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Abstract
Under the global climate crisis, harnessing investment for sustainable development is a practical and effective measure for 
international society. Based on the logarithmic mean Divisia index (LMDI) decomposition and three-stage least squares 
(3SLS) structural approaches, this study explores the home-country pollution reduction effect of Chinese OFDI activities 
using the city-level panel data from 2007 to 2019. The findings of this study indicate that (1) China has made a remarkable 
achievement in PM2.5 pollution reduction and governance, especially from the year 2012. (2) The OFDI activities can sig-
nificantly decrease the home-country PM2.5 pollution. With every 1% increase in OFDI flows, the overall pollution level will 
decrease by 0.76%. (3) Compared with the scale mechanism, the technology and composition mechanism effects of OFDI 
flows are more evident in addressing the home-country PM2.5 pollution. With several related policy implications, this study 
may fill the lacuna of how to play the role of OFDI activities in the home country, thus promoting sustainable development 
in the next stage.
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Promoting investment in sustainable development and 
recovery.

–UNCTAD World Investment Report 2021

Introduction

Under the global climate crisis, how to achieve green recov-
ery and sustainable development has become an emerging 
issue for international society (Khan et al. 2022; Watts 
et al. 2018). With the frequent occurrence of destructive 
and unpredictable weather, reducing and mitigating the 
actual and potential negative environmental effects caused 

by economic activities is a practical measure for countries 
worldwide (Antweiler et al. 2001; Cunha-Zeri et al. 2022). 
In this regard, the social benefits of international investment 
activities have also changed in nature. Since the 1980s, out-
ward foreign direct investment (OFDI) activities have mainly 
paid attention to economic benefits in the host country, such 
as market occupation and resource acquisition (Cicea and 
Marinescu 2020; Zameer and Yasmeen 2022). Nevertheless, 
as climate change intensifies, the environmental benefits of 
OFDI activities have aroused great concern in recent years, 
especially in the home country.

Based on the classical environmental Kuznets curve 
(EKC) theory, the relationship between OFDI activities and 
environmental pollution has come to the stage (Grossman 
and Krueger 1991; Hao et al. 2016). During the critical 
period of combating climate change, two opposing opin-
ions have occupied a dominant position in practice (Cieślik 
and Goczek 2018; Huynh and Hoang 2019). The pollution 
shelter hypothesis holds that the home country can transfer 
environmental pollution to the host country through OFDI 
activities (Singhania and Saini 2021). In contrast, the pol-
lution halo hypothesis argues that advanced technology and 
mature experience will finally improve the host-country 
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environment (Duan and Jiang 2021). Although these two 
opinions are still in continuous development, they are actu-
ally interested in the host-country environmental benefits 
(Gyamfi et al. 2022). The international capital outflow from 
the home country will also induce environmental changes 
in its own ecosystem.

In this sense, an interesting and thought-provoking ques-
tion is whether OFDI flows from the home country can affect 
their own environmental condition (Bhasin and Kapoor 
2021; Luo and Wang 2012; Yin et al. 2020). With the occur-
rence and persistence of reverse spillover phenomena, such 
as reverse technology spillover and reverse structural trans-
formation, the home-country environmental condition will 
also be affected by its own OFDI activities (Long et al. 2023; 
OECD 2012; Wang et al. 2022c). For example, both Xin and 
Zhang (2020), Zhou et al. (2019b), and Wang et al. (2019) 
have revealed the green reverse technology spillover effect 
of Chinese OFDI activities on the domestic environment at 
the province level. Therefore, exploring the home-country 
environmental effect of OFDI activities will be one of the 
emerging fields in international investment.

Under this background, this study focuses on the home-
country effect of OFDI activities on environmental pollu-
tion. Currently, studies have mainly revealed the carbon 
emission reduction effect of OFDI activities on the home 
country. It has been found that OFDI activities can stimu-
late international technology spillovers, especially negative 
spillovers from developed to developing countries (Iqbal 
et al. 2022; Shahbaz et al. 2020; Sorrell et al. 2020). This 
negative carbon technology spillover strengthens the tradi-
tional technology spillover effect, making the home-country 
environmental governance possible (Nan et al. 2022; Verde 
2020). Nevertheless, these are not enough to understand the 
role of OFDI in the home-country environment, especially 
in developing economies like China (Hao et al. 2020; Yang 
et al. 2021). On the one hand, except for the technology 
spillover effect in the home-country environmental govern-
ance, the scale growth and composition adjustment effects 
are also important, let alone the connection and linkages 
among them in the economic systems (Dogan and Inglesi-
Lotz 2020; Yasmeen et al. 2019). On the other hand, achiev-
ing sustainable development also requires pollution reduc-
tion, such as PM2.5 emissions, as they are closely related to 
human health (Meo et al. 2021; Zameer et al. 2021b).

Based on the logarithmic mean Divisia index (LMDI) 
decomposition and three-stage least squares (3SLS) struc-
tural approaches, this study reveals the effect and mechanism 
of Chinese OFDI activities on PM2.5 pollution using city-
level data from 2007 to 2019. We mainly find that Chinese 
OFDI activities can decrease PM2.5 pollution by an overall 
effect of 0.76% reduction, among which the technology and 
composition mechanisms are the main pathways. Regarding 
the factual implications of this study, (1) China has gradually 

become an important participant in international investment 
activities after acceding to the World Trade Organization 
(WTO) in 2001. With OFDI activities of USD 136.9 billion 
in 2019, China ranks second in the world (UNCTAD 2022). 
(2) The unprecedented economic growth in the past decades 
has triggered social anxiety and environmental concerns. 
Although China has implemented diversified environmen-
tal policies to control and govern pollution, it has a long 
way to transfer from extensive development to sustainable 
development. Therefore, joining the hot debate about the 
home-country effect in China is necessary and meaningful.

Compared with previous studies, this study may have two 
possible contributions: (1) This study pays attention to the 
home-country effect of OFDI activities, which provides a 
novel insight into the current studies on international invest-
ment activities. To the best of our knowledge, most related 
studies are interested in the host-country environmental ben-
efits. We change the research direction from the host country 
(the invested country) to the home country (the investing 
country), which largely enrich the current research perspec-
tive. (2) This study uses the LMDI decomposition and 3SLS 
structural approaches at the city level, which is relatively 
accurate and convictive. In comparison, the related studies 
are based on provincial-level data using single equation esti-
mation, which cannot reveal the linkages among economic 
systems. However, the complexity of the ecosystem makes 
the decomposition and structure methods more advanta-
geous. Consequently, in the post-COVID-19 pandemic era, 
finding extra measures outside environmental regulations, 
such as the home-country environmental effect of OFDI 
activities, is helpful to cope with the global climate crisis 
in the future.

The rest of this study proceeds as follows. Section 2 pro-
vides a literature review to build up the research founda-
tion. Section 3 is the research design, including two identi-
fication strategies and sample data. Section 4 presents the 
LMDI decomposition results, the 3SLS overall effects, and 
the 3SLS mechanism effects. Section 5 then shows various 
robustness estimations, including the MCMC simulation, 
machine learning optimization, and single equation estima-
tion. The main conclusions and policy implications are pro-
vided in the “Conclusions and implications” section.

Literature review

Background information

Chinese OFDI activities

From 1949 to 1978, China did not conduct many interna-
tional activities for national security and political considera-
tions (Cui et al. 2012; Keller et al. 2011). With the vision to 
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participate in the world economy in 1978, China first imple-
mented the “reform and opening up” strategy to encourage 
“setting up companies abroad” activities. Due to the lack of 
capital and technology, the OFDI flows were less than USD 
1 billion (Lai 2021; Luo et al. 2010). After that, the com-
parative advantage brought by economic globalization and 
international division has made Chinese international invest-
ment activities develop rapidly. The OFDI flows increased 
from USD 0.8 billion in 1990 to almost USD 10 billion in 
2001. However, the Chinese government still had a direct 
and decisive right to OFDI activities at this time (Wang and 
Gao 2019).

With its accession to the WTO in 2001, China gradu-
ally implemented a diversified investment strategy combin-
ing the “bringing in” and “going out” aspects (Tang 2020). 
Since then, a package of supporting regulations has been 
proclaimed to reduce and simplify the approval processes of 
international investment activities, for example, the Decision 
to Reform the Investment System in 2004 and the Administra-
tion of Approval and Filing of Overseas Investment Projects 
in 2014 (Fan et al. 2004; Liu and Zhang 2020; Xia et al. 
2022a). After that, companies can make independent invest-
ments and decisions with only ex-ante registering, filing, and 
reporting (Du and Zhang 2018; Pan and Al-Tabbaa 2021). 
As one of the leading participants in the world economy, 
China has achieved OFDI flows from about USD 10 billion 
in 2001 to USD 136.9 billion in 2019, ranking second only 
to the USA (UNCTAD 2022).

PM2.5 pollution in China

Since 1953, China has implemented a series of “the Outline 
of the Five-Year Plans for National Economic and Social 
Development (the Five-Year Plan)” to adjust the socio-eco-
nomic speed, direction, attention, plan, and vision (Stern and 
Xie 2023; Zheng et al. 2022). In environmental stewardship, 
China has implemented dozens of policies and campaigns 
to control environmental pollution since 2000, including the 
green credit policy, energy saving and low carbon action, 
central environmental inspection, and national air quality 
monitoring program (Wang et al. 2022a; Zameer et al. 2020; 
Zhao et al. 2022).

In practice, it was around 2004 that China first became 
aware of the harm and dangers of PM2.5 pollution to humans 
and the environment. Long before that, it was generally 
believed that PM2.5 was a kind of harmless fog (Feng and 
Yuan 2022). And then, the US embassy monitored and 
released the air condition of Beijing with its own equip-
ment in 2008, which attracted lots of public attention. Later, 
the Chinese government formally revised the Ambient Air 
Quality Standards in 2012, with PM2.5 added as a pollutant 
index (Barwick et al. 2019). Since then, China has gradually 

increased the regulatory requirements for PM2.5 pollution 
(Cheng et al. 2020).

In the meantime, China set up a national air quality moni-
toring system in 2012 to strengthen public participation and 
supervision in environmental stewardship, especially the 
smog pollution caused by PM2.5. As of now, more than 1400 
monitoring stations have been set up in 337 cities, covering 
98% of the population activity areas (Liu et al. 2021; Yu and 
Morotomi 2022). With regulatory requirements and public 
participation, China has effectively controlled PM2.5 pollu-
tion in recent years. For example, the average annual outdoor 
PM2.5 concentration in Beijing was reduced from 89.5 μg/
m3 in 2013 to 33.2 μg/m3 in 2021 (Wang et al. 2022b; Wu 
et al. 2020).

OFDI and environment

The host‑country environmental effect

To the best of our knowledge, the home-country envi-
ronmental effect can be traced back to Grossman and 
Krueger (1991). As a pioneer, they first revealed the 
inverted U-shaped curve relationship between aver-
age income and environmental pollution, known as the 
environmental Kuznets curve (EKC). Since then, studies 
have begun to explore the relationship between economic 
growth and environmental pollution (Ansari 2022; Anwar 
et al. 2022). In the early stage of economic development, 
environmental pollution will worsen with the continu-
ous negative impact of socio-economic activities. How-
ever, the environmental situation can get improved once 
the economy has stepped into a new development stage 
(Gyamfi et al. 2021; Isik et al. 2021). As they claimed, 
the three key influencing factors of economic growth on 
the environment are output value (scale factor), technol-
ogy spillover (technology factor), and industrial structure 
(composition factor).

Following this framework, an important and interesting 
issue is the environmental benefits of international invest-
ments (An et al. 2021; Kisswani and Zaitouni 2021). First, in 
terms of the international investment direction, international 
investment will be FDI for the host country (the invested 
country) and OFDI for the home country (the investing 
country) (Gao 2023; Goh et al. 2013). Second, regarding 
the international investment opinion, the pollution shelter 
and halo hypotheses have dominated the major position (Sin-
ghania and Saini 2021). Last, considering the international 
investment economies, developed economies have been 
prominent investors in global investment activities since the 
1980s. However, in recent decades, developing economies 
have gradually emerged in international society, especially 
after the COVID-19 pandemic (Bruhn et al. 2016; Zeng and 
Eastin 2012).
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Under these three aspects, most related studies on this 
issue have focused on the host-country environmental 
impacts of international investment flows from the home 
country, which usually is the developed economies (Voitu-
riez et al. 2019; Yoon and Heshmati 2021). On the one 
hand, the pollution shelter hypothesis holds that, due to the 
relatively low environmental regulatory requirements, the 
home country can transfer the high-emission and high-pol-
lution industries and factories to the host country through 
international investment activities (Li et al. 2021; Zhao 
et al. 2021). On the other hand, the pollution halo hypothe-
sis argues that, although international investment activities 
can bring cross-boundary pollution into the host country 
in the short term, it will also introduce green technology 
and mature management systems (Li and Yu 2020). In the 
long term, the increase and reform in domestic technology 
and structure will finally lead to pollution reduction from 
the beginning (Mert and Caglar 2020).

According to different indicates, periods, and coun-
tries, the research conclusions will be various. However, 
whether it is the pollution shelter hypothesis or the pollu-
tion halo hypothesis, they both concern the environmental 
changes in the host country, with no difference in nature 
in this aspect (Wang and Li 2021). The pollution halo 
hypothesis is somewhat a positive extension of the pollu-
tion haven hypothesis, similar to the “race to the bottom” 
theory (Ardiyono and Patunru 2022; Messerschmidt and 
Janz 2023). In this sense, current studies have paid much 
and enough attention to the host-country environmental 

consequences of international investments from devel-
oped economies.

The home‑country environmental effect

In comparison, few studies have explored the home-country 
environmental impacts of international investment flows 
from the home country itself, especially the developing 
economies. That is, OFDI activities from the home country 
can also affect its own environment, besides the effect on the 
host country mentioned above (Kong et al. 2020; Long et al. 
2023). On the one hand, the international capital outflow 
from the home country will induce environmental changes 
in its own ecosystem. As for developing economies, capi-
tal outflow will cause considerable systemic changes in the 
domestic economy (Canuto 2023; Zameer and Wang 2018). 
On the other hand, with the prominent emerging phenom-
enon of reverse spillover (such as negative carbon leakage), 
OFDI activities can affect the home-country environment 
through various pathways (De Beule et al. 2022; Deche-
zleprêtre et al. 2022).

Based on the related studies, as far as we are concerned, 
the home-country environmental effect of international 
investments can be achieved through three channels: scale 
growth mechanism, technology spillover mechanism, and 
composition adjustment mechanism (Ahmadova et al. 2022; 
Hao et al. 2020; Long et al. 2023). See details in Fig. 1.

(1) The scale growth mechanism refers to the home-
country economic benefits of OFDI activities. First, 

Fig. 1   The home-country OFDI activities and its own environmental pollution
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resource-seeking OFDI activities will directly acquire all 
kinds of materials in the host country, thus transferring and 
lighting the environmental pressure from the home coun-
try to the host country. Through property rights control, the 
home country can use these resources to develop its own 
environment-friendly economy (Chen and Zulkifli 2012; 
Jain and Thukral 2022). Second, technology-seeking OFDI 
activities can obtain clean and advanced technology from 
the host country, contributing to the home-country economic 
development by reverse technology spillover effect (Balsa-
lobre-Lorente et al. 2019). Third, market-seeking OFDI 
activities can help international trade after occupying and 
dominating a significant position in a specific market in the 
host country. The promotion of bilateral trade will eventu-
ally enhance domestic economic development (Ahmad et al. 
2016; Kaushal 2022; Zhou and Wang 2022).

(2) The technology spillover mechanism mainly refers 
to the reverse technology spillover effect during the OFDI 
activities. Through OFDI activities, it will become easier 
for the home-country parent company to get attached to 
advanced technologies across the boundary (Wang et al. 
2021b; Zhou et al. 2019a). First, the branch offices and sub-
sidiaries of the home-country parent companies can get in 
touch with the host-country domestic companies through 
geographical advantage, which will induce the technology 
diffusion effect (Duan and Jin 2022). Second, the parent 
company can use property rights control to transfer these 
advanced technologies to the home country, leading to the 
spatial technology effect (Pan et al. 2020). During this pro-
cess, the branch offices and subsidiaries will also need to 
take the initiative to learn, imitate, and compete in the mar-
ket (Demena and van Bergeijk 2019). Among the above two 
processes, the most typical one is the negative carbon tech-
nology spillover, which has been regarded as a practical way 
to improve domestic technical ability in carbon emission 
control (Mörsdorf 2022; Zameer et al. 2021a).

(3) The composition adjustment mechanism refers to the 
home-country industrial structure transformations of OFDI 
activities. Due to the various consumption and production attrib-
utes, the environmental impacts across industries are different. 
Generally speaking, the secondary industry contains more high-
pollution and carbon-intensive companies than others, leading to 
a high demand for funds and resource support. On the one hand, 
the change from focusing on the secondary industry to develop-
ing the tertiary industry can play the role of horizontal structural 
transformation effect, thus effectively relieving environmental 
pressure (Wang et al. 2021a). On the other hand, making the 
tertiary industry become the main driving force for economic 
growth will induce the reverse structural transformation effect, 
contributing to sustainable development in the next stage (Bay-
mul and Sen 2020; Bräutigam and Tang 2014; Gnidchenko 
2021; OECD 2012).

Combining Chinese OFDI activities and the above analy-
ses, this study put forward the following testable hypotheses 
in exploring the home-country environmental effect:

Hypothesis 1: The home-country OFDI activities can 
significantly decrease its own environmental pollution 
(home-country environmental effect).
Hypothesis 2: The home-country environmental effect 
of OFDI activities can be transferred by scale growth, 
technology spillover, and composition adjustment mecha-
nisms.

Research design

Identification strategy

LMDI decomposition approach

The logarithmic mean Divisia index (LMDI) decomposition 
approach, which can reflect the energy consumption and its 
accompanying emissions of various dimensions, is a classical 
“KAYA identity equation” analysis process proposed by Ang 
and Choi (1997).1 Through a series of mathematical formula 
transformations, the LMDI decomposition approach can 
decompose the interested variable into the multiplicative form 
of related influencing factors (Ang 2015; Ang and Zhang 2000). 
Compared with other index decomposition methods, such as 
the Laspeyres, Fisher, and Shapley, the LMDI decomposition 
approach thoroughly addresses the residual term problem by 
introducing a new weight function. With a symmetrical and 
concise mathematical form, the LMDI decomposition approach 
has become the mainstream perfect decomposition method 
(Kaltenegger 2020; Xia et al. 2022b; Yasmeen et al. 2020).

According to the practical guide of the LMDI decomposi-
tion approach, we present its basic mathematical form (Ang 
2005). In Eq. (1), i refers to the types of related influencing 
factors (such as industrial sectors, energy types). On the left-
hand side, V refers to the interested variable (such as energy 
consumption, energy intensity, carbon emissions, pollution 
emissions). On the right-hand side, 

(
x1,i ∗ x2,i ∗ x3,i ∗ ⋯ ∗ xn,i

)
 

refers to the n related influencing factors of the i type.

First, we can calculate and analyze the changes of the inter-
ested variable V  for the period from 0 to T  . The subscript 
tot refers to the overall changes. Specifically, Eq. (2) shows 
the multiplicative decomposition process, which implies 

(1)V =
∑

i
Vi =

∑
i

(
x1,i ∗ x2,i ∗ x3,i ∗ ⋯ ∗ xn,i

)

1  The “KAYA identity equation” refers to the environmental-eco-
nomic model that links economic growth, human activity, and carbon 
emissions (Kaya and Yokobori 1997; Tavakoli 2018).
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the relative contributions of each related influencing factors (
Dx1

,⋯ ,Dxn

)
 . Correspondingly, Eq. (3) shows the additive 

decomposition process, measuring the absolute changes of 
each related influencing factors 

(
ΔVx1

,⋯ ,ΔVx1

)
.s

Second, a new weight function L(a, b) is introduced to 
eliminate the residual term when conducting the exponen-
tial-logarithmic decomposition. With appropriate values to a 
and b , we can get perfect decomposition weights W1

i
 and W2

i
.

Therefore, as for the k-th related influencing factor in Eqs. 
(2)–(3), we can calculate its contribution through the follow-
ing Eqs. (7)–(8).

3SLS structural approach

The three-stage least squares (3SLS) structural approach, pro-
posed by Zellner and Theil (1992), is a complete information 
estimation process designed for simultaneous equations. As it 
can adopt all available information to estimate the structural 
changes of each variable simultaneously, the 3SLS structural 
approach is more effective in solving multi-process problems 
(Sargan 1964; Zaman 2018). For example, Liu and Chen (2020) 
forecasted the outdoor PM2.5 concentrations in four Chinese cit-
ies using a 3SLS hybrid neural network approach. Ren et al. 
(2021) analyzed the relationship between economic growth, car-
bon emissions, and foreign direct investment in China by apply-
ing the 3SLS-STIRPAT model.2 Although the specific process 
is very complicated, the consistency of the estimated results has 
made the 3SLS structural approach widely used.

(2)Dtot = VT∕V0 = Dx1
∗ Dx2

∗ Dx3
∗ ⋯ ∗ Dxn

(3)ΔVtot = VT − V0 = ΔVx1
+ ΔVx2

+ ΔVx3
+⋯ + ΔVxn

(4)L(a, b) =

{
(a − b)∕(lna − lnb), a ≠ b

a, a = b

(5)W1

i
= L

(
VT
i
,V0

i

)
∕L

(
VT

,V0
)

(6)W2

i
= L

(
VT
i
,V0

i

)

(7)Dxk
= e

�∑
i

�
W1

i
∗ln

�
xT
k,i

x0
k,i

���

(8)ΔVxk
=
∑

i

(
W2

i
∗ ln

(
xT
k,i

x0
k,i

))

The steps of the 3SLS structural approach are as follows. In 
Eq. (9), i refers to the i th equation in the whole multi-process 
problems. On the left-hand side, Yi refers to the dependent vari-
able (the interested variable) with (n ∗ 1) observations. On the 
right-hand side, ̃Yi refers to the 

(
n ∗ gi

)
-order sample matrix of 

the endogenous variables, Xi refers to the 
(
n ∗ ki

)
-order obser-

vation matrix of the predetermined exogenous variables. gi 
and ki are the number of endogenous and predetermined exog-
enous variables. �i , �i , and ui refer to the 

(
gi ∗ 1

)
-order, 

(
ki ∗ 1

)
-order, and (n ∗ 1)-order dimensional parameter column vec-
tors, respectively. Equation (10) is the matrix form of Eq. (9).

First, we apply the traditional ordinary least squares (OLS) 
method only for the dependent variable Yi and the predeter-
mined exogenous variables Xi . By doing that, we will get the 
OLS estimated value ̂Yi for Yi . It should be noted that ̂Yi is not ̃Yi.

Second, we continue to apply the OLS method by adding 
the OLS estimated value Ŷi to the right-hand side of Eq. (10). 
And then we will obtain the two-stage least squares (2SLS) 
estimated values ûi for ui . ûi is a (n ∗ 1)-order dimensional 
parameter column vector and will play a role in the next step.

Last, we use the transpose matrix X′

i
 to conduct the left 

multiplication with Eq. (10). By applying the generalized 
least square (GLS) method in Eq. (12), we finally get the 
3SLS estimated values b̂ for b.

Sample data

This study constructs a panel dataset of 222 Chinese cities 
from 2007 to 2019 by manually collecting the environmen-
tal-economic data from the China City Statistical Yearbook, 

(9)Yi = Ỹi ∗ �i + Xi ∗ �i + ui, i = 1, 2,⋯ ,G.

(10)Yi = Zi ∗ bi + ui, i = 1, 2,⋯ ,G.

(11)Zi =
[
Ỹi Xi

]
, bi =

[
�i
�i

]

(12)
⎡⎢⎢⎣

X
�

Y1

⋮

X
�

YG

⎤⎥⎥⎦
=

⎡⎢⎢⎣

X
�

Z1 ⋯ 0

⋮ ⋱ ⋮

0 ⋯ X
�

ZG

⎤⎥⎥⎦
∗

⎡⎢⎢⎣

b1
⋮

bG

⎤⎥⎥⎦
+

⎡⎢⎢⎣

X
�

u1
⋮

X
�

uG

⎤⎥⎥⎦

(13)

Z =

⎡⎢⎢⎣

X
�

Z1 ⋯ 0

⋮ ⋱ ⋮

0 ⋯ X
�

ZG

⎤⎥⎥⎦
, b =

⎡⎢⎢⎣

b1
⋮

bG

⎤⎥⎥⎦
, u =

⎡⎢⎢⎣

u1
⋮

uG

⎤⎥⎥⎦
, U =

⎡
⎢⎢⎣

X
�

u1
⋮

X
�

uG

⎤⎥⎥⎦

(14)b̂ =
(
Z

�

∗ Φ̂−1 ∗ Z
)−1

∗
(
Z

�

∗ Φ̂−1 ∗ Z
)

(15)Φ̂−1 = COV(U) = E
(
U ∗ U

� )
= E

(
X

�

∗ u ∗ u
�

∗ X
)
= X

�

∗ E
(
u ∗ u

�

∗ X
)

2  The STIRPAT model refers to the Stochastic Impacts by Regression 
on Population, Affluence, and Technology model (Dietz and Rosa 
1997; Ehrlich and Holdren 1971; Ehrlich and Pei 2021).
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the Annual Financial Reports of Chinese Listed Companies, 
and the Statistical Bulletin of China’s Outward Foreign 
Direct Investment. All variables are in natural logarithm 
form (if applicable) so as to reduce the heteroscedasticity 
problems and unit errors. The descriptive statistical results 
are shown in Table 1.

The reasons for selecting 222 Chinese cities are as fol-
lows: (1) Since the LMDI decomposition and 3SLS structural 
approaches are more effective for large sample research, we 
have to use the data with better granules. According to the 
Administrative Division Code of the People’s Republic of China 
2021, there are four administrative levels in China, including 34 
provincial-level, 333 prefecture-level, 2844 county-level, and 
38,774 township-level administrative regions (Wang and Yeh 
2020). The provincial-level and prefecture-level data will be 
suitable when considering the existence and availability of the 
related data. (2) In terms of cities in China, they are under three 
different administrative management: 4 provincial-level cities 
(municipalities directly under the central government), 333 
prefecture-level cities, and 393 county-level cities. Therefore, 
the 337 city-level data (4 provincial-level and 333 prefecture-
level administrative regions) will be the most appropriate. (3) 
We exclude ethnic-related self-administrative cities from the 
sample data as they have different development characteris-
tics (Jiang et al. 2020). For example, we exclude the Garzê 
Tibetan autonomous prefecture (a city in Sichuan province). 
(4) As for the changes in administrative levels of some cities, 
we adjust them according to the latest administrative division 
code. For example, we adjust Chaohu (a city in Anhui province) 
and Laiwu (a city in Shandong province) from prefecture-level 
to county-level cities. (5) We use the predictive mean match-
ing (PMM) and the multiple imputations by chained equations 
(MICE) methods to deal with the missing values. These two 
methods can automatically handle the missing values according 

to the characteristics of the existing data (Bartlett and Morris 
2015; Sterne et al. 2009; Wood et al. 2008). We finally exclude 
those missing values that can not be fixed from the sample data.

The reasons for choosing the sample period from 2007 to 
2019 are as follows: (1) Before 2006, the total amount of Chi-
nese OFDI flows was no more than USD 100 billion. In 2007, 
China implemented the “going globally” strategy to embrace 
globalization development in deep, thus largely stimulating and 
promoting overseas investment (Xia et al. 2022a). Therefore, 
we choose the year 2007 as the beginning period. (2) Since 
there is no official available city-level OFDI data, we have to 
collect them manually from various statistical platforms and 
public portals. To the best of our efforts, we can only construct 
the balanced panel data set from 2007 to 2019. In other words, 
we can not obtain as much available data for the years 2020 to 
2022. As a result, we choose the year 2019 as the ending period. 
(3) The sample period from 2007 to 2019 involves exactly the 
majority time of three “Five-Year Plans”: the 11th Five-Year 
Plan (2006–2010), the 12th Five-Year Plan (2011–2015), and 
the 13th Five-Year Plan (2016–2020). It can help us to observe 
the pollution control effect in three different periods.

Model settings

LMDI decomposition model

This study mainly applies the multiplicative decomposi-
tion process to break down the dependent variable 
( PMi,t ). As shown in the following, the theoretical Eq. (2) 
will be transferred into the following Eq. (16), i refers to 
the city, and t  refers to the time. On the left-hand side, 
Dtot

PMi,t
 refers to the overall changes tot of the independent 

variable from the period from 0 to T  . On the right-hand 
side, DSTRi,t

 , DGDPi,t
 , and DEnergyi,t

 refer to the contributions 

Table 1   Descriptive statistics

This table reports the descriptive statistics and sources of each variable. The dataset contains city-year pair panel data of 222 Chinese cities from 
2007 to 2019. All variables are in natural logarithm form so as to reduce the heteroscedasticity problems and unit errors (if applicable)

Var Definition Obs Mean SD Min Max Unit Source

PMi,t The average annual outdoor PM2.5 level 2886 3.80 0.33 2.63 4.69 μg/m3 NOAA
OFDIi,t The outward foreign direct investment 2886 16.98 9.31 0.00 32.01 USD Author
GDPi,t The gross domestic product 2886 16.53 0.97 13.65 19.76 10 k CNY Yearbooks
STR1i,t The first industry proportion 2886 11.11 6.98 0.03 46.95 % Yearbooks
STR2i,t The secondary industry proportion 2886 48.82 9.95 11.70 82.08 % Yearbooks
STR3i,t The tertiary industry proportion 2886 40.07 9.97 11.99 83.50 % Yearbooks
POPi,t The average annual population 2886 5.96 0.68 2.90 8.14 10 k Yearbooks
Capi,t The physical capital stock 2886 17.50 1.00 14.54 20.51 10 k CNY Author
FDIi,t Foreign direct investment 2886 10.21 1.79 0.00 14.94 10 k USD Yearbooks
RDi,t The research and development investment 2886 10.29 1.44 6.43 15.53 10 k CNY Yearbooks
Energyi,t Energy consumption 2886 4.70 1.19 0.25 8.31 kg·ec Yearbooks
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of the industry structure, gross domestic product, and 
energy consumption.

Additionally, (1) DSTRi,t
 includes the changes in all three 

industry structures 
(
DSTR1i,t

+ DSTR2i,t
+ DSTR3i,t

)
 . (3) As for 

the period from 0 to T  , we will use four different settings. 
We first use the whole sample period from 2007 to 2019 to 
observe the year-to-year effect and then use the periods from 
2007 to 2010, 2011 to 2015, and 2016 to 2019 to capture the 
cumulative effect, respectively. As mentioned above, the 
three periods involve exactly the majority time of three 
“Five-Year Plan” periods, which can reflect some policy 
heterogeneity.

3SLS structural model

This study applies the 3SLS structural approach by fol-
lowing the classical EKC theory proposed by Grossman 
and Krueger (1991). That is, domestic pollution depends 
on three important factors: domestic output value (scale), 
technology spillover (technology), and industrial struc-
ture (composition). As shown in the following Eqs. 
(17)–(23), i refers to the city, and t  refers to the time.

For details, (1) PMi,t is the dependent variable refer-
ring to the average annual outdoor PM2.5 concentration 
of the city i in the year t  . (2)OFDIi,t is the independent 
variable referring to the OFDI flows of the city i in the 
year t  . (3)Scalei,t , Techi,t , and Compi,t are the mechanism 
variables that transfer the effect of the OFDI flows to 
domestic pollution. Scalei,t is the scale mechanism meas-
ured by the gross domestic product; Techi,t is the technol-
ogy mechanism measured by energy intensity; and 
Compi,t is the composition mechanism measured by the 
secondary industry proportion. (4) GDPi,t , POPi,t , Capi,t , 
FDIi,t , and RDi,t are the mutual control variables. As a 
multi-equation estimation method, the 3SLS structural 
approach can link each equation through the mutual vari-
ables when conducting the seemingly unrelated estima-
tion process. (5) Since international investment flows can 
induce changes in domestic physical capital stock, we use 
Eq. (22) to reflect this phenomenon (Hao et al. 2020). 
GDPi,t−1 and GDPi,t−2 refer to the value of the gross 
domestic product in the last one and two periods. (6) �N

i,t
 

includes the constant term �N
0

 , the error term �N
i,t

 , and the 
city-fixed and the year-fixed effects �N

fi,t
 . Other symbols 

refer to the coefficient of the corresponding variable.

(16)Dtot
PMi,t

= DSTRi,t
∗ DGDPi,t

∗ DEnergyi,t

(17)PMi,t = Scalei,t ∗ Techi,t ∗ Compi,t

Consequently, we can obtain the home-country effect of 
OFDI flows on domestic pollution based on the theoretical 
Eq. (14). The actual estimated coefficient of OFDI flows 
( �OFDI ) is shown in Eq. (24).

Variables

Independent variable

This study uses the annual city-level OFDI flows ( OFDIi,t ) 
as the independent variable. As of now, China only releases 
national-level and provincial-level OFDI data, leading to the 
situation that there is no official available city-level OFDI 
data. For example, we can get the information that the total 
amount of Chinese OFDI flow was USD 136.91 billion in 
2019, and the Hubei province contributed USD 15.51 billion 
in non-financial investment. However, we can not directly 
obtain the exact OFDI data from public yearbooks and data-
bases like Wuhan and Tianmen (cities in Hubei province).

Under such a background, this study manually collects 
the city-level OFDI data from various statistical platforms 
and public portals. (1) We first obtain the list of Chinese 
overseas investment enterprises (institutions) from the Min-
istry of Commerce of China. Under Chinese law, all over-
seas investment activities must be reported and registered. 
Therefore, we can use this list to obtain OFDI-related data. 
(2) As for the listed companies in this list, we will extract 
the OFDI-related data from the Annual Financial Reports 
of Chinese Listed Companies. As for the non-listed compa-
nies with public financial reports, we can still obtain OFDI-
related data. As for the others, we can only search the OFDI-
related information from public portals. (3) We then use the 
“real business location” as the unique identifier to sum up 
the OFDI-related data at the city level. (4) To ensure the 

(18)
lnPMi,t = �1lnScalei,t + �2lnTechi,t + �3lnCompi,t + �0

i,t

(19)
lnScalei,t = �1

1
lnOFDIi,t + �1

2
lnCapi,t + �1

3
lnFDIi,t + �1

4
lnPMi,t + �1

i,t

(20)
lnTechi,t = �2

1
lnOFDIi,t + �2

2
lnGDPi,t + �2

3
lnFDIi,t + �2

4
lnRDi,t + �2

i,t

(21)
lnCompi,t = �3

1
lnOFDIi,t + �3

2
lnGDPi,t + �3

3
lnPOPi,t + �3

4
FDIi,t + �3

i,t

(22)lnCapi,t = �4
1
lnOFDIi,t + �4

2
ln
(
GDPi,t−1 − GDPi,t−2

)
+ �4

3
lnFDIi,t + �4

i,t

(23)�N
i,t
= �N

0
+ �N

fi,t
+ �N

i,t
, N = 0, 1, 2, 3, 4.

(24)

�
OFDI

= (�1�11+�2�
2

1
+�3�

3

1
+�1�

1

2
�4
1)
/
(1−�1�14)
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accuracy of the data, we also search the official government 
websites of 222 sample cities to obtain some OFDI-related 
information and conduct a double-check.

In the absence of officially available data, the reasons for 
using our constructed city-level OFDI data are as follows: 
(1) After the “going globally” strategy, the listed compa-
nies have become the major participants in Chinese overseas 
investment activities (Chen et al. 2016; Guo et al. 2022). 
Going with that, we mainly use overseas investments from 
the listed companies to construct city-level OFDI data and 
then apply some OFDI-related information from non-listed 
companies and the official government websites to assist. 
(2) Previous studies have also used this method to construct 
city-level OFDI data. For example, Su et al. (2021) figured 
out the preference and determinants of Chinese OFDI using 
city-level data; Wong et al. (2021) explained the economic 
effect of city-level OFDI flows in the China-European rail-
way project. (3) The Pearson correlation between our con-
structed city-level OFDI data and the official public provin-
cial-level OFDI data is 0.63 at the 1% level. In sum, it will 
be acceptable to use our constructed city-level OFDI when 
lacking the official version.

Dependent variable

This study uses the average annual outdoor PM2.5 concen-
tration ( PMi,t ) as the dependent variable. We obtain raw 
data from the climate data record of the National Oceanic 
and Atmospheric Administration (NOAA), which provides 
public economic, environmental, and meteorological data 
in a grid format. Then we transfer the original data from the 
“day-grid” pair form into the continuous “year-city” pair 
form using the annual average method.

Control variables

On the one hand, since the LMDI decomposition approach 
is a mathematical-based “KAYA identity equation” analysis 
process, there is no need to control other non-related influ-
encing factors according to the practical guide proposed by 
Ang (2005). Actually, we care more about the breakdown 
components and respective proportions (Moutinho et al. 
2018; Wang et al. 2011).

On the other hand, the 3SLS structural approach can esti-
mate the changes in the dependent variable through multi-
equations. The control variables will play a role unless they 
can affect the multi-equations simultaneously. To make our 
identification more accurate, we still use some control vari-
ables in the 3SLS structural approach. Specifically, we use 
the following as the control variables: the gross domestic 
product ( GDPi,t ), the first industry proportion ( STR1i,t ), the 
secondary industry proportion ( STR2i,t ), the tertiary industry 
proportion ( STR3i,t ), the average annual population ( POPi,t ), 

the physical capital stock ( Capi,t ), foreign direct investment 
( FDIi,t ), the research and development investment ( RDi,t ), 
and energy consumption ( Energyi,t ). Following Zhang et al. 
(2004; 2008), we calculate the physical capital stock ( Capi,t ) 
at the city level, using the perpetual inventory method with a 
depreciation rate of 9.6%. Other variables are derived from 
the China City Statistical Yearbook.

Empirical results

The LMDI decomposition result

In Table 2, we first use the whole sample period from 
2007 to 2019 to observe the year-to-year effect of LMDI 
decomposition in outdoor PM2.5 concentration ( PMi,t ). 
As for the overall changes in PM2.5 concentration 
( Dtot

PMi,t
 ), it shows a fluctuation situation before 2013 and 

a downward trend after that, ref lecting the pollution 
reduction achievement of the government. On the one 
hand, the Chinese government has implemented eco-
nomic stimulus and pollution governance plans to sup-
port the 2008 Beijing Olympic Games. This action suc-
cessfully controlled the pollution that year, with the 
gross domestic product ( DGDPi,t

 ) and energy consumption 
( DEnergyi,t

 ) mainly contributing to PM2.5 pollution reduc-
tion. However, it was not sustainable in the following 
2 years. On the other hand, with the enhancement of 
environmental protection awareness and the formulation 
of targeted environmental regulations around 2012, the 

Table 2   The LMDI decomposition result

This table reports the LMDI decomposition result of OFDI flows 
from 2007 to 2019

From To Dtot
PMi,t

(value) DSTRi,t
DGDPi,t

DEnergyi,t

2007 2008  − 1.6577 0.53  − 0.56  − 0.12
2008 2009 4.0001 0.35 0.34 0.31
2009 2010 2.0709 0.37 0.37 0.26
2010 2011  − 0.9189  − 1.09 1.08  − 1.17
2011 2012  − 6.2220  − 0.42 0.42  − 0.15
2012 2013 5.5331 0.41 0.41  − 0.18
2013 2014  − 0.0027  − 0.60 0.58  − 0.18
2014 2015  − 7.8368  − 0.24 0.24  − 0.52
2015 2016  − 7.1766  − 0.32 0.31  − 0.37
2016 2017  − 8.2631  − 0.33 0.45  − 0.21
2017 2018  − 5.0411  − 0.36 0.31  − 0.32
2018 2019  − 4.8245  − 0.48 0.48  − 0.05
2007 2010 4.4133 0.42 0.41 0.17
2011 2015  − 8.5284  − 0.39 0.39  − 0.22
2016 2019  − 18.1287  − 0.39 0.38  − 0.43
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industry structure adjustment ( DSTRi,t
 ) and energy con-

sumption control ( DEnergyi,t
 ) became the major pathway 

to reducing PM2.5 pollution.
Moreover, we then use the periods from 2007 to 2010, 

2011 to 2015, and 2016 to 2019 to capture the cumulative 
effect. During the 11th Five-Year Plan period (2007 to 2010), 
PM2.5 pollution was not effectively controlled and allevi-
ated. At that time, China suffered from a large-scale acid 
rain event, leading to strict governance of SO2 emissions 
(Karplus et al. 2018; Zhao et al. 2009). During the 12th Five-
Year Plan period (2010 to 2015), the Chinese government 
gradually turned its attention to PM2.5 pollution due to the 
unusual smog events. With the implementation of industrial 
structure regulations such as the green credit guideline 2012, 
China has transformed and upgraded its industrial structure 
in this period. The outdoor PM2.5 concentration was reduced 
effectively. During the 13th Five-Year Plan period (2015 to 
2019), the synergistic effect in PM2.5 pollution and carbon 
emission has further improved the environmental quality. 
At this time, the reduction of energy consumption caused 
by technological progress is the main factor of pollution and 
emission reduction.

In comparison, the LMDI decomposition results are 
consistent with related studies. Under the framework of 
total factor productivity, some studies used the LMDI 
decomposition to reveal the relationship between national 
per capita PM2.5 emission intensity and economic devel-
opment level, especially energy-oriented consumption 
(Xu et al. 2021; Zhang et al. 2019). Considering the eco-
system synergies phenomenon, some studies highlighted 
the synergistic effect of CO2 and PM2.5 emissions in the 
coal consumption sector (Dong et  al. 2019; Jia et  al. 
2023). In this study, the LMDI decomposition results go 
further by revealing the driving factors of PM2.5 pollution 
in Chinese different economic stages. It points out that 
industrial transformation and technological upgrades are 
the main measures to govern and reduce PM2.5 pollution, 
providing a factual fundament for the following 3SLS 
structural analysis.

The 3SLS structural result

Benchmark effect

In Table 3, columns (1)–(5) show the estimation results of 
Eqs. (18)–(23), respectively. In all estimations, we add both 
the city-fixed and the year-fixed effects, with the standard 
error clustered at the target city level. As we use the lag period 
form in Eq. (22), the actual data used in the 3SLS structural 
approach is 2442. The R square (R2) and root mean square 
error (RMSE) show that each equation fits relatively well.

We first obtain the actual estimated coefficient of the 
OFDI flows ( �OFDI ) according to Eq. (24), which is − 0.76% 

after calculating. This negative effect at the 1% significance 
level indicates an increase in environmental stewardship and 
pollution control. With every 1% increase in OFDI flows 
( OFDIi,t ), the overall domestic pollution emissions ( PMi,t ) 
will decrease by 0.76%. Although 0.76% seems like a small 
value, it has great socio-economic significance. Studies 
have pointed out that there will be a 5.3% more death risk 
for every 5 μg/m3 increase in outdoor PM2.5 concentrations 
(Apte et al. 2018; Bowe et al. 2019; Yue et al. 2020). In that 
sense, an overall 0.76% reduction is a considerable effect. 
This result supports our testable Hypothesis 1.

Considering the related studies and conclusions, it can 
be divided into two aspects. On the one hand, most studies 
focused on the home-country carbon emission reduction of 
Chinese OFDI flows. For example, Hao et al. (2020) and 
Tan et al. (2021) both revealed that Chinese OFDI activities 
can promote domestic carbon mitigation under sustainable 
development goals. On the other hand, some studies made 
a step in the carbon reduction effect by finding its accompa-
nying economic benefits, including environment-economic 
performance and green total factor energy efficiency (Kong 
et al. 2020; Long et al. 2023; Ren et al. 2022). However, all 
these studies have paid attention to carbon emissions with-
out considering environmental pollution (Tian et al. 2023). 
In this sense, our conclusion will be one of the few studies 
that point out the home-country pollution reduction effect 
of Chinese OFDI flows.

Mechanism effect

We then analyze how OFDI flows can affect domestic pol-
lution based on the classical EKC theory. In column (1), 
we can observe three mechanisms between OFDI flows and 
domestic pollution: scale mechanism ( Scalei,t ), technology 
mechanism ( Techi,t ), and composition mechanism ( Compi,t ). 
After decomposing Eq. (24), we can obtain their respective 
mechanism effect: 0.43%, − 0.27%, and − 0.91%. This result 
indicates that the technology and composition mechanism 
effects of OFDI flows are the main pathways to addressing 
domestic environmental pollution, especially for outdoor 
PM2.5 situations.

(1)	 The scale mechanism process. It is found that OFDI 
flows can significantly increase domestic output value 
by 4.78% after combining the results of columns (2) 
and (5).3 As an important economic activity, market-
seeking OFDI activities can promote domestic eco-
nomic growth by occupying market share and form-
ing market barriers in the host country. Although this 
investment has played an essential role in past eco-

3  This value is calculated by ( �1
1
+ �1

2
�4
1
 ) in Eq. (24).
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nomic development, it also contributed to environmen-
tal pollution in the current economic stage (Christofi 
et al. 2022; Wadhwa and Reddy 2011).

(2)	 The technology mechanism process. The result in col-
umn (3) shows an obvious reverse technology spillover 
phenomenon of an overall 2.97% effect in the current 
OFDI activities. Traditional technology innovation the-
ory holds that international investments can promote 
technology development in the host country. Whereas, 
with the introduction of the reverse technology spillo-
ver phenomenon, international investments can also 
induce technology innovation in the home country. 
Studies have shown that this type of investment activ-
ity has gradually become the main direction in future 
development. One typical phenomenon is the increas-

ingly apparent negative and reverse technology spillo-
ver effect in carbon-related sectors (Chen et al. 2020; 
Hao et al. 2021).

(3)	 The composition mechanism process. The result in 
column (4) shows a 56.38% negative effect on the sec-
ondary industry proportion, indicating the optimization 
of the whole industrial structure. In contrast, the sec-
ondary industry is a relatively resource-dependent and 
pollution-emitting industry, which needs lots of support 
to achieve transformation and upgrading. Correspond-
ingly, OFDI flows can improve the domestic industrial 
structure in several ways. For example, technology 
upgrades can reduce emissions from high-pollution 
sectors, and new market development can accelerate 
the transformation process.

Table 3   Effect of OFDI flows on domestic pollution, the 3SLS structural estimation

This table reports the 3SLS structural estimation results of OFDI flows on domestic pollution. All the regressions are clustered at the target city 
level with the city-fixed and the year-fixed effects (if applicable). The t-statistics are presented in parentheses. ⁎, ⁎⁎, and ⁎⁎⁎ represent significance 
levels of 10%, 5%, and 1%, respectively

(1)PMi,t (2)Scalei,t (3)Techi,t (4)Compi,t (5)Capi,t

Scalei,t 0.0878*** (12.78)
Techi,t  − 0.0913*** (− 9.55)
Compi,t 0.0164*** (23.59)
cons 0.4402*** (2.66)
OFDIi,t  − 0.0036*** (− 3.14)
Capi,t 0.8918*** (84.05)
FDIi,t 0.0650*** (13.91)
PMi,t 0.1419*** (7.15)
cons  − 0.2361 (− 1.49)
OFDIi,t 0.0297*** (11.40)
GDPi,t  − 0.2164*** (− 6.11)
FDIi,t 0.0052 (0.42)
RDi,t 0.0024 (1.02)
cons  − 9.0805*** (− 23.51)
OFDIi,t  − 0.5638*** (− 16.63)
GDPi,t 3.2897*** (8.01)
POPi,t  − 4.2057*** (− 11.14)
FDIi,t 0.0588 (0.38)
cons 28.1968*** (6.19)
OFDIi,t 0.0581*** (27.57)
GDPi,t−1 − GDPi,t−2 0.0784*** (9.28)
FDIi,t 0.2290*** (23.93)
cons 13.2050*** (25.26)
City FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes
Cluster Yes Yes Yes Yes Yes
N 2442 2442 2442 2442 2442
RMSE 0.3126 0.3048 0.7357 0.7443 0.7126
R2 0.1348 0.8922 0.2067 0.2861 0.4059
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In sum, our findings are consistent with some related 
studies on Chinese OFDI activities. Generally speaking, it 
is found that Chinese OFDI activities still play a good role in 
overseas market acquisition. The home-country environmen-
tal effects are mainly reflected in technology feedback and 
structural improvement (Yang et al. 2021; Yang and Zheng 
2021). Therefore, these three mechanism effects support our 
testable Hypothesis 2.

Robustness estimations

The MCMC simulation

This study adopts the Markov chain Monte Carlo (MCMC) 
simulation to enhance the 3SLS structural result. The 
MCMC simulation is a random sampling process that can 
approximate the posterior distribution of the target param-
eter in a given probability space (Blum et al. 2020; Roy 
2020). With appropriate sampling distributions, we can use 
the sample value to estimate the overall expectation based 
on the law of large numbers. In the MCMC simulation, we 
set the number of the total draws to 1000, the number of 

burn-in draws to 100, and the number of draws retained to 
900. After 1000 times adaptive simulation, the mean accept-
ance rate (MAR) is 0.33 with 50% sampling distributions, 
which is relatively effective. Similar to R2 and RMSE in the 
benchmark results, the MAR reflects the effectiveness of the 
MCMC simulation. As shown in column (1) of Table 4, the 
effect of OFDI flows on domestic pollution is − 0.77% at the 
1% significance level. This result is consistent with − 0.76% 
in the 3SLS structural result, indicating no obvious bias in 
the above analysis and conclusions.

Machine learning optimization

We then apply the grid-search (GS) optimization procedure 
to re-estimate the 3SLS structural result. As a machine learn-
ing optimization, the GS optimization procedure is a cyclic 
ergodic search estimation process in a probability space (Chi 
et al. 2022; Lerman 1980). Compared with the MCMC simu-
lation, it pays more attention to randomness and ergodicity. 
In the GS optimization, we will set a 50% sample probability 
space for the ergodic search. The result in column (2) of 
Table 4 shows a significant negative effect of − 0.67%, illus-
trating the robustness of the 3SLS structural estimation. In 

Table 4   Effect of OFDI flows on domestic pollution, robustness estimations

This table reports the robustness estimation results of OFDI flows on domestic pollution. All the regressions are clustered at the target city level 
with the city-fixed and the year-fixed effects (if applicable). The t-statistics are presented in parentheses. ⁎, ⁎⁎, and ⁎⁎⁎ represent significance lev-
els of 10%, 5%, and 1%, respectively. To conserve space, this table only shows the results of the main variables
a In column (7) of Table 4, the value of adjusted R2 for three mechanism estimations are both equal to 0.78 (if rounded up to 2 decimal points)

(1)PMi,t (2)PMi,t (3)PMi,t (4)Scalei,t (5)Techi,t (6)Compi,t (7)PMi,t

OFDIi,t  − 0.0077*** 
(− 17.47)

 − 0.0067*** 
(− 9.57)

 − 0.0005** 
(− 2.01)

OFDIi,t  − 0.0008 (− 1.43) 0.0143*** (3.10)
Scalei,t 0.0526*** (2.95)
OFDIi,t ∗ Scalei,t  − 0.0091*** 

(− 3.01)
OFDIi,t 0.0062*** (3.44) 0.0025*** (2.68)
Techi,t  − 0.0003*** 

(− 3.04)
OFDIi,t ∗ Techi,t  − 0.0002*** 

(− 4.52)
OFDIi,t  − 0.023*** 

(− 4.14)
0.0013*** (3.86)

Compi,t 0.0008*** (2.60)
OFDIi,t ∗ Compi,t  − 0.0005*** 

(− 7.52)
City FE Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes
Control Variables Yes Yes Yes Yes Yes Yes Yes
Cluster Yes Yes Yes Yes Yes Yes Yes
N 2886 2886 2886 2886 2886 2886 2886
MAR 0.33  −   −   −   −   −   − 
Adjusted R2  −   −  0.78 0.55 0.34 0.48 0.78a
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sum, since the MCMC simulation and GS optimization are 
non-linear OLS estimations, we can conclude that the 3SLS 
structural result is reasonable and acceptable.

Single equation estimation

We also use the fixed effect panel model to re-estimate the 
effect and mechanism of OFDI flows on domestic pollution. 
In Table 4, column (3) only shows the relationship between 
OFDI flows and domestic pollution, and columns (4)–(7) 
show the two-step mechanism process among them. Simi-
larly, we add both the city-fixed and the year-fixed effects 
in all estimations, with the standard error clustered at the 
target city level. Since the fixed effect panel model is a single 
equation estimation method, we have to estimate each result 
one by one.

The result in column (3) shows that OFDI flows have 
a significant negative effect of − 0.05% on domestic pol-
lution, much smaller than − 0.76% in the 3SLS structural 
result. Since the results of the 3SLS structural approach, 
the MCMC simulation, and GS optimization are consistent, 
we can hold that the single equation estimation has under-
estimated the home-country environmental effects of OFDI 
flows. Hao et al. (2020) also put forward this conclusion 
by comparing the carbon reduction effect of Chinese OFDI 
between the 3SLS structural approach and the single equa-
tion estimation.

Furthermore, we conduct the two-step mechanism pro-
cess in columns (4)–(7). That is, we first regress mecha-
nism variables ( Scalei,t , Techi,t , and Compi,t ) on OFDI flows 
( OFDIi,t ), and then we regress domestic pollution ( PMi,t ) 
on the interactive terms ( OFDIi,t ∗ Mechanismi,t ). As for the 
scale mechanism process, we can not observe the significant 
effect of OFDI flows at the first step in column (4), which 
causes ineffective mechanism transmission. As for the tech-
nology mechanism process, OFDI flows can significantly 
promote the reverse technology spillover phenomenon in 
column (5), thus leading to a decreasing effect of 0.02% 
in domestic pollution. As for the composition mechanism 
process, OFDI flows have a noticeable structural effect 
in column (6), affecting domestic pollution with a 0.05% 
improvement effect.

Naturally, it is not difficult to find that the single-equation 
estimation does have some bias, especially for the multi-
factor mutual process. For example, since column (4) does 
not consider the potential influence on domestic physical 
capital stock, we can not obtain the actual scale mechanism 
between OFDI flows and domestic pollution. However, the 
LMDI decomposition result shows the increased outdoor 
PM2.5 concentration caused by economic scale growth. In 
comparison, the 3SLS structural approach can capture the 
changes in domestic physical capital stock through Eq. (22). 

In sum, the single equation estimation results also enhance 
the robustness in Table 3.

Conclusions and implications

Main conclusions

In past decades, the rapid development of the global econ-
omy has caused severe and irreversible environmental prob-
lems. To deal with the global climate crisis, countries must 
find a way to balance economic development and environ-
mental protection. Under this background, harnessing invest-
ment for sustainable development seems to be a practical and 
effective measure. Using the LMDI decomposition and the 
3SLS structural approaches, this study reveals the home-
country effect and mechanism of Chinese OFDI activities 
on PM2.5 pollution at the city level from 2007 to 2019. Our 
results and conclusions remain stable after several estima-
tions, including the MCMC simulation, machine learning 
optimization, and single equation estimation. The main con-
clusions are as follows:

(1) China has made a remarkable achievement in PM2.5 
pollution reduction and governance, especially from the year 
2012. The LMDI decomposition results show that, during 
the critical period of tackling PM2.5 pollution, industrial 
transformation and technological upgrades are the major 
pathways. (2) In the 3SLS structural results, the OFDI activi-
ties can significantly decrease the home-country PM2.5 pol-
lution. With every 1% increase in OFDI flows, the overall 
pollution level will decrease by 0.76%. This reduction effect 
is relatively considerable when considering the harmfulness 
of PM2.5 pollution. (3) Compared with the scale mechanism, 
the technology and composition mechanism effects of OFDI 
flows are more evident and obvious in addressing the home-
country PM2.5 pollution. (4) Since the multi-factor mutual 
process, the LMDI decomposition and the 3SLS structural 
approaches are more reasonable and acceptable.

Policy recommendations

This study contributes to the literature by broadening the 
understanding of the role of OFDI activities in home-coun-
try environmental stewardship. To the best of our knowl-
edge, few studies have examined the extent to which how 
OFDI activities from the home country will affect its own 
environment. We put forward the following policy recom-
mendations based on the above conclusions.

(1)	 Strengthen the home-country environmental effect of 
OFDI activities. Under the global climate change cri-
sis, promoting international investment in sustainable 
development and recovery is an inevitable choice. In 
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the long term, OFDI activities can play the role of the 
pollution halo phenomenon. That is, OFDI activity can 
not only improve the host-country environment, but it 
can also decrease the home-country environmental 
pollution. Therefore, governments worldwide should 
enhance the role of OFDI activities in environmental 
stewardship. For example, making up targeted green 
economic stimulus policies to expand the covered 
countries and sectors of Chinese OFDI activities, espe-
cially those measurements that can improve investment 
facilitation. According to the World Economic Forum 
and World Investment Forum, China’s overall business 
facilitation level is in the middle of the world. Improv-
ing investment efficiency and reducing the approval 
process are the current effective measures.

(2)	 Expand technology-seeking OFDI activities gradually. 
One of the solutions to the climate crisis is to improve 
energy efficiency, thereby reducing pollution emis-
sions. Without a technological breakthrough, achieving 
zero pollution in a short time will be difficult. There-
fore, governments should vigorously promote and 
strengthen technology-seeking OFDI activities, thus 
creating a favorable research environment. In practice, 
the technology-seeking OFDI activities should focus on 
two aspects: one is a more advanced and cleaner pro-
duction technology, and the other is the terminal pollu-
tion control method. As of now, China has put a lot of 
effort into the latter, such as a series of environmental 
regulations. In the near future, the government should 
use OFDI activities to promote and upgrade traditional 
production equipment.

(3)	 Make full use of the reverse spillover phenomena and 
effects. Governments should pay enough attention to 
whether it is the reverse technology spillover or the 
reverse structural transformation. In addition to conven-
tional economic measures, all these reverse spillover 
phenomena can bring pollution reduction effects other 
than environmental regulation. Take the negative car-
bon spillover phenomena as an example, which is cur-
rently very effective in emission reduction. Although it 
belongs to the technology mechanism, it will also drive 
the remaining two mechanisms through the connection 
of the economic system. Since reverse spillover phe-
nomena can be achieved regarding carbon emissions, 
obtaining the same goal in PM2.5 pollution control 
is possible. What the government needs to do is to 
increase the possibility of reverse spillover phenomena 
through OFDI activities.

To a certain extent, some limitations prevent us from 
making further improvements in this study. First, since the 
LMDI decomposition and 3SLS structural approaches are 
more effective for ample and large data granules, we can not 

directly conduct the sub-regional differences. Second, due to 
the short time range of the sample data, it is challenging to 
analyze the long-term dynamic effect and the spatial spillo-
ver effect. Better data will be collected to address these two 
issues in the next plan.
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