explanatory variable

Triennial Quadrennial Quinquennium

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

Carbon_pro Carbon_con Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.2899*** −0.3323*** −0.2353*** −0.2632*** −0.1642*** −0.2632***

(0.0253) (0.0235) (0.0423) (0.0266) (0.0335) (0.0335)

cons −2.3522*** −2.5533*** −3.4522*** −3.5351*** −3.6352*** −3.7532***

(0.1355) (0.1009) (0.1535) (0.1532) (0.1355) (0.1235)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 1,251,355 1,251,355 811,385 811,385 798,703 798,703

R2 0.4411 0.4531 0.4521 0.4152 0.4153 0.4031

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.

TABLE 8 DID method (Robustness test).

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

Carbon_pro Carbon_con Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth*post −0.2899*** −0.3633***

(0.0253) (0.0211)

DP_Cdepth*post −0.2341*** −0.3232***

(0.0232) (0.0156)

DP_Enforce*post −0.2431*** −0.3563***

(0.0262) (0.0269)

Cons −4.5223*** −0.3326*** −4.0133*** −0.3531*** −4.1511*** −0.3451***

(0.0212) (0.0263) (0.0235) (0.0134) (0.0224) (0.0125)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 3,972,076 3,972,073 3,972,076 3,972,073 3,972,076 3,972,073

R2 0.0452 0.0352 0.0433 0.0334 0.0431 0.0314

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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The results indicate that, irrespective of execution under the
European, American or other template, the coefficients of digital
trade rules are significantly negative, demonstrating that digital
trade rules included in different template types have an inhibitory
impact on export-embodied carbon emissions. The European
template is characterised by “audio-visual exception” and
“privacy protection”, and it has been demonstrated to decrease
export-embodied carbon emissions through privacy protection, IP
protection and other provisions. The American template advocates
the elimination of localised data storage and the reduction effect on
export-embodied carbon emissions occurs by reducing
information search costs in export trade through clauses such
as “free cross-border flow of data”. From the perspective of
coefficient size, compared with the American template and
other templates, the coefficient of digital trade rules under the
European template is relatively small. One possible explanation for
this finding is that digital rules in accordance with the European
model are more aligned with the current trade development stage
of most economies. As these economies are more mature, they
have achieved relatively low export-embodied carbon emissions
reductions. In contrast, American and other templates are in the
emerging stage of development, and the associated export-
embodied carbon emissions reduction effects continue to
strengthen.

5.5.3 Heterogeneity test of exporting country
In order to further analyse the heterogeneous impacts of RTA

digital trade rules on export-embodied carbon emissions, this study
separates exporting countries into developed and developing
countries based on the World Bank’s 2011 income classification
standard. This is the intermediate year of the time span covered in
the sample. According to the standard classification, developed
countries are defined as high-income nations, while middle-high-
and middle-low-income countries are designated as developing
nations. Developed countries are denoted as 1 and developing
countries as 0. The regression results are presented in columns
(1) and (2) of Table 12.

The results demonstrate that the coefficients of DP_Tdepth
and DP_Tdepth*country in columns (1) and (2) are all significant.
Digital trade rules have a beneficial effect on export-embodied
carbon emissions for developed countries. One potential
explanation for this phenomenon is that developing economies
have a relatively low level of trade liberalisation, and the
implementation of digital trade rules does not significantly
enhance trade openness. Consequently, there has been an
observed rise in export-related carbon emissions, as
enterprises in developing nations have not adapted to the
added costs associated with digital trade rules. Concurrently,
the low-carbon energy transition is leading to a decline in oil

TABLE 9 Heterogeneity result of clause on production-side carbon emissions.

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

Carbon_pro Carbon_pro Carbon_pro Carbon_pro Carbon_pro Carbon_pro

DM −0.2622***

(0.0343)

TF −0.4621***

(0.0164)

PP −0.2672***

(0.0123)

IPP −0.1613***

(0.0162)

CGS −0.1724***

(0.0177)

DRC −0.1834***

(0.0143)

cons −2.8332*** −3.0532*** −2.6322*** −2.7631*** −2.7525*** −2.9611***

(0.0634) (0.0531) (0.0645) (0.0664) (0.0641) (0.0680)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 3972076 3972076 3972076 3972076 3972076 3972076

R2 0.4045 0.4196 0.4132 0.4142 0.4833 0.4742

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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revenue and non-revenue for African nations (Emmanuel et al.,
2024), resulting in mounting economic pressures that could
potentially impede their ability to invest in green technologies

or adhere to environmental regulations. However, developed
economies have high trade openness, and digital trade rules
have produced considerable technology spillover effects,

TABLE 10 Heterogeneity result of clause on consumption-side carbon emissions.

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

Carbon_con Carbon_con Carbon_con Carbon_con Carbon_con Carbon_con

DM −0.3351***

(0.0335)

TF −0.4693***

(0.0135)

PP −0.2891***

(0.0135)

IPP −0.1679***

(0.0151)

CGS −0.1200***

(0.0153)

DRC −0.1977***

(0.0142)

cons −3.8931*** −3.2531*** −3.1351*** −2.5361*** −2.5311*** −3.6771***

(0.0135) (0.0651) (0.0645) (0.0667) (0.0734) (0.0662)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 3,972,073 3,972,073 3,972,073 3,972,073 3,972,073 3,972,073

R2 0.4124 0.4511 0.4257 0.4153 0.4155 0.4734

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.

TABLE 11 Heterogeneity test of RTA template.

Explanatory variable

European templates American templates Other templates

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

Carbon_pro Carbon_con Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.1255*** −0.1624*** −0.2623*** −0.3235*** −0.1243*** −0.1653***

(0.0643) (0.0641) (0.0164) (0.0168) (0.0553) (0.0523)

cons −1.6234*** −1.3313*** −3.3512*** −3.1244*** −2.5235*** −3.3522***

(0.2642) (0.2133) (0.2345) (0.0232) (0.0752) (0.0637)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 284,283 284,283 233,383 233,383 3,454,251 3,454,251

R2 0.5244 0.5351 0.4642 0.4446 0.4346 0.4642

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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establishing new opportunities to reduce export-embodied
carbon emissions through innovation, diffusion and
sustainable supply chain integration.

5.5.4 Heterogeneity test of agreement type
Based on the number of RTA members, this study divides trade

agreements into bilateral and regional RTAs for comparative
analysis. Among the 191 agreements in the sample economies,
115 are bilateral RTAs between two economies and 76 are

regional RTAs that include more than two economies. This study
is based on different types of digital trade rules. It further regresses
bilateral agreements and multilateral agreements, marking bilateral
agreements as 1 and multilateral agreements as 0. The regression
results are shown in columns (3) to (4) of Table 12.

The findings indicate that the coefficients of DP_Tdepth and
DP_Tdepth*agreement exhibit a strong negative correlation in
columns (3) and (4), suggesting that different types of RTA
digital agreements can reduce export-embodied carbon emissions.

TABLE 12 Heterogeneity result of export country, agreement type and product type.

Explanatory variable

Exporting country Agreement type Product type

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

Carbon_pro Carbon_con Carbon_pro Carbon_con Carbon_pro Carbon_con

DP_Tdepth −0.0182*** −0.0283*** −0.0232*** −0.0241*** −0.0133*** −0.0164***

(0.0039) (0.0822) (0.0023) (0.0021) (0.0024) (0.0013)

DP_Tdepth*country −0.1004*** −0.1081***

(0.0034) (0.0082)

DP_Tdepth*agreement −0.1733*** −0.1742***

(0.0631) (0.0145)

DP_Tdepth*green −0.1251*** −0.1362***

(0.0064) (0.0390)

cons −4.6234*** −3.5235*** −4.2666*** −4.0345*** −4.5211*** −4.2631***

(0.0011) (0.0023) (0.0251) (0.0035) (0.0156) (0.0146)

Controls Yes Yes Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes Yes Yes

N 3,972,076 3,972,073 3,972,076 3,972,073 3,972,076 3,972,073

R2 0.5092 0.5013 0.5734 0.5254 0.5782 0.5724

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.

TABLE 13 Mechanism tests.

Explanatory variable
(1) (2) (3) (4)

Technological innovation Cost reduction Regulatory distance Value-chain correlation

DP_Tdepth 0.2624*** −0.0615 −0.1262*** 0.0216***

(0.0013) (0.1251) (0.0025) (0.0013)

cons −1.1444*** 3.0235*** 0.5153*** −3.4262***

(0.0015) (0.0352) (0.0014) (0.0026)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

N 3,633,429 3,969,343 3,535,760 1,835,164

R2 0.5222 0.2495 0.0511 0.0156

Note: ***, ** and * denote significant levels of 1%, 5% and 10%, respectively, with standard errors in parentheses.
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Digital trade rules in bilateral agreements is higher than that of
multilateral agreements. One possible explanation for this is that
regional multilateral FTAs are challenging to coordinate due to the
diverse interests and trade levels of the involved countries. In
addition, the negotiating power of each country is limited, which
makes it difficult to reach high-level digital provisions. The high cost
of adapting different trade rules across overlapping multilateral
RTAs means that these countries are unable to maximise the
benefits of digital trade rules.

5.5.5 Heterogeneity test of product type
The Pollution ParadiseHypothesis suggests that developed countries

with strict environmental regulations are likely to transfer pollution-
intensive manufacturing operations to developing countries with weaker
regulations. Additionally, there may be variations in the response of
products with different levels of pollution. In order to analyse the
different impacts of digital trade rules on carbon emissions related to
the export of environmentally friendly products, this study classified
export products into green products and non-green products based on

TABLE 14 Mechanism tests (Endogeneity test).

Explanatory variable

“Digital trade rules lag one period” as an instrumental variable 2sls

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

Technological innovation Cost reduction Regulatory distance Value-chain correlation

DP1 0.1242*** −0.0114*** −0.1045*** 0.0144***

(0.0051) (0.0035) (0.0014) (0.0026)

cons −5.2352*** 4.0422*** 3.0133*** −2.0023***

(0.0016) (0.0034) (0.0025) (0.0051)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

LM statistic 2.1e+06 [0.0000] 2.0e+06 [0.0000] 2.2e+06 [0.0000] 2.4e+06 [0.0000]

Cragg-Donald Wald F-statistic 1.0e+07 {16.3800} 1.2e+07 {16.3800} 1.7e+07 {16.3800} 1.1e+07 {16.3800}

N 3,633,429 3,969,343 3,535,760 1,835,164

R2 0.0345 0.0385 0.0245 0.0231

Note: Standard errors in (), p-values in [], and {} are critical values for the Stock-Yogo weak identification test at the 10% level in the 2SLS estimates.

TABLE 15 Mechanism tests (Endogeneity test).

Explanatory variable

“The average sum of the depth of digital trade rules with all third countries” as an instrumental
variable 2sls

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

Technological innovation Cost reduction Regulatory distance Value-chain correlation

DP2 0.1344*** −0.0135*** −0.1061*** 0.0234***

(0.0053) (0.0025) (0.0015) (0.0025)

cons −4.2355*** 4.6233*** 4.1113*** −2.2445***

(0.0013) (0.0063) (0.0023) (0.0052)

Controls Yes Yes Yes Yes

Product fixed effects Yes Yes Yes Yes

Year fixed effects Yes Yes Yes Yes

LM statistic 1.8e+06 [0.0000] 1.5e+06 [0.0000] 2.6e+06 [0.0000] 2.2e+06 [0.0000]

Cragg-Donald Wald F-statistic 1.4e+07 {16.3800} 1.2e+07 {16.3800} 1.3e+07 {16.3800} 1.6e+07 {16.3800}

N 3,633,429 3,969,343 3,535,760 1,835,164

R2 0.3452 0.5522 0.5322 0.5356

Note: Standard errors in (), p-values in [], and {} are critical values for the Stock-Yogo weak identification test at the 10% level in the 2SLS estimates.
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pollution differences, with green products marked as 1 and non-green
products as 0. The results are shown in Table 12.

The results reveal that the coefficients of DP_Tdepth and DP_
Tdepth*green in columns (5) and (6) are all significantly negative,
demonstrating that digital trade rules can decrease carbon emissions
for different types of environmental protection products. Digital
trade rules have further reduced carbon emissions from the export of
green products. One possible explanation for this could be that green
products emit significantly less carbon than non-green products;
therefore, the marginal benefit of digital trade rules is not
substantial. Recently, countries have become increasingly
concerned with the environmental protection and pollution
reduction of non-green products. They have been continuously
upgrading the reduction technology of export-embodied carbon
emissions and achieving remarkable results.

6 Mechanism study

6.1 Model setting

The results of the benchmark regression clearly indicate that
RTA digital trade rules can contribute to a reduction in export-
embodied carbon emissions. Our theoretical analysis indicates that
trade cost, technological innovation, regulatory distance and value
chain correlation are key mechanisms through which RTA digital
trade rules impact export-embodied carbon emissions. Jiang (2022),
this study conducts a mechanism test to examine mediating effects,
and the model is as Equations 9–12:

TIit � α + βDP Tdepthijt + γControlijt + μk + δt + εijkt (9)
Costijkt � α + βDP Tdepthijt + γControlijt + μk + δt + εijkt (10)
distanceijt � α + βDP Tdepthijt + γControlijt + μk + δt + εijkt

(11)
value corrijkt � α + βDP Tdepthijt + γControlijt + μk + δt + εijkt

(12)
Where TIit, Costijkt, distanceijt and value corrijkt are the
mechanism variable, representing technological innovation, trade
cost, regulatory distance and value chain correlation, and the
remaining variables are the same as in Equation 1.

6.2 Variable description

Technological innovation effect (TIit). This index is represented by
the exporting country’s number of patent applications, the data for
which are obtained from the World Intellectual Property Organisation.

Trade cost effect (Costijkt). We quantify trade costs referencing
the information costs faced by exported products, referencing
Steinwender’s (2018) research. First, we calculate the variance of
the price of k products exported from all exporting countries i to
importing countries j in year t, using the variance as a measure of
information costs faced by exporting countries i when exporting k
products to importing countries j. A higher indicator indicates
higher information cost for the exporting country.

Regulatory distance effect (distanceijt). A larger regulatory
distance between exporting and importing countries makes it

more difficult to achieve regulatory consistency among member
countries through an RTA. This study adopts the absolute value of
the difference between exporting and importing countries’
institutional quality index to measure regulatory distance, the
data for which are obtained from the World Bank’s World
Governance Indicators database.

Value chain correlation effect (value corrijkt). Los et al. (2014),
we construct an industry-level value chain correlation indicator
based on the total transmission step. A greater index value indicates
a higher value chain association between two countries.

6.3 Mechanism result

The results in column (1) of Table 135 show that the coefficient of
digital trade rules is positive, indicating that digital trade rules stimulate
exporting countries’ technological innovation. RTAs are conducive to
the use and sharing of green technologies between the contracting
parties, enabling countries to efficiently adopt advanced technologies
through knowledge and technology spillovers. The results in column (2)
of Table 13 reveal that the coefficient of digital trade rules is negative,
indicating that digital trade rules reduce trade costs between importing
and exporting countries. RTAs’ digital trade rules contain provisions
such as cross-border data flow that can reduce restrictions on market
access and trade costs. In addition, RTAs’ digital trade rules also enable
governments to fully release the power of data as a production input
factor, improving enterprises’ efficiency, which is also conducive to
reducing enterprise costs. The results in column (3) of Table 13 show
that the coefficient of digital trade rules is negative, indicating that
digital trade rules shorten the regulatory distance between the two
contracting countries. RTAs provide standardised trade rules and
frameworks for contracting parties, resulting in different degrees of
regulatory convergence among governments. This also puts pressure on
the contracting parties to establish clearer rules and regulations, which
helps to reduce the differences in contracting parties’ regimes. The
results in column (4) of Table 13 reveal that the coefficient of digital
trade rules is positive, indicating that digital trade rules strengthen the
value chain correlation between exporting and importing countries.
First, RTAs lower information transfer costs, which reduces the trade
cost of intermediate goods needed by countries, deepening the
correlation of bilateral value chains. Second, RTAs facilitates small
and medium-sized enterprises’ embedding in value chains by
simplifying the transaction process. Tables 14, 15 present the
endogeneity test results of the mechanism test. The results of the
mechanism test are robust.

7 Discussion

This study reveals the significant role of digital trade rules in
reducing the carbon emission intensity implied by exports. Our
findings demonstrate that the deepening of digital trade rules has led
to a substantial reduction in carbon emission intensity at the
production stage, with a more pronounced impact compared to

5 Tables 14, 15 present the endogeneity test results of the mechanism test.
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the consumption stage. This result aligns with existing literature
emphasising the dual economic and environmental benefits of
digitalization, yet diverges from conventional carbon emission
analyses by highlighting a novel pathway: digital trade rules exert
influence through reducing cross-border transaction frictions and
optimising resource allocation. This mechanism offers a novel
theoretical lens for understanding the digital-environment nexus.

Mechanism analysis has identified technological innovation,
cost reduction, shortened regulatory distance, and bilateral value
chain inter-connectedness as the key pathways linking digital
trade rules to carbon emissions. These findings are in line with
scholarly arguments that technological progress and supply
chain optimisation act as environmental catalysts. For
instance, previous studies have indicated that technological
innovation can enhance production efficiency and promote
environmental quality through energy conservation (Lashka
et al., 2012; Bieser and Hilty, 2018). Our research
corroborates this mechanism and strengthens it with
quantitative evidence, delineating the specific channels
through which digital rules operate.

Heterogeneity analysis reveals marked disparities in the
carbon-mitigating effects of distinct trade provisions. Notably,
trade promotion clauses have the strongest inhibitory effect on
carbon emissions, likely attributable to their direct role in
reducing trade barriers and accelerating transaction processes.
In contrast, provisions for the protection of intellectual property
demonstrate relatively limited impact, possibly because such
clauses prioritise the commercialisation of innovation
outcomes rather than directly addressing carbon emissions.
These findings emphasise the importance of provision-specific
analysis in evaluating the environmental efficacy of digital
trade rules.

A comparative analysis with existing studies highlights two key
contributions: Firstly, our research extends the current
understanding of the environmental impact of digital trade by
emphasising the role of green trade policies and international
cooperation frameworks. Secondly, it demonstrates that digital
trade rules hold particular promise for global carbon reduction
when embedded in bilateral agreements and green product
provisions. Collectively, these insights advance understanding of
how institutional design in digital trade can be harnessed to
reconcile economic globalisation with climate goals.

8 Conclusion

8.1 Conclusions

Improving the depth of RTA digital trade rules, promoting
international trade liberalisation, effectively reducing export-
embodied carbon emissions and establishing a green and low-
carbon global society are key approaches for advancing the global
economy’s sustainable development in the coming years. Using
regional trade agreements (RTA) and bilateral trade data signed
and implemented by 137 economies from 2001 to 2021, this paper
quantifies the depth of digital trade rules from three aspects: total
depth, core depth and enforceability depth, based on the classification
of digital trade rules in the TAPED database. Subsequently, by using

the extended structural gravity model and adopting the PPML
estimation method, the influence effect and mechanism of digital
trade rules on the export embodied carbon intensity at the production
and consumption sides in RTA were explored.

The study finds that: (1) The deepening of digital trade rules
can significantly reduce the intensity of implied carbon emissions
from exports at both the production and consumption sides; the
effect on implied carbon emissions at the consumption side is
greater than at the production side. (2) Mechanism analysis
shows that the effects of technological innovation, cost
reduction, shortening regulatory distances and bilateral value
chain correlation are important mechanisms in the impact of
digital trade rules on export-embodied carbon emission intensity.
(3) Heterogeneity analysis shows that trade promotion
provisions have the strongest effect on export-related carbon
emissions, followed by data management provisions. Intellectual
property protection provisions have the weakest effect. Bilateral
agreements, US templates, exports to developed countries and
green products in digital trade rules have a greater inhibitory
effect on carbon emissions.

8.2 Policy implication

Given the above conclusions, we propose the following
recommendations. Firstly, in order to further leverage the
emission reduction effects of digital trade rules on export-
embodied carbon, it is recommended that priority be given to
the deepening of production-side digital clause design in
multilateral and bilateral trade agreements. For instance, RTAs
have the potential to incorporate mandatory carbon footprint
data sharing clauses, which would require enterprises to disclose
production-stage emissions in real-time through blockchain
technology. This could be supported by tax incentives to
encourage the adoption of low-carbon digital technologies, such
as intelligent energy management systems. On the consumption
side, efforts could be concentrated on the establishment of cross-
border carbon label mutual recognition mechanisms, the utilisation
of digital platforms for the display of product life-cycle carbon
intensity to consumers, and the harnessing of market demand to
drive production-side emission reductions.

Secondly, it is proposed that a “cross-border digital
regulatory coordination clause” be incorporated into the
digital trade agreement. The establishment of a blockchain-
driven regulatory data sharing platform has the potential to
facilitate real-time mutual recognition and dynamic
adjustment of carbon emission standards among import and
export countries. This, in turn, could lead to a reduction in
the repetitive declaration and compliance costs incurred by
enterprises as a result of regulatory differences. At the same
time, efforts must be made to encourage the creation of a unified
low-carbon digital trade regulation framework, with the aim of
reducing carbon emission intensity across the entire supply chain
at the institutional level.

Thirdly, it is suggested that the digital trade rules be
optimised at different levels. The primary focus of the
commission will be on the enhancement of trade promotion
provisions, including mutual recognition of electronic signatures
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and seals, and the implementation of zero tariffs on digital
products. Concurrently, efforts will be undertaken to refine
data management provisions, provide clear definitions of
standards for cross-border flow of green data and blockchain
evidence storage, and establish intellectual property protection in
relation to low-carbon technologies. For instance, a “green
channel” has been implemented for the accelerated review of
energy-saving technology patents related to digital trade, and
enterprises are permitted to exchange patent sharing for carbon
quota discounts, thereby indirectly promoting emission
reduction across the entire industry through
technology diffusion.

8.3 Future direction

The present study explores the export carbon reduction
effect of digital trade rules. In future research, the role of
digital trade rules in trade fairness, digital sovereignty and
geopolitical conflicts can be analysed in depth, with particular
attention to the path of building the discourse power of
developing countries in rule-making. Concurrently, the
coordination mechanism between digital trade and cross-
border carbon emission regulation should be explored, and the
discussion should address how to promote the consistency of
global carbon emission regulation through international
cooperation and institutional design, and reduce the friction
in the implementation process of digital trade rules in
different regions.
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