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Introduction: Rural e-commerce is reshaping agricultural production and
circulation in China, improving market access but also raising concerns about
its environmental impact. Whether its rapid expansion improves or worsens air
quality remains unclear.

Methods: Using county-level data from 2011 to 2021, this study exploits the
staggered rollout of the E-commerce into Rural Areas Comprehensive
Demonstration (RECD) program and applies a multi-period Difference-in-
Differences model to estimate the policy's effect on PM2.5 concentrations.
Results: The RECD policy significantly increases PM2.5 levels. Further analysis
shows two channels: intensified agricultural inputs and expanded logistics and
warehousing. The effect is strongest in regions with higher agricultural
dependence, better terrain accessibility, and higher initial levels of economic
development and e-commerce.

Discussion: Rural e-commerce improves market efficiency but also introduces
environmental risks by altering production and circulation patterns.
Strengthening green technologies, clean logistics and environmental
regulation is essential to ensure a sustainable rural digital transformation.

agricultural input intensification, air pollution, cold-chain logistics expansion,
differences in differences, rural e-commerce

1 Introduction

The diffusion of e-commerce in rural areas is rapidly reshaping the link between
agricultural production and markets worldwide. It has also become a focal topic in
development economics and agricultural policy research. According to the Food and
Agriculture Organization of the United Nations (FAO), the development of rural
e-commerce not only significantly reduces production and circulation costs and
improves resource allocation efficiency, but also broadens market access for farmers,
alleviates poverty, reduces resource waste in rural areas, and fosters the transition
toward green agriculture (Fao and Zju, 2021). In this context, countries have adopted
strategic approaches to rural e-commerce that differ in form yet share common objectives.
In India, the construction of a unified nationwide Electronic National Agriculture Market
(e-NAM) serves as the core initiative to break down regional market barriers, enhance price
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transparency, and strengthen farmers’ bargaining power (Manogna,
2025). In the European Union, the “Smart Villages” initiative focuses
on strengthening digital infrastructure and community-based
innovation, promoting  deep between  rural
e-commerce and local value chains (Hlavacek et al, 2023). In
China, the Rural Areas

Comprehensive Demonstration” program has simultaneously

integration

systematic  “E-commerce into

advanced county-township-village service
and digital skills
construction of a comprehensive rural e-commerce ecosystem (Li
and Gan, 2025).

However, behind this rapid boom, there may be environmental

logistics  systems,

stations, training, contributing to the

consequences that have not received sufficient attention, giving rise
to new discussions on sustainability. On the one hand, some scholars
emphasize the positive environmental effects of e-commerce and
argue that it can significantly reduce pollution by improving
production efficiency and optimizing resource allocation
(Abukhader, 2008; Chen, 2019; Du et al., 2023). Existing
evidence indicates that the carbon emission intensity of online
retail is generally lower than that of offline retail (Edwards et al,
2010; Zhao et al, 2019). With the widespread adoption of
e-commerce, the digitalization of services and the optimization of
supply chains can reduce the excessive use of chemical fertilizers and
pesticides in agricultural production (Wang et al., 2022; Ji et al,
2023). They also enhance the production and marketing efficiency of
traditional agricultural products, promote product standardization
and quality upgrading, and thus help facilitate agricultural green
transformation (Li et al., 2021). On the other hand, another strand of
research highlights the environmental costs of e-commerce,
suggesting that it may increase carbon emissions and, in some
cases, even offset its potential emission-reduction benefits
(Palsson et al., 2017; Hidayatno et al., 2019; Cheba et al., 2021).
In the
transportation operations may lead to increased freight emissions

logistics segment, high-frequency and fragmented
(Jaller and Pahwa, 2020; Siragusa et al., 2022), and in terms of waste
generation, e-commerce also results in large volumes of packaging
waste (Kim et al., 2022; Pinos et al., 2022; Syed Ali et al., 2024).
Although extensive research has examined the environmental
impacts of rural e-commerce, important gaps remain. Existing
studies have not sufficiently grounded their analyses in the
distinctive characteristics of the agricultural and agri-food sectors. As
a result, they largely overlook environmental effects related to changes
such as accelerated agricultural mechanization and the expansion of
cold-chain warehousing. In addition, the literature provides only
limited explanations for the pronounced regional heterogeneity in
environmental outcomes. Whether rural e-commerce promotes
green transformation or leads to pollution accumulation depends
heavily on development paths and regional contexts, yet key
moderating mechanisms such as institutional environmental
constraints, market incentives for green products, and the adoption
of green technologies have not been systematically incorporated into
analytical frameworks or rigorously tested with causal methods.
Against this backdrop, the present study makes several
contributions to the literature. First, exploiting the staggered
rollout of the E-commerce into Rural Areas Comprehensive
Demonstration (RECD) program as a quasi-natural experiment
dataset

and constructing a county-level

2011-2021 linked with PM,.5 concentration data, we employ a

panel covering
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difference-in-differences (DID) framework to rigorously identify
the causal impact of rural e-commerce development on local
credible
evidence. Second, by jointly incorporating agricultural production

environmental quality, thereby providing causal
input adjustments and the expansion of supply-chain logistics into a
identify  two

environmental pathways—production and circulation—through

unified analytical framework, we distinct
which rural e-commerce affects pollution, enabling a more
comprehensive understanding of its environmental impact.
Third, by introducing green technology adoption, market
incentives, and institutional environmental constraints as
moderating factors, we further uncover the sources of regional
heterogeneity in environmental effects and provide policy-
relevant insights for guiding rural e-commerce toward a
development model that balances economic efficiency with
environmental sustainability.

The remainder of this paper is structured as follows. Section 2
presents the theoretical framework and develops the research
hypotheses. Section 3 introduces the research design, including data
sources, variable construction, and econometric models. Section 4
reports the empirical results, including baseline estimates, mechanism
tests, and moderation analyses. Section 5 concludes with key findings,

policy implications, and directions for future research.

2 Theoretical analysis and hypothesis

The RECD program is a major policy initiative to promote the
rural digital economy. It aims to strengthen the rural e-commerce
ecosystem and improve market conditions for farmers’
entrepreneurship and income growth. Its primary objectives focus
on enhancing agricultural performance and revitalizing county
economies through the construction of online trading platforms,
the optimization of supply chain organization, and the upgrading of
rural industries. However, the policy does not place environmental
protection at its core; its institutional design emphasizes economic
outcomes while largely overlooking potential environmental
externalities. Against the backdrop of the rapid expansion of rural
e-commerce, an important question arises: while facilitating the
restructuring of agricultural production and distribution systems,
might the RECD program also generate environmental impacts by
altering agricultural input structures and increasing logistics
demand? Building on existing research, this study identifies two
potential channels. First, e-commerce-driven order agriculture,
large-scale production and standardization may increase the use
of fertilizers, pesticides and mechanical power. This intensifies
agricultural non-point source pollution. Second, the surge in
e-commerce transactions may stimulate the expansion of
warehousing, transportation, and cold-chain logistics, increasing
energy consumption and transportation emissions and putting

pressure on regional environmental quality.

2.1 Agricultural input
intensification mechanism

Rural e-commerce influences agricultural production and its
environmental outcomes mainly through two opposing effects. On
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the one hand, the theory of division of labor suggests that the
expansion of market scale deepens specialization and pushes
production systems toward larger and more standardized
operations. With rural e-commerce continuously expanding
market boundaries, stabilizing orders and forming persistent
market constraints, agricultural production is no longer oriented
only toward fragmented and seasonal demand (Li et al, 2024).
Instead, producers need to achieve larger output scale, more stable
supply, and more uniform product specifications. Under such
market pressure, they tend to increase the use of fertilizers and
pesticides and accelerate mechanization in order to secure yield,
appearance, and supply continuity. This strengthens input intensity,
increases resource consumption, and raises environmental burdens
(Lin and Li, 2023). As a result, a scale effect characterized by
production expansion and intensified input emerges, leading to
an increase in pollution emissions (Jiang et al, 2020; Yang
et al., 2024).

On the other hand, the theory of induced technological change
emphasizes that does not occur

technological ~progress

automatically. It is induced by market demand, factor
constraints, and institutional incentives. When rural e-commerce
connects producers to premium markets for high-value agricultural
products, producers have stronger incentives to optimize
production structures and adopt more efficient and greener
technologies (Qiu et al, 2024; Xie et al, 2025). Product
upgrading and technological improvement may reduce pollution
intensity per unit of output and help mitigate environmental
pressure during production (Gamage et al., 2023).

However, according to the World of Organic Agriculture and
Trends 2025 report, certified organic farmland in China accounts for
only about 0.5 percent of total arable land. Organic food accounts for
less than 2 percent of the total food market, and per capita organic
consumption is only about 10.7 euros, far below the global average
(FiBL and Of, 2025). These facts indicate that the scale and intensity
of green and organic product demand in China remain limited. At
the current stage, the technology and structural upgrading effects
driven by market demand are unlikely to dominate. Their overall
than the scale effect generated by

influence is weaker

production expansion.

2.2 Cold-chain logistics
expansion mechanism

In addition to the production stage, rural e-commerce also

generates environmental externalities through supply-chain
expansion. By reshaping transaction modes and enlarging market
coverage, rural e-commerce transforms the agricultural circulation
system and produces new environmental impacts. From the
perspective of transaction cost theory, e-commerce platforms
significantly reduce information search, bargaining, and
monitoring costs. This stimulates consumers to engage in more
frequent and diversified consumption activities, so that transactions
once occasional and intermittent become regular and high-
frequency (Malone et al., 1987; Teo and Yu, 2005). From the
perspective of spatial economics, rural e-commerce weakens
geographical constraints and significantly improves market

accessibility, effectively mitigating the traditional distance effect
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(Fan et al.,, 2018). It extends sales boundaries from local to cross-
regional and even national markets, thereby connecting producers
with a much larger and more widely distributed consumer base (Wei
et al., 2020). The decline in transaction costs and the expansion of
market scope jointly increase transaction frequency, shifting
batch-based
transactions to more continuous and intensive market operations.

agricultural ~circulation from low-frequency,

In this process, environmental externalities at the supply-chain
level gradually emerge. As the market space expands and order
density increases, the demand for logistics and warehousing rises,
and transportation activities become more frequent and larger in
scale (Hanlin and Fan, 2025). For fresh agricultural products, strong
perishability and strict time requirements create a rigid dependence
on cold-chain logistics (Chen et al., 2025b). This leads to the rapid
construction and continuous operation of origin-based pre-cooling
facilities, regional cold-chain distribution centers, and terminal
cold-storage warehouses within a wider spatial scope. A large and
continuously operating low-temperature logistics network is thus
formed. Under current technological conditions, this network is
highly energy-intensive. When combined with increasingly frequent
transportation activities, it becomes an important source of
pollution within the rural e-commerce supply chain. According
to relevant statistics, in 2020, transportation and product returns
associated with e-commerce accounted for 37% of total greenhouse
gas emissions. By 2030, the number of delivery vehicles worldwide is
projected to increase by 36% to approximately 7.2 million, which
will not only lead to an additional six million tons of carbon dioxide
emissions but also extend urban commuting time by 21%
(Igini, 2024).

2.3 Moderating role of institutions, green
technology, and market incentives

In fact, the environmental effects of rural e-commerce exhibit
complex non-linear patterns (Liang et al., 2021), and their specific
manifestations are deeply contingent on the surrounding
development context. Technological innovation provides the basis
for reducing pollution intensity. Market transformation reshapes
producers’ incentives. Institutional innovation helps clarify the
relationship between government and market, strengthens
regulation when necessary, and supports the effective functioning
of market mechanisms. This logic is consistent with Ecological
Modernization Theory (Gibbs, 2017), which emphasizes that
environmental improvement relies on the joint functioning of
markets, technology, and institutions. Therefore, a systematic
analytical framework can be constructed from three dimensions:
markets, technology, and institutions, to explain how different
conditions moderate the environmental consequences of
rural e-commerce.

First, the preference of the demand side acts as an endogenous
moderating mechanism that conditions how production expansion
translates into environmental outcomes. When consumer markets
show strong preferences for green, organic and high-quality
agricultural products and are willing to pay a premium, the role
of e-commerce platforms changes. Instead of simply amplifying
scale, they begin to drive quality upgrading (Li et al., 2024; Qiu et al.,

2025). This change reshapes producers’ incentive structures,
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encouraging them to reduce dependence on chemical inputs and
instead adopt greener production practices to capture quality
thereby
externalities on the production side (Bold et al, 2022; Fusillo

premiums, mitigating  potential  environmental
et al, 2025). Accordingly, this study uses the number of green
food enterprises to reflect the breadth of the green market
development, and green food output to capture the depth and
intensity of green market development.

Second, green technological innovation is a key enabling
condition for mitigating the environmental effects of rural
e-commerce. In the production stage, precision agriculture
technologies can substantially increase the efficiency of fertilizer
and pesticide use. They enable higher vyields without a
corresponding rise in pollution and can even reduce pollution
while improving productivity (Getahun et al, 2024; Cai et al,
2025). At the same time, new-energy electric agricultural
machinery raises the level of mechanization while reducing
energy consumption and greenhouse gas emissions per unit of
output (Yang et al, 2025). This allows the expansion of
mechanization to remain compatible with green development. In
the circulation stage, green logistics technologies can significantly
reduce energy consumption and emission intensity per unit of
These technologies
pressures created by the expansion of
transportation networks (Jayarathna et al., 2023; Tetteh et al., 2024).

cargo. help relieve the environmental

cold-chain and

Finally, the environmental sustainability of rural e-commerce is
not inherent in the technologies themselves but is shaped by their
design, use, and regulatory context (Fichter, 2002). Strict emission
standards and environmental supervision can effectively curb high-
pollution production and logistics models (Borowiec et al., 2024). At
the same time, subsidies and tax incentives can reduce the cost of
adopting green agricultural technologies and clean logistics
(Liu et al, 2025). These
production factors to shift from high-carbon paths toward low-

infrastructure incentives guide
carbon activities and thus improve the environmental performance
of rural e-commerce in a systemic way.

Accordingly, this study proposes the following research

hypotheses.

H1: Rural

concentrations.

e-commerce  development increases PM,.s

H2: Agricultural input intensification and logistics expansion are
transmission channels through which rural e-commerce increases
PM,.5 concentrations.

H3: Institutional constraints, green technological innovation, and

market incentives jointly mitigate the pollution effect of
rural e-commerce.

3 Research design
3.1 Model specification
Considering the gradual rollout of the REDC policy across

counties, this study employs a multi-period Difference-in-
Differences (DID) model to identify its net effect on PM,.s
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concentrations. The core idea is to place counties that adopt the
policy at different times into the same estimation framework. The
model then generates two differences: between treated and control
counties, and between pre- and post-treatment periods. This
approach mitigates concerns related to omitted variable bias,
reverse causality, and other endogeneity issues. Accordingly, the
multi-period DID model is specified as follows:

Yit =y + (XIRECDit + X;ﬁ + A,‘ + yt + & (1)

Y denotes the PM2.5 concentration in county i and year ¢,
reflecting the level of fine particulate pollution. The core explanatory
variable RECD;; measures rural e-commerce development. It equals
1 if county i is included in the national Rural E-commerce
Comprehensive Demonstration program in yeari is included in
the national Rural E-commerce Comprehensive Demonstration
program in year ¢ and 0 otherwise. The coefficient a; captures
the net effect of rural e-commerce development on PM2.5 pollution.
Xiiis a vector of control variables accounting for socioeconomic and
climatic conditions. A; and y, denote county and year fixed effects,
respectively, controlling for time-invariant county characteristics
and common time shocks. ¢;; is the error term.

To verify that the treatment and control groups followed
comparable pre-policy trends, we expand Equation 1 into a
dynamic DID framework in line with Beck et al. (2010). The
dynamic DID model is specified as follows:

Yi=ap+ Z oczEventft + X;ﬁ +Ai+y, + & 2)
k-1

In the dynamic DID specification presented in Equation 2, we
introduce an event-time variable Eventff, to capture the relative
timing of the REDC policy. Specifically, Eventf, = 1 if year ¢ is k
years away from the first year in which county i was included in
the REDC program, and 0 otherwise. The year immediately
preceding the policy implementation (k = -1) is omitted from
the regression and serves as the reference period. Accordingly, the
set of event-time indicators allows us to track both pre-treatment
leads and post-treatment lags of the policy effect over time. The
coefficients a, on the event-time indicators Eventf, reveal the
temporal evolution of the REDC policy effect. In particular, the
coefficients associated with the pre-treatment periods (k<0)
indicate whether treated and control counties exhibited similar
trends prior to the implementation of the REDC program. If these
pre-treatment coefficients are statistically insignificant and close
to zero, the parallel trend assumption is supported. All other
variables and notations remain consistent with those defined
in Equation 1.

According to the above theoretical analysis, to investigate the
mechanism through which the REDC policy influences the
allocation of agricultural production factors and the expansion of
logistics and warehousing infrastructure, we select five mediating
variables: the proportion of agricultural labor, agricultural
machinery input, chemical fertilizer input, road network length,
and logistics warehousing land area. Following the step-wise
mediation testing framework of Baron and Kenny (1986) (Baron
and Kenny, 1986), we test whether rural e-commerce affects these
mediators and, in turn, whether changes in agricultural input

structure and logistics-warehousing demand serve as two
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potential transmission channels. The specific empirical models are
constructed as follows:

Med,'t =0y + (X3RECD,‘¢ + X;ﬁ + Ai + yt + &t (3)
Yi = a + a,RECD; + asMedy + Xif + A +y, + & (4)

In Equation 3, Med; denotes any of the five mediating variables.
A significant «3 indicates that the REDC policy affects the mediator.
In Equation 4, a significant a5 suggests that the mediator exerts an
impact on the dependent variable after controlling for RECDj;. If ay
becomes insignificant after adding the mediator, a complete
mediating effect is implied; if @y remains significant, the sign
consistency between a3 x as and a4 determines whether a partial
mediating effect exists. All other variables and notations remain
consistent with those defined in Equation 1.

To further explore whether the environmental impact of the
REDC policy depends on county-level external contexts, we examine
the heterogeneous effects of the policy along three dimensions: green
market incentives, institutional constraints, and the green
technology environment. Following prior research (Liu et al,
2023), we extend the baseline model by interacting the REDC
indicator with the contextual variable and estimate the following
specification:

Y,‘t =0y + (XsRECD,‘r + 067H,*t + lstECD,‘t*Hit + X,’ﬁ + /\,‘ + yt + &t
©)

where H; represents county-level external contexts as specified in
Equation 5. Specifically, green market incentives are captured by the
number of certified green-product enterprises and the output of
certified green products; institutional constraints are measured by
the number of environmental penalty cases; and the green
technology environment is proxied by the number of green
patents. In this setting, ag identifies whether the marginal effect
of rural e-commerce development on PM2.5 concentrations varies
across counties with different levels of market incentives, regulatory
pressure, and technological support. A significantly negative
(positive) ag implies that a stronger contextual environment
reinforces (weakens) the pollution-mitigation effect of the REDC
policy. All other variables and notations remain consistent with
those defined in Equation 1.

3.2 Variable definitions

3.2.1 Key independent variable

Considering that the REDC policy was implemented in
different years across counties, the indicator variable is
defined as follows: it takes the value of 1 in the year when a
county is first designated as a demonstration county and remains
1 thereafter, and 0 otherwise. The data for this variable are
obtained from the official list of “E-commerce Entering Rural
Areas” demonstration counties released by the Ministry of
Commerce of China.

3.2.2 Dependent variable

In this study, air pollution is measured by the annual average
concentration of PM2.5 (ug/m?). Specifically, the PM2.5 data are
sourced from the Tibetan Plateau Scientific Data Center and the
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Atmospheric Composition Analysis Group (ACAG) at the
University of Washington, both of which provide nationally
consistent gridded PM2.5 estimates that have been widely
adopted in empirical research.

The gridded PM2.5 data are spatially matched to county
administrative boundaries, and the weighted averages within each
county are computed to obtain monthly values. These values are
then aggregated to calculate annual average PM2.5 concentrations
for each county and year. 3.2.3 Mediator Variables.

The five mediating variables are designed to reveal how rural
e-commerce development may influence air quality. The proportion
of agricultural labor, agricultural machinery input, and chemical
fertilizer input reflect shifts in the agricultural production factor
structure, which can alter pollutant emissions arising from
agricultural activities. In parallel, road network length and
logistics warehousing land area capture the expansion of logistics
and warehousing infrastructure, potentially increasing freight
transportation intensity and logistics-related emissions. By
incorporating these mediators, we are able to assess whether the
impact of rural e-commerce on PM2.5 concentrations operates
through changes in agricultural input patterns and the growing

demand for logistics and warehousing facilities.

3.2.3 Moderator variables

This study incorporates three moderator variables. First,
institutional constraints are measured by the number of
environmental administrative penalty cases at the county level,
capturing the intensity of environmental regulatory enforcement.
Second, green technological innovation is measured by the number
of authorized green patents, reflecting the level of regional green
technology accumulation. Third, market strength is represented by
the number of certified green-product enterprises and the output of
certified green products, indicating the degree of market incentives
and enterprise vitality.

3.2.4 Control variables

To address other determinants of air quality, we include a
comprehensive set of control variables at the county level.
Following previous studies (Zhao et al., 2018; Feng et al., 2019
2023; Guo et al, 2024),
socioeconomic development, industrial structure,

Guo et al, vegetation, climate,
and fiscal
conditions are incorporated to avoid confounding effects.
Specifically, the vegetation normalization index (NDVI), annual
temperature, annual average wind speed, sunshine duration,
relative humidity, and sea level pressure and annual precipitation
capture ecological and climatic characteristics that affect the
dispersion, transformation, and deposition of air pollutants.
Population density measures the intensity of human activities
and potential emissions associated with residential energy
consumption and transportation. The proportion of industrial
output value reflects the level of industrialization, which is closely
associated  with  production-related  emissions. Economic
development is controlled for using the logarithm of GDP to
account for differences in economic scale and energy demand.
Furthermore, electricity consumption per unit of GDP reflects
the energy-use efficiency of local economic activities. The
logarithms of general government fiscal income and fiscal

expenditure indicate local fiscal capacity and the potential
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TABLE 1 Summary statistics and variable definition.

Variable

Definition

10.3389/fenvs.2026.1754204

Independent variable

RECD The RECD project dummy variable 0.176 0.381 0.000 1.000
Dependent variables
PM, 5 (ug/m?) Annual mean PM,.5 concentrations from the national Tibetan plateau data center = 47.278 20.435 12.027 146.226
PM, 5 (ug/m?) Annual mean PM, 5 from concentrations Washington University 45,842 20.076 1.695 146.599
Control variables
NDVI Normalized difference vegetation index 0.458 0.163 0.051 0.824
Temperature ("C) Annual mean temperature 13.290 4.445 0.274 24.779
Precipitation (mm) Annual total precipitation 264.357 153.551 5.969 1,210.657
Wind (m/s) Annual average wind speed 2.147 0.472 1.366 3.131
Sunshine (h) Annual sunshine duration 2076.417 | 508.584 1,175.657 = 2,945.099
Humidity (%) Relative humidity 57.651 19.259 30.145 98.195
Pressure (hpa) Sea level pressure 2,499.194  2,595.300 1,013.276 = 9,999.900
Population (thousand Population density 0.635 1.349 0.003 10.769
persons/km?)
Industrialization Share of industrial output value 0.383 0.217 0.009 0.765
Economic Log of GDP 10.196 0.718 7.774 12.949
Fiscal_income Log of general government fiscal income 7.341 0.911 5.404 9.680
Fiscal_expenditure Log of general government fiscal expenditure 8.414 0.595 5.098 11.628
Energy (kWh/ten thousand CNY) | Electricity consumption per unit of GDP 0.146 0.138 0.023 0.567
Ind_pollution Log of the sum of sulfur dioxide (SO,), nitrogen oxides (NOx), and industrial smoke = 8.897 0.483 8.044 10.324
and dust emissions
Fix Fixed asset investment-to-GDP ratio 0.244 0.144 0.053 0.613
Mechanism variables
Labor Proportion of the rural agricultural labor force 0.546 0.155 0.302 0.809
Machinery (Mw) Annual agricultural machinery power 42.744 38.646 1.000 200.000
Fertilizer Log of annual agricultural fertilizer use 5.873 4.540 0.476 10.671
Highway (thousand km) Road network length 1.526 0.728 0.006 2.041
Warehousing (km?) Logistics warehousing area 0.202 0.679 0.010 27.290
Moderator variables
Environmental_regulation Number of environmental administrative penalty cases 6.964 28.285 0.000 1,160.000
Greentech Number of authorized green patents 60.784 181.204 | 0.000 3,864.000
Product Log of certified green-product output 2.698 4.262 0.000 14.293
Firm Number of certified green-product enterprises 5.545 16.487 0.000 264.000

intensity of public intervention, including infrastructure provision
and environmental governance. To further account for industrial
environmental pressure, we include the logarithm of the aggregated
industrial emissions of sulfur dioxide, nitrogen oxides, and
industrial smoke and dust. Finally, the fixed asset investment-to-
GDP ratio is included to capture investment-driven industrial and

Frontiers in Environmental Science

infrastructure expansion that may be associated with higher energy
consumption and pollution emissions.

After implementing data interpolation and outlier removal
procedures, the final dataset covers 1,698 counties between
2011 and 2021, forming a balanced panel with 18,678 county-
year observations. Among them, 766 counties were designated as
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TABLE 2 Comparison between treatment and control groups.

Variable 2011 2014 2021

Treatment Control Difference in Treatment Control Difference in Treatment Control Difference in

mean mean mean (T-C) mean mean mean (T-C) mean mean mean (T-C)
PM, 5 54055 61.676 ~7.6210* 54527 61.804 —7.2770%% 30.305 33.103 —2.798**
Labor 0.605 0.539 0.066** 0.585 0.520 0.065* 0.570 0.509 0.061+*
Machinery 43.563 38917 4,645 48.146 42,039 6.108* 47.986 40.350 7.636"*
Fertilizer 4519 7.202 ~2.683* 4487 7.173 ~2.686* 4.606 7.272 ~2.666"*
Highway 43.563 38917 4,645 48.146 42,039 6.108* 47.986 40350 7.636*
Warehousing 0.261 0.135 0.126** 0.261 0.135 0.126** 0.261 0.135 0.126**
NDVI 0.461 0419 0.0424% 0.478 0433 0.045 0.497 0452 0.045*
Temperature 12.579 13.006 —0.428** 13.200 13.657 —0.457%* 12.579 13.006 ~0.428**
Precipitation 243.437 225.704 17.733% 259.528 247.040 12.488* 291.306 282.307 8.999
Wind 1.976 2.114 —0.138%* 2.019 2.144 —0.125%* 2115 2231 ~0.116°*
Sunshine 2088.412 2046.636 41.776* 2085.312 2015.888 69.424% 2,168.088 2,115.866 52.222%
Humidity 50.880 51.360 ~0.481 52.588 54218 ~1.630** 66.204 67.714 ~1511
Pressure 2,775.850 2,495.903 279.948** 2,775.570 2,496.179 279.391* 1,471.813 2084.798 ~612.984%
Population 0.293 0919 ~0.626* 0.295 0.930 ~0.635* 0.289 0.927 ~0.637*
Industrialization | 0.394 0.378 0.016* 0.397 0.373 0.024* 0373 0.352 0.021*
Economic 9.674 10.153 —0.479** 9.898 10.332 —0.4340% 10.235 10.545 ~0.3100*
Fiscal_income 6.677 7.167 —0.490** 7.113 7.565 —0.453+ 7.279 7.684 ~0.406**
Fiscal_expenditure = 8.072 7.929 0143 8.377 8.227 0.151+* 8.732 8.535 0.197*
Energy 0.196 0.111 0.084** 0.188 0.110 0.078* 0.176 0.112 0.064**
Ind_pollution 8.848 8.871 -0.022 9.016 9.032 -0.016 8.835 8.839 ~0.004
Fix 0.201 0.174 0.026* 0.239 0214 0.025+ 0.323 0.267 0.056*

0 < 0.01, **p < 0.05, *p < 0.1.
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pilot areas, including 178 in the eastern region, 175 in the central
region, 345 in the western region, and 68 in the northeastern region.
The descriptive statistics and detailed definitions of all variables used
in the analysis are reported in Table 1.

Table 2 reports mean comparisons between treated and control
counties before and after the implementation of the pilot policy.
Although overall PM,.5 concentrations decline over time, the
pollution gap between the two groups narrows markedly in the
post-policy period, indicating a weakening of the pre-existing air
quality advantage in treated areas. At the same time, production-
and logistics-related variables show clear post-policy divergence:
agricultural mechanization and road network length increase
substantially in treated counties, while agricultural labor share,
fertilizer use intensity, and warehousing land area exhibit no
systematic post-policy differences. Overall, the relative rise in
PM,. with
intensified production and providing

concentrations in treated counties coincides

expanded logistics,
descriptive support for the subsequent difference-in-differences

analysis of the policy’s environmental effects.

3.3 Data sources

The empirical analysis combines multiple authoritative data
sources to construct a county-level panel dataset. The core
explanatory
demonstration policy—is obtained from official documents issued

variable—rural ~ e-commerce  comprehensive
by the Ministry of Commerce of China. PM2.5 concentrations are
sourced from the Tibetan Plateau Scientific Data Center and the
Atmospheric Composition Analysis Group (ACAG) at the
University of Washington. Economic and demographic control
variables are drawn from the China County Statistical Yearbooks.
Climate information is collected from the China Meteorological
Data Service Center (surface climate dataset) and NASA’s
Normalized Difference Vegetation Index (NDVI). Data on
certified green agricultural products are obtained from the China
Certification and Accreditation Database (CCAD) developed by
Zhejiang University. Logistics and warehousing indicators are
sourced from the China County Construction Statistical
Yearbooks. Agricultural input variables—including agricultural
labor, machinery, and fertilizer use—are taken from the China
County Statistical Yearbooks. Environmental penalty records are
collected from official announcements released by the Ministry of
Ecology and Environment, and supplemented with relevant
enforcement notices from the Ministry of Natural Resources.
Green patent information is obtained from the China National
Intellectual Property Administration. The data on Taobao Villages
are obtained from the China Taobao Village Development Report,
which is released annually by the Alibaba Research Institute. The list
of national poverty-stricken counties is obtained from the official
documents issued and approved by the Leading Group Office of
Poverty Alleviation and Development of the State Council of China.
The classification of major grain-producing regions, major grain-
marketing regions, and grain production-consumption balanced
regions is based on official documents issued by the Ministry of
Agriculture and Rural Affairs of China. County-level terrain
ruggedness and elevation data are obtained from the FABDEM
V1-2 dataset. Provincial initial e-commerce development levels are
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derived from the China E-commerce Development Index Report
(2014-2015) jointly released by the
Laboratory for E-commerce Technologies at Tsinghua University

National Engineering

and several authoritative institutions. Key environmental
governance regions are identified according to the Air Pollution
Prevention and Control Action Plan issued by the State Council of
China in 2013 and the Three-Year Action Plan for Winning the Blue
Sky Defense Battle released in 2018. The lists of National Rural
Industrial Integration Demonstration Parks (RIDP), Low-Carbon
City Pilot (LCCP), and Rural Returnee Entrepreneurship Pilot
(RREP) are obtained from officially approved documents issued
by the National Development and Reform Commission of China.
Information on the opening time of high-speed rail services is
manually collected and verified using records from the official
China Railway ticketing platform and relevant county-level

news reports.

4 Empirical analyses
4.1 Baseline estimation

Table 3 reports the baseline regression results on the impact of
the Rural E-commerce Demonstration County (RECD) policy on
county-level PM,.5 concentrations. The estimation is based on a
multi-period difference-in-differences model. We adopt a stepwise
approach by sequentially adding different groups of control
variables, while controlling for county fixed effects and year fixed
effects to ensure the robustness of the core estimates. Specifically,
Column (1) includes only the policy variable and fixed effects;
Column (2) further adds economic control variables; Column (3)
incorporates climatic control variables; and Column (4) includes
both economic and climatic controls, representing the most
comprehensive specification. All regressions cluster standard
errors at the county level.

Across all specifications, the RECD coefficient remains
significantly positive at the 1% level, indicating that the policy
consistently increases PM,.; concentrations. Taking the full
model in Column (4) as an example, the estimated coefficient of
RECD is 2.677. This means that, ceteris paribus, designation as a
demonstration county increases the average PM,.5 concentration by
about 2.677 pug/m’, in line with previous findings (Ji et al.,, 2023).

4.2 Robustness checks

4.2.1 Parallel trend test

The validity of the DID identification strategy relies on the
crucial assumption that the treatment and control groups follow
similar trends prior to the implementation of the policy. The event-
study approach provides a direct test of this assumption by plotting
the estimated coefficients for each period before and after the policy
intervention.

Figure 1 presents the dynamic effects of the RECD policy by
displaying the estimated coefficients and their 95% confidence
intervals over time. Before the implementation of the policy, all
coefficients fluctuate closely around zero and their confidence
intervals include zero. This pattern indicates that there is no
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TABLE 3 Benchmark regression results.

Variables

10.3389/fenvs.2026.1754204

RECD 2.966% 2.961%¢ 2.6177%% 2.677%%%
(0.326) (0.311) (0.306) (0.296)
Climate controls No No Yes Yes
Economic controls No Yes No Yes
Constant 46.755%** 61.923*** 65.180*** 83.001***
(0.057) (5.867) (3.319) (6.781)
Observations 18,678 18,678 18,678 18,678
R-squared 0.929 0.933 0.935 0.938
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.
Event Study: Dynamic Effects of Policy Intervention
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FIGURE 1
Parallel trend test.

systematic difference between the treatment and control groups in
the pre-policy period, confirming that the parallel trend assumption
holds and ensuring the credibility of the subsequent causal
inference. After the policy implementation, the estimated
coefficients experience a pronounced upward shift and remain
significantly positive for at least 5 years. The persistently elevated
and statistically significant coefficients imply that the RECD policy
has an immediate and lasting adverse effect on local air quality.
Overall, the dynamic trajectory provides robust evidence that the
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RECD policy leads to a sustained increase in PM,.5 concentrations
following policy adoption.

4.2.2 Placebo test

To examine whether the baseline DID results may be driven by
unobservable factors or random shocks rather than the true policy
intervention, we conduct a placebo test by constructing fictitious
treatment groups. Specifically, we randomly select the same number
of counties as in the actual treatment group and assign them a
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FIGURE 2
Placebo test.

“pseudo” RECD policy shock. We then repeat the estimation
procedure 500 times to generate the distribution of estimated
coefficients under the null scenario in which the RECD policy
has no effect.

Figure 2 presents the placebo test results. The coefficients
generated from the randomized pseudo-treatment assignments
are centered closely around zero, and the peak of the kernel
density estimate lies far below the true policy effect (a; = 2.937).
Most placebo coefficients are statistically insignificant. These
patterns indicate that the estimated policy effect in the baseline
model is unlikely to be driven by random variation or model
Overall,
counterfactual evidence supporting the robustness of our causal

misspecification. the placebo test provides strong
inference, reinforcing the conclusion that the RECD policy indeed
increases county-level PM,.5 concentrations.

4.2.3 PSM-DID

To address potential selection bias arising from the non-random
designation of REDC, we re-estimate the baseline results using the
Propensity Score Matching Difference-in-Differences (PSM-DID)
approach. The selection of demonstration counties is likely
influenced by observable characteristics such as industrial
foundation, geographic location and development potential,
which may themselves be associated with air pollution. If these
systematic differences are ignored, the conventional DID estimates
may confound pre-existing advantages with the true policy effect.
We construct a counterfactual control group using four matching
techniques, namely, nearest neighbor matching, kernel matching,
local linear regression matching and Mahalanobis distance
matching, in order to approximate a randomized experimental
setting and more rigorously identify the net environmental effect
of the RECD policy.

Table 4 reports the PSM-DID estimation results. Although the
four matching methods differ in sample selection mechanisms and
weighting strategies, the direction and significance of the RECD
coefficient remain highly consistent across all specifications. The
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coefficients are significantly positive at least at the 10% level,
confirming the robustness of the conclusion that the RECD

policy exerts a detrimental effect on county-level PM,.5
concentrations. In general, despite variations in matching
algorithms, the estimated coefficients for RECD remain

consistently positive and statistically significant across all PSM-
DID models. This confirms that, even after mitigating sample

self-selection concerns, the core finding of the baseline
regressions is robust—that the RECD policy exerts significant
environmental pressure by increasing county-level PM,.5

concentrations.

4.2.4 Ruling out alternative policy explanations

To isolate the effect of rural e-commerce on air pollution, it is
necessary to account for other concurrent policy shocks that may
also influence local air quality, including environmental regulations,
industrial restructuring, energy transition initiatives, transport
infrastructure expansion, and rural development programs.
Accordingly, this study incorporates a set of relevant policy
shocks into the empirical design, with the results reported in
Table 5, to mitigate potential confounding effects.

Table 5
competing policy interventions. In Column (1), we combine the

reports the regression results after accounting for

key governance regions designated by the Air Pollution Prevention
and Control Action Plan (2013-2017) and the Three-Year Action
Plan for Winning the Blue Sky Defense Battle (2018-2020), and
include them in the model as a policy dummy variable. These
policies jointly capture the strong environmental regulations
imposed on key regions in different periods, which substantially
promoted industrial restructuring and energy transition in these
areas (Yu et al, 2022; Huang et al., 2024). The regression results
show that the coefficient of this policy group is significantly negative,
indicating that these stringent environmental policies effectively
reduced pollution and absorbed potential bias from policy
shocks. After controlling for these effects, the positive impact of
the RECD policy on PM,.s remains robust, with consistent
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TABLE 4 PSM-DID estimates.

10.3389/fenvs.2026.1754204

Variables (1) (2) (3) (4)
Neighborhood Kernel Local linear re Mahalanobis distance
matching matching matching matching

RECD 1.013*** 2.4970* 0.589* 1.780***
(0.337) (0.290) (0.384) (0.259)

Constant 97.560*** 83.963*** 109.781*** 78.161***
(9.262) (7.149) (11.774) (7.399)

Climate controls Yes Yes Yes Yes

Economic Yes Yes Yes Yes

controls

Observations 10,755 17,790 7,299 12,680

R-squared 0.945 0.940 0.948 0.942

County FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 5 Ruling out alternative policy explanations.

Variables

(1)

Environmental policy

(4)

High-speed rail opening

RECD 2.238*** 2.682% 2.653*** 2.668*** 2.707%*

(0.283) (0.295) (0.296) (0.295) (0.296)
Environmental policy —4.783%*

(0.343)
RIDP —-0.333

(0.562)
LCCP —0.842*%*
(0.348)
High-speed rail opening 0.363
(0.269)
RREP -0.371
(0.588)

Constant 88.811*** 83.082*** 84.026*** 82.970*** 82.745%**

(6.656) (6.776) (6.779) (6.769) (6.791)
Climate controls Yes Yes Yes Yes Yes
Economic controls Yes Yes Yes Yes Yes
Observations 18,678 18,678 18,678 18,678 18,678
R-squared 0.941 0.938 0.938 0.938 0.938
County FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.
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magnitude and significance, which strengthens the credibility of our
core conclusion.

Column (2) further controls for the potential confounding
effects of regional industrial integration and upgrading by
treating counties approved to establish National Rural Industrial
Integration Demonstration Parks (RIDP) during the sample period
as the policy group and adding a corresponding dummy variable to
the regression model. This approach helps exclude the potential
impact of such policies on local air pollution, which may arise from
promoting industrial integration and upgrading through expanding
agricultural production or reducing fertilizer use intensity (Chen
et al., 2025a; Li et al., 2025). The regression results show that the
estimated coefficient of this dummy variable is not statistically
significant, indicating that the policy effect of the demonstration
parks is independent of the impact of the rural e-commerce
demonstration policy on PM,.5 concentrations. This finding
further suggests that the environmental effect identified in this
study is not driven by other major rural industrial policies
implemented during the same period, thereby enhancing the
of the the wvalidity of the
identification strategy.

robustness conclusions and

Column (3) incorporates the Low-Carbon City Pilot Policy
(LCCP) as a key control variable. This policy is included because,
as a comprehensive environmental regulation aimed at promoting
and low-carbon industrial

energy structure

transformation at the city level,

optimization
its implementation may
systematically affect local energy consumption and associated
emissions (Yu and Zhang, 2021; Wang et al, 2023), thereby
posing a potential competing explanation for the findings of this
study. The regression results show that the estimated coefficient of
the LCCP variable is significantly negative, indicating that the policy
effectively reduces PM,.s concentrations in pilot areas. After
controlling for this policy, the positive impact of the RECD
policy on PM,.5 concentrations remains robust and statistically
significant. This suggests that even in regions subject to strong
low-carbon transition policies, the pollution-increasing effect
induced by rural e-commerce development through intensified
production and logistics activities still exists independently and is
not fully offset by broader emission-reduction policies.

Column (4) incorporates the county-level high-speed rail
opening time as a key control variable this adjustment is made
for two main reasons. First, high-speed rail may produce
environmental effects by partially replacing road transport and
which
emissions and improve air quality (Zhu et al, 2022; Liu et al,

improving transport efficiency, could help reduce
2024). Second, the expansion of high-speed rail may interact with
the production and logistics channels examined in this paper by
reshaping factor flows, industrial distribution, and local economic
activities, potentially affecting logistics intensity and regional
agglomeration (Chi et al, 2023; Chen et al, 2024). After
controlling for these potential influences, the positive effect of the
RECD policy on PM,.s concentrations remains robust and
significant. This indicates that the estimated environmental effect
is not driven by high-speed rail development, and that the pollution-
increasing mechanism of rural e-commerce through strengthened
production and logistics activities is independent and credible.
Column (5) introduces the Rural Returnee Entrepreneurship

Pilot policy (RREP) as an additional policy shock, considering the
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complex relationship between entrepreneurship and sustainable
development. Entrepreneurship, especially green and knowledge-
intensive entrepreneurship, may foster technological innovation,
industrial upgrading, and more efficient resource use, bringing
potential long-term environmental benefits (He et al, 2020).
However, entrepreneurial activities can also generate new
production, consumption, and logistics demands in the short
term, which may increase local energy use and emissions (Omri
and Afi, 2020). The results show that, after controlling for this policy,
the positive effect of the RECD policy on PM,.5 remains robust and
significant, while the RREP policy itself is not statistically significant.
This suggests that our main conclusion remains valid after

accounting for the potential impact of the RREP policy.

4.2.5 Additional robustness checks

To further validate the robustness of the baseline findings, we
conduct a series of robustness checks, and the results are reported
in Table 6.

Replacing the explanatory variable. Column (1) replaces the
binary RECD indicator with a continuous measure of rural
e-commerce penetration, measured by the number of Taobao
Villages. The coefficient of RECD remains significantly positive,
confirming that the main conclusion is robust. This robustness
check is consistent with Zhang et al. (2024) (Zhang et al., 2024), who
evaluate the effects of rural e-commerce by substituting the policy
dummy with a continuous indicator of e-commerce development.

Replacing the explained variable. Column (2) uses the ACAG
PM,.5 dataset from the University of Washington as an alternative
outcome measure. The estimated coefficient remains positive and
statistically significant, indicating that the findings are not driven by
a particular dataset, consistent with the approach of Tang et al.
(2025) (Tang et al.,, 2025).

Controlling for high-dimensional fixed effects. Columns (3) and
(4) incorporate province-year and city-year interaction fixed
effects, respectively, to absorb higher-level time-varying
confounders (Jiang, 2025). Although the coefficient magnitude
decreases slightly, it remains significant at the 1% level,
suggesting that the estimated policy effect persists even under
more demanding identification conditions.

Replacing the estimation method. Column (5) reports estimates
based on the System GMM approach, which replaces the baseline
fixed-effects specification to account for potential endogeneity and
dynamic persistence in PM,.5 concentrations. This approach follows
the existing literature on air pollution, which commonly employs
dynamic panel GMM estimators to address potential endogeneity
and sources of bias (Wu et al,, 2023). The coefficient on RECD
remains positive and statistically significant, and the AR (2) and
Hansen tests support the validity of the GMM specification.

4.3 Mediation analysis

Table 7 presents the mechanism analysis and reveals how the
RECD policy affects county-level PM,.s concentrations via
reallocation of agricultural production factors. The first channel
is labor reallocation. Column (1) shows the RECD policy
significantly reduces agricultural labor input, implying that rural
e-commerce expansion creates non-agricultural jobs and shifts labor
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TABLE 6 Additional robustness checks.

Variables (1) (2)

Replace explanatory variable

Replace the explained variable

10.3389/fenvs.2026.1754204

3) (4) (5)

Control high- GMM estimates
dimensional
fixed effects

RECD 1.737%%* 1.788** 0.820%** 0.328**
(0.215) (0.214) (0.160) (0.158)
Taobao_village 0.022*%*
(0.006)
L1.PM, 5 0.889*%*
(0.009)
Constant 63.696*** 88.850*** 67.513*** 59.092%** 0.466
(8.129) (5.402) (5.954) (4.313) (1.311)
Province-year FE Yes
City-year FE Yes
AR (1) —-16.260***
AR (2) —-0.190
Hansen test 2.720
Observations 18,678 18,678 18,678 18,678 16,980
R-squared 0.937 0.940 0.961 0.972
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes
Climate controls Yes Yes Yes Yes Yes
Economic controls Yes Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.

away from farming. Though Column (2) indicates that agricultural
labor itself has no statistically significant direct effect on PM,.5, the
shift in labor still sets the stage for input substitution.

The second channel is mechanization. Column (3) finds that the
RECD policy significantly increases total agricultural machinery
power; Column (4) shows mechanization has a significant positive
effect on PM,.5 concentrations, suggesting that emissions climb not
only via machinery use but also via the energy consumption of large-
scale mechanized farming.

The third channel is chemical fertilizer use. Column (5)
shows the RECD policy raises fertilizer application by
0.095 units—reflecting greater input to meet enlarged
market demand via e-commerce. Column (6) confirms that
higher significantly PM,.5
concentrations, consistent with the fact that ammonia
volatilisation from fertilizers is a key precursor of fine

fertilizer  use increases

particulate matter.

Taken together, the results show that the RECD policy affects air
quality by reshaping agricultural input structure. The expansion of
market demand shifts factor allocation away from labor and toward
machinery and fertilizers. Mechanization increases fossil fuel
consumption and direct emissions, while fertilizer use contributes
to PM,.5 through ammonia volatilisation (Wen et al., 2024).
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Table 8 examines the transmission pathway through which the
RECD policy affects air quality via the expansion of the logistics
system. The empirical results show that the e-commerce policy
significantly increases county-level highway mileage and logistics
warehousing capacity. The environmental effects of these two
mediating variables are statistically significant: highway length
exerts a significant positive impact on PM,.5 concentrations,
reflecting the pollution contribution from
emissions; similarly, warehousing capacity also exhibits
promoting effect on PM,.5, capturing the environmental costs

transportation
a

associated with the construction and operation of warehousing
facilities.

On the one hand, e-commerce platforms lower market entry
barriers for agricultural products, enabling produce that was
previously confined to local markets to enter broader circulation
networks, thereby substantially increasing the logistics demand for
outward transportation of agricultural goods. On the other hand, the
inflow of manufactured industrial products into rural areas expands
simultaneously, generating bidirectional logistics pressure. This
reconfiguration of supply chains manifests directly at two levels:
the sharp rise in highway freight volume leads to substantial
the

construction of supporting warehousing facilities generates

transportation-related ~ emissions, ~ while large-scale
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TABLE 7 Changes in production factor inputs.

10.3389/fenvs.2026.1754204

VEIEES (3) (5)
Machinery Fertilizer

RECD —0.003* 2.688*** 0.937* 2.572%%% 0.106*** 2,654

(0.002) (0.295) (0.533) (0.288) (0.028) (0.295)
Labor 3.792

(2.738)
Machinery 0.113*%*
(0.010)
Fertilizer 0.224***
(0.055)

Constant 0.606*** 80.705*** 4.744 82.466*** 6.271*** 81.595***

(0.052) (6.839) (14.418) (6.645) (0.877) (6.794)
Observations 18,678 18,678 18,678 18,678 18,678 18,678
R-squared 0.961 0.938 0.951 0.940 0.967 0.938
County FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
Climate controls Yes Yes Yes Yes Yes Yes
Economic controls Yes Yes Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 8 Increase in logistics and warehousing demand.

Variables

(3)

Warehousing

RECD 0.047*** 2.646*** 0.016* 2.673%**
(0.012) (0.295) (0.009) (0.296)
Highway 0.670***
(0.193)
Warehousing 0.269*
(0.157)
Constant 1.928*** 81.708*** 0.039 82.990***
(0.521) (6.764) (0.126) (6.782)
Observations 18,678 18,678 18,678 18,678
R-squared 0.898 0.938 0.817 0.938
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Climate controls Yes Yes Yes Yes
Economic controls Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.
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TABLE 9 Heterogeneous effects analysis.

10.3389/fenvs.2026.1754204

VEIEES 1) (2) (3) (4) (5)
Major grain- Major grain- Grain production Non-Poverty- Poverty-
producing consuming consumption balanced designated counties designated
regions regions regions counties
RECD 2.852%%% 0.973 0.341 2.500%%* 0.063
(0.377) (0.590) (0.352) (0.365) (0.385)
Constant 80.984*** 15.420 57015+ 92283+ 50.332%*
(8.853) (18.920) (9.809) (7.774) (20.738)
Observations 12,254 1,716 4,708 15,191 3,487
R-squared 0.945 0.942 0.947 0.937 0.943
County FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes
Climate Yes Yes Yes Yes Yes
controls
Economic Yes Yes Yes Yes Yes
controls
Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.
additional construction dust and operational energy consumption  important boundary condition for the transmission of

(Zhang et al., 2022).

4.4 Heterogeneous effects analysis

To capture regional dependence on agricultural production, we
classify the sample into major grain-producing, major grain-
consuming, and grain production-consumption balance regions
following the literature (Ji et al., 2023; He et al,, 2024). Columns
(1)-(3) of Table 9 show clear heterogeneity across these regions. The
RECD policy significantly increases PM,.5 concentrations only in
major grain-producing regions, while no significant effects are
found in the other regions. This result supports the production-
side mechanism proposed in this study. In major grain-producing
regions, rural e-commerce is more likely to induce production
expansion and input intensification, leading to higher
mechanization, energy use, and emissions. In contrast, rural
e-commerce has limited effects on local production intensity and
air pollution in grain-consuming and balanced regions.

To further explore heterogeneity from the perspective of
economic development, the sample is divided into poverty and
non-poverty counties according to the official list of national
poverty-stricken counties. Columns (4) and (5) of Table 9 show
that the REDC policy has a significant environmental effect in non-
poverty counties, while its impact in poverty counties is negligible
and statistically insignificant. The stronger effect in non-poverty
counties can be explained by their mature industrial base and larger
market scale. In these areas, the policy facilitates labor reallocation
and encourages the substitution of machinery for labor, while also
increasing logistics and warehousing demand. These changes raise
freight intensity and energy consumption, resulting in higher
pollution (Ma, 2010). In contrast, the weak effect in poverty

counties suggests that economic development acts as an
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environmental consequences. Low initial economic density and
an underdeveloped industrial base constrain changes in factor
allocation and logistics demand. Continuous labor out-migration
further limits the expansion of economic activities. As a result, the
REDC policy does not generate noticeable environmental impacts
through the same channels in poverty counties.

Topography is a key factor shaping population distribution and
the spatial concentration of economic activities (Zhang et al., 2019).
Based on regional elevation and terrain ruggedness, we divide the
sample into plains-and-hills regions and plateau-and-mountain
regions. Columns (1)-(2) of Table 10 show pronounced
heterogeneity across these terrain types. The rural e-commerce
comprehensive demonstration policy significantly increases
county-level PM,.5 concentrations only in plains and hills, while
no significant effect is observed in plateau and mountainous areas.
This result is consistent with the strong dependence of production
and logistics activities on terrain conditions. Plains and hills feature
better transport accessibility and higher concentrations of
agricultural and logistics activities. As a result, rural e-commerce
development is more likely to induce production expansion and
higher logistics frequency, leading to increased emissions. In
contrast, natural constraints and weaker infrastructure in plateau
and mountainous areas limit the expansion of production and
logistics, resulting in a more muted environmental impact.

Initial e-commerce endowments shape both the starting point of
rural e-commerce development and the intensity of economic
responses to policy shocks. Drawing on the China E-commerce
Development Index Report (2014-2015) released by the National
Engineering Laboratory for E-commerce Technologies at Tsinghua
University, we use the 2014 e-commerce development index to
classify counties into groups with high and low initial e-commerce
development. Columns (3)-(4) of Table 10 show significant
heterogeneity in the effect of rural e-commerce on air pollution
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TABLE 10 Heterogeneous effects analysis.

10.3389/fenvs.2026.1754204

Variables (1) (2) (3) (4)
Plains and Plateaus and Low initial E-commerce High initial E-commerce
hills mountains penetration counties penetration counties
RECD 23270 0.192 1.827%%% 24117
(0.366) (0.348) (0.339) (0.480)
Constant 59.861°* 86317 58.063* 88.594%*
(8.621) (11.275) (6.684) (14.445)
Observations 12,287 6,391 9,680 8,998
R-squared 0.948 0.943 0.942 0.945
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Climate controls Yes Yes Yes Yes
Economic Yes Yes Yes Yes
controls

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.

across these groups. The RECD policy significantly increases PM,.5
concentrations in both low- and high-penetration counties, with a
larger estimated effect in counties with higher initial e-commerce
penetration. This suggests that where e-commerce foundations are
more developed, the policy more strongly amplifies existing
production and logistics networks, leading to greater emission
increases. In counties with lower initial penetration, although the
policy promotes e-commerce development, limited baseline
conditions constrain its environmental impact.

4.5 The moderating effects of institutional,
technological, and market contexts

Table 11 examines the moderating roles of institutional
constraints, technological foundations, and market conditions in
shaping the environmental effects of the REDC policy. By
incorporating interaction terms between the policy indicator and
the three moderator variables, the estimation results show that all
three  dimensions  significantly ~ condition  the  policy’s
environmental impact.

Regarding the institutional environment, environmental
regulation exerts a significant negative moderating effect,
reflecting its disciplinary role. In regions with stronger regulatory
enforcement, producers face higher compliance pressure, which
limits their ability to respond to the market expansion brought
by rural e-commerce through pollution-intensive input increases.
As a result, the escalation of agricultural non-point source pollution
is effectively contained, indicating that the regulatory system
functions primarily as a constraint on environmentally harmful
production expansion under the REDC policy.

In terms of the technological background, green technological
innovation also shows a significant negative moderating effect. This
implies that the accumulation and diffusion of green technologies

enhance the capability of regions to decouple agricultural
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production from environmental damage. Through precision
agriculture, eco-friendly inputs, and the recycling and resource
utilization of agricultural waste, technologically advanced regions
are able to maintain production efficiency while reducing the
environmental cost per unit of output, thus easing the ecological
pressure associated with e-commerce development.

With respect to market conditions, both certified green-product
output and the number of certified green-product enterprises
display significant negative moderating effects, highlighting the
incentive role of market forces. When the breadth and depth of
regional green-product development are higher, producers become
more inclined to replace quantity-driven growth with quality- and
sustainability-oriented production strategies. The price premium
and reputational incentives associated with certified green products
motivate producers to voluntarily reduce the use of pollution-
intensive inputs, thereby dampening the environmental
deterioration risk induced by the REDC policy.

5 Conclusion and policy implications

This study investigates the environmental impact and
mechanisms of the RECD policy. The results show that the
policy significantly increases PM,.s concentrations through
production-factor  reallocation and logistics-warehousing
expansion. The environmental effect is not spatially uniform: it
is more pronounced in regions with stronger agricultural
dependence, better terrain accessibility, and higher initial
economic and e-commerce development, while relatively weak
or insignificant in areas with poorer economic foundations or
stricter geographical constraints. The heterogeneous effects
further reinforce the proposed mechanisms, as stronger
pollution responses are precisely observed in regions where
production expansion and logistics intensification are more

likely to occur.
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TABLE 11 The moderating effects of institutional, technological, and market contexts.

Variables

DID 29174 25124 3.0874*% 2.898***

(0.293) (0.321) (0.301) (0.301)
DID*Environmental_regulation =0.039"**

(0.008)
Environmental_regulation —0.021%**

(0.004)
DID*Greentech —0.009**

(0.004)
Greentech —0.008***
(0.001)
DID*Product —0.097***
(0.036)
Product —0.095***
(0.029)
DID*Firm —0.024**
(0.011)
Firm —0.010***
(0.004)

Constant 83.283*** 85.343*** 83.201*** 83.581***

(6.697) (6.649) (6.814) (6.803)
Observations 18,678 18,678 18,678 18,678
R-squared 0.939 0.940 0.938 0.938
County FE Yes Yes Yes Yes
Year FE Yes Yes Yes Yes
Climate controls Yes Yes Yes Yes
Economic controls Yes Yes Yes Yes

Robust standard errors clustered to county level are presented in parentheses.***p < 0.01, **p < 0.05, *p < 0.1.

In addition to identifying the environmental effects of rural
e-commerce, this study offers two substantive contributions. It
shows within a unified analytical framework that rural
e-commerce can deteriorate air quality through both agricultural
production adjustments and supply-chain expansion, revealing a
dual pollution pathway. This reveals a dual pollution pathway. It also
shows that the environmental impact of rural e-commerce is highly
context-dependent. Market incentives can moderate pollution
outcomes in a manner comparable to environmental regulation
and green technological innovation, highlighting the importance of
a co-governance approach that aligns regulatory enforcement,
technological upgrading, and market-based incentives to facilitate
the joint advancement of rural digital development and

environmental sustainability.
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Taken together, the results provide a practical foundation for
developing policies that mitigate the environmental costs associated
with rural e-commerce. First, strengthening environmental
regulation and establishing environmental responsibility systems
for e-commerce enterprises are essential. Policymakers should
develop green operation standards for rural e-commerce
platforms and logistics enterprises. These standards should cover
packaging, warehousing and transportation, and aim to integrate
full-chain environmental management into business operations.
This can help reduce the environmental burden of e-commerce
on the circulation side. Second, accelerating the diffusion of green
technologies can facilitate the green transition of both agricultural
distribution.

production and logistics Environment-friendly

practices such as soil testing-based fertilization and precision
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pesticide application should be prioritized in the agricultural sector,
while the adoption of new energy vehicles and energy-efficient
warehousing facilities can help lower environmental impacts
throughout the supply chain. Third, improving market-based
sustainability incentives is key to building a robust green
agricultural product market. Simplifying certification procedures,
introducing  third-party certification agencies, and providing
financial support for certification can reduce participation costs for
producers; meanwhile, establishing a credible price-premium
transmission mechanism can motivate producers to voluntarily
reduce chemical input use and shift toward more ecological and
intensive production models. Finally, differentiated environmental
regulation is needed. Regions where the RECD policy generates
stronger environmental impacts should implement stricter emission
controls and promote green technologies in production and logistics.
By contrast, regions with lower agricultural dependence and weaker
pollution responses should integrate pollution-control planning early
to prevent a “pollution-first, governance-later” trajectory.

This study is not without limitations. Due to the lack of suitable
micro-level data, it is not possible to disentangle the precise
contributions of individual pollution sources within agricultural
production and logistics activities, nor to directly observe the
behavioral responses of farmers, logistics enterprises, and
e-commerce platforms to the RECD Policy. Future research
could  benefit micro-scale

measurements or survey-based and firm-level datasets to more

from  integrating emission
accurately characterize how environmental outcomes evolve
through production and supply-chain decisions under rural
e-commerce development. Nonetheless, this limitation does not
challenge the principal conclusion of the paper that rural
e-commerce entails non-negligible environmental costs and that
its sustainability critically depends on institutional, technological,
and market conditions.
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