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Abstract
Globalization, although beneficial in spreading knowledge and improving green 
technologies worldwide, is also considered one of the main drivers of global warm-
ing. Recent world events, such as the pandemic, with all its economic and social 
consequences, have exposed the external dependence of many countries, particu-
larly the reliance of many developing countries on foreign investment. Although it 
contributes to economic growth, Foreign Direct Investment may also be harmful to 
the environment. Hence, this study analyses the impact of Foreign Direct Invest-
ment on emissions of Greenhouse Gases, Carbon Dioxide, Nitrous Oxide and Par-
ticulate Matter 2.5. A Panel Autoregressive Distributed Lag model was conducted 
for a group of 25 high-income and 10 middle-income countries from 1995 to 2019, 
allowing the analysis of short- and long-run impacts. Given the likelihood of non-
linear impacts, a Nonlinear Panel Autoregressive Distributed Lag model was also 
conducted to provide a more detailed understanding of the effects of expansion or 
contraction on the variables, and also to analyse short- and long-run impacts. The 
main findings suggest that electrification and energy transition away from fossil 
fuels to renewable energy may be crucial to limiting the polluting effect of Gross 
Fixed Capital Formation, Trade Openness and Foreign Direct Investment. However, 
it would be a mistake to simply reduce these three factors as the results reveal that 
it also contributes to increase pollution. Foreign Direct Investment and Trade Open-
ness reduce environmental degradation in high-income countries and increase it in 
middle-income countries, except for Nitrous Oxide emissions.
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Abbreviations
ARDL  Autoregressive Distributed Lag
CFCs  Chlorofluorocarbons
CH4  Methane
CIPS  Cross-Sectionally Augmented IPS
CO2  Carbon Dioxide
DK  Driscoll and Kraay
EC  Energy Consumption
ECM  Error correction model
FDI  Foreign Direct Investment
GFCF  Gross Fixed Capital Formation
GHG  Greenhouse Gases
GVC  Global Value Chains
HFCs  Hydrofluorocarbons
IEA  International Energy Agency
NF3  Nitrogen trifluoride
N2O  Nitrous Oxide
NPARDL  Nonlinear Panel Autoregressive Distributed Lag
PARDL  Panel Autoregressive Distributed Lag
PAT  Number of patent applications
PFCs  Perfluorocarbons
PHH  Pollution Haven Hypothesis
PHIH  Pollution Halo Hypothesis
PM2.5  Fine Particulate Matter with a diameter < 2.5 µm
REG  Environmental regulation
RES  Renewable Energy Sources
R&D  Research and Development
SF6  Sulphur hexafluoride
TO  Trade openness
UNCTAD  United Nations Conference on Trade and Development
USD  United States Dollar
VIF  Variance Inflation Factor

1 Introduction

Economic activity increases the amount of Greenhouse Gases (GHG) a country 
emits, and is commonly considered by economists to cause greater environmental 
degradation. During lockdowns introduced to counter the COVID-19 pandemic, 
economic activity dwindled, and a decline in anthropogenic air pollution was 
observed. This period was also marked by a sharp decline in flows of Foreign Direct 
Investment (FDI). According to the United Nations Conference on Trade and Devel-
opment (UNCTAD) (2021), globally, the fall in FDI was even more severe than 
the slowdown in Gross Domestic Product (GDP). Notwithstanding the consecutive 
waves of COVID-19, disruption to supply chains was one of the main reasons for 
this contraction, according to the UNCTAD (2021).
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Although FDI to developing countries fell only 8% (mainly due to resilient flows 
to Asia), the COVID-19 pandemic prompted a rethinking of policies on trade lib-
eralisation and foreign investment (UNCTAD, 2021). Economic globalization, and 
particularly FDI, can still be a major contributor to economic growth (Muhammad 
& Khan, 2019; Weimin et al., 2021), but it is also important to understand its envi-
ronmental impact. The environmental effects of FDI are commonly disaggregated 
into three types: scale, structure, and technique. Environmental degradation tends 
to increase when economic output from domestic production is scaled up, mainly 
as an indirect effect of increased peak energy demands being met by non-renewable 
Energy Consumption (Wang et  al., 2018a, b). Structure effects are determined by 
the structural composition of a country’s industrial sector. If its industrial structure 
is based on highly-polluting industries, greater FDI inflows will increase pollution, 
while if it is based on cleaner industries and processes, more FDI will reduce pollu-
tion, as Hao et al. (2020) have argued. Lastly, the technique effect occurs when there 
is easy access to advanced technologies in the host country (Hao et al., 2020). The 
technique effect occurs when FDI introduces new production technologies than can 
increase the host country’s efficiency, and reduce its Energy Consumption (Xie & 
Sun, 2020).

Besides these three effects, literature on the FDI-environment nexus largely 
focusses on two main hypotheses: the Pollution Halo Hypothesis (PHlH) and the 
Pollution Haven Hypothesis (PHH). The PHlH posits that FDI primarily reduces 
pollution through the transfer of green friendly technologies that save energy (see 
Nepal et al., 2021; Yin et al., 2021). This effect can be amplified if host countries 
adopt these innovative technologies in their industrial structure, to improve their 
environmental performance. Knowledge transfer also plays an important role in 
the environmental performance of countries, as is noted by Shahbaz et al. (2015), 
because it can accelerate innovation and efficiency. Conversely, the premise of the 
PHH is the harmful effect of FDI on the environment. There has been a tendency 
among firms to evade environmental restrictions in certain countries by transferring 
their polluting industries to countries with less demanding environmental laws. By 
making such investments, the firms lower their environmental compliance costs and 
maximize their profits although, according to Dou and Han (2019), this transference 
only occurs when industries are highly mobile.

The fragmentation of production is part of the creation of what literature terms 
Global Value Chains (GVCs), in which different stages of the production process are 
located in different regions/countries (Wang et al., 2018a, b). The authors consider 
it imperative to take into account the increased spatial fragmentation of production 
when analysing the environmental effects of different trade patterns, because this 
fragmentation usually involves the transfer of polluting industrial activity. Coun-
tries shift dirty production to countries with more relaxed environmental regulations 
(potentially through FDI) and then import the goods to complete the production pro-
cess or for final sale; a process that reduces locally-produced emissions by increas-
ing them elsewhere.

In addition to hitting the global economy, the COVID-19 pandemic also exposed 
the external dependency of certain countries, due in part to the fragmentation of 
production encouraged by FDI. Although it has raised levels of production and 
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income in developing countries, this fragmentation has also increased their depend-
ency on developed countries. As a result, the social and economic consequences of 
the pandemic have been harsher for developing countries. In its aftermath, renewed 
demand for economic growth, and the prospect of even tougher social and economic 
consequences will tempt some developing countries to further relax environmental 
restrictions to attract foreign investment, despite the risk of environmental damage. 
Given the urgent need to better understand these interlinked phenomena, this study 
analysed a group of 25 high-income countries and 10 middle-income countries over 
a period from 1995 to 2019.

Table  7 in the Appendix lists some of more relevant studies on the FDI-Envi-
ronment nexus and reveals that they tend to focus solely on Carbon Dioxide  (CO2) 
emissions (identifying a gap in the literature) (see, e.g., Bildirici & Gokmenoglu, 
2020; Nepal et al., 2021; Xie et al., 2020; Yin et al., 2021). However,  CO2 emissions 
are only one segment of anthropogenic GHG (Haug & Ucal, 2019), as Nitrous oxide 
 (N2O) and Methane  (CH4) emissions should also be considered to better understand 
environmental degradation (Hassan & Nosheen, 2019), and Rehman et al. (2021a) 
also note the important role played by  CO2 and  N2O emissions in triggering global 
warming. Furthermore, Fine Particulate Matter with a diameter < 2.5  µm  (PM2.5) 
emissions are a key cause of smog and have become a serious concern in both devel-
oped and developing countries, due to their association with increased death rates, 
reduced atmospheric visibility, and changes in ecosystems and climate (Zhou et al., 
2018). As Xie and Sun (2020) report, these particles can easily entering the lungs 
and blood, and are considered a threat to human health (Zhou et al., 2018). In coun-
tries with high emission levels, economic growth can be a driver of  PM2.5 concentra-
tions, as noted by Wang et al., (2018a, b), and Xie and Sun (2020) referred that such 
emissions may also be related to trade activity. In fact, greater trade liberalisation 
and economic activity may indirectly influence the environment by increasing the 
use of energy from non-renewable sources (the scale effect) (Wang et al., 2018a, b).

This study goes further by making a more granular assessment of the conse-
quences of FDI on climate change, and even on certain aspects of human health. 
Thus, while looking at the impact of FDI on  CO2 emissions, this study also analy-
ses its impact on total GHG,  N2O, and  PM2.5 emissions.  N2O and  PM2.5 emissions 
are considered local pollutants, while  CO2 emissions are considered global pollut-
ants (Hassan & Nosheen, 2019). Therefore, it is crucial to appreciate that, in the 
same way that the environmental impact of FDI may vary between economic sectors 
with differing pollution intensities (Balsalobre et al., 2015), its impact may also dif-
fer depending on the type of pollution under analysis. Therefore, it is important to 
determine which types of pollution are most affected by FDI and to shed light on 
which types of environmental regulation are likely to be most effective.

The Appendix Table 7 also shows that most studies on this topic are based on 
linear relationships, and that the ascendant and descendant dynamics of some 
features are not empirically assessed in a panel analysis. Some of this has been 
broached in the literature, for instance, showing that the higher a country’s level 
of innovation, the more likely it is to attract technology-seeking (and clean) FDI, 
due to lower adjustment costs (Adom et al., 2019). However, more detailed anal-
ysis is required to better understand the issue. Furthermore, the analysis of short 
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and long-run impacts and adjustments are considered fundamental in economic 
analysis as referred by Bridel and Dal Pont Legrand (2017), and appears also 
pertinent in the analysis of the FDI-Environment Nexus. For instance, as found 
by Rasheed et al. (2023), climate finance have a vital role in mitigating climate 
change in the long-run, but appears to be non-statistically significant in the 
short-run. If only the short-run or only the long-run was analysed, this highly 
relevant finding would not have been even debated; this is an accurate guide for 
policymakers, where it shows that more action is required to mitigate pollution 
in developing countries in the short-run. Hence, while FDI can be considered 
a long-run phenomenon, climate action is required in the short-term before the 
damage becomes potentially irreversible.

Thus, this paper is innovative in four ways: (1) it considers the levels of inno-
vation and environmental regulation of countries and their influence on the envi-
ronmental impact of FDI; (2) it analyses the impact of FDI on total GHG,  CO2 
emissions and  N2O emissions (the most important industrial pollutants) and also 
on  PM2.5 (a more local pollutant); (3) given the urgent need for climate action, 
this study examines both short- and long-run impacts; and (4) in addition to a 
linear analysis using the Panel Autoregressive Distributed Lag (PARDL) model, 
the likelihood (and evidence) of asymmetries in certain variables led to a nonlin-
ear analysis using a Nonlinear PARDL (NPARDL) model to capture the dynam-
ics of short- and long-run impacts within their asymmetries. The NPARDL 
model was also able to analyse the impacts of independent variables in their 
ascendant and descendant moments. During ascendant moments, an upward/
increasing trend is observed in the independent variable whereas, in descendant 
moments, there is a downward trend in the independent variable.

The main findings suggest that the environmental impact of Energy Con-
sumption may be indirectly influencing the environmental impact of Investment, 
Trade Openness and FDI. Indeed, all these phenomena can increase a country’s 
level of production, thereby raising the demand for energy and, in turn, produc-
ing more pollution, a phenomenon known as the scale effect. However, this only 
occurs because these countries are largely reliant on fossil fuels to meet the 
increased demand for energy. Thus, electrification and transitioning from fossil 
fuel to renewables can play a crucial role in reducing environmental degradation 
(particularly concentrations of  PM2.5). However, innovation in developing coun-
tries currently appears more geared towards increasing economic growth than 
addressing climate concerns, at least in the short run. FDI seems to reduce envi-
ronmental degradation in high-income countries while increasing it in middle-
income countries. Thus, the polluting impact of increased trade openness can be 
a direct consequence of FDI, if this involves the transfer of polluting industries 
from developed to developing countries or if the increased energy demand gen-
erated by FDI in developing countries is predominantly met by fossil fuels.

The subsequent sections of this paper are as follows: Sect.  2 describes the 
data and methodology used. The results and their discussion are in Sect. 3, and 
Sect. 4 concludes.
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2  Data and methodology

A balanced panel of 25 high-income and 10 middle-income countries was studied 
using data from 1995 to 2019. Countries were divided by income level according to 
the United Nations World Economic Situation and Prospects 2022.1 The group of 
high-income countries were Australia, Austria, Chile, Croatia, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Iceland, Israel, Japan, Latvia, Lithu-
ania, the Netherlands, New Zealand, Norway, Poland, Portugal, Spain, Sweden, 
United Kingdom, and the United States. The group of middle-income countries con-
sisted of Argentina, Brazil, Bulgaria, Colombia, Ecuador, Malaysia, Mexico, Peru, 
Romania, and South Africa. The limited availability of data on the variables used to 
measure environmental regulation (REG) and innovation (PAT) among lower-mid-
dle-income and upper-middle-income countries led to these two groups of countries 
being merged into a single group of middle-income countries. Data on the  PM2.5 
concentrations variable was only available from 2010 to 2019, so this part of the 
analysis was limited to this period. Table 1 presents a description of the variables 
and their sources.

GHG emissions include not only  CO2, but others such as  CH4 and  N2O (Zhang 
et al., 2017). As understanding the transfer of polluting industries from developed 
to developing countries was a key part of this study, an analysis was made of the 
impacts of FDI on GHG,  CO2 and  N2O emissions, which are particularly linked 
to industrial activity. The rapid recent escalation of  PM2.5 concentrations has 
also caught the attention of scholars (see, e.g., Wang et al., 2018a, b; Xie & Sun, 
2020; Xu et al., 2019; Yan et al., 2022; Zhou et al., 2018). This increase in  PM2.5 
concentrations is related to both trade, as Wang et al., (2018a, b) have noted, and 

Table 1  Variables’ description and source

Variables Definition Sources

GHG Total greenhouse gas emissions in kilotonnes of  CO2 equivalent World Bank
CO2 CO2 emissions in million tonnes of  CO2 equivalent Our world in data
N2O Nitrous oxide emissions in kilotonnes of  CO2 equivalent World Bank
PM2.5 Mean population exposure to particulate matter in micrograms per cubic 

metre
OECD stat

FDI Inward FDI stock in constant 2015 USD prices UNCTAD
GFCF Gross fixed capital formation in constant 2015 USD prices World Bank
TO Trade as a share of Gross Domestic Product World Bank
EC Primary Energy Consumption in terawatt-hours (TWh) Our world in data
PAT Patent applications for residents World Bank
REG Environmentally related tax revenue as a share of Gross Domestic Product OECD stat
POP Total population World Bank

1 https:// www. un. org/ devel opment/ desa/ dpad/ publi cation/ world- econo mic- situa tion- and- prosp ects- 
2022/.

https://www.un.org/development/desa/dpad/publication/world-economic-situation-and-prospects-2022/
https://www.un.org/development/desa/dpad/publication/world-economic-situation-and-prospects-2022/
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to industrial activity, as mentioned by Yan et al. (2022). Therefore, this study also 
analyses the impact of FDI on  PM2.5 concentrations.

Gross Fixed Capital Formation (GFCF) was used as a proxy for a country’s 
economic performance, while Trade Openness (TO), was used for trade activ-
ity, in line with other literature on the FDI-environment nexus (e.g., Essandoh 
et al., 2020; Sbia et al., 2014). Energy Consumption is often used in the analy-
sis of environmental degradation (e.g., Essandoh et al., 2020) as it can reveal a 
country’s energy mix. An FDI host country’s level of innovation might be a valu-
able criterion for source countries seeking to disseminate their own innovative 
technologies. To reflect this, following Burhan et al. (2017), Patent Applications 
(PAT) were used as an indicator of a host country’s level of innovation. Lastly, 
the strictness of environmental regulations in a host country is often considered a 
factor influencing the transfer of polluting industry, so environmental-related tax 
revenue was used to measure the degree of a country’s environmental regulation, 
in line with Hashmi and Alam (2019).

According to Demena and Afesorgbor (2019), the potential endogeneity in the 
analysis of the FDI-Environment nexus is mainly due to: (1) bias from omitted vari-
ables, because environmental decisions may be influenced by other unobserved fac-
tors; or (2) potential reverse causality between FDI and the environment. The level 
of pollution in a country is also influenced by its history and other factors/variables 
outside the scope of this study. Demena and Afesorgbor (2019) noted that using 
country fixed effects can capture time invariant heterogeneity and control for bias 
arising from omitted variables, they also recommend using an approach that mini-
mises potential endogeneity bias, to control for reverse causality. Thus, a PARDL 
model was used in this study, because it is robust in the presence of endogeneity 
(see Menegaki et  al., 2017; Neves et  al., 2020). According to Shin et  al. (2014), 
NPARDL extends PARDL, to create a flexible dynamic parametric approach that is 
able to reveal both short- and long-run asymmetries and can correct for weak endo-
geneity, which is also supported by Uche et  al. (2023). Following the example of 
Demena and Afesorgbor (2019), control variables were used in this study to mini-
mise potential bias from omitted variables, specifically for Energy Consumption and 
Trade Openness.

Variables were converted into per capita values and then into natural logarithms, 
except for variables measured as percentages, which were directly converted into 
natural logarithms. Table  2 presents the descriptive statistics of the variables. 
Descriptive statistics of  PM2.5 concentrations are not included here because their 
period of analysis was different but are available upon request to the authors.

A series of preliminary tests were conducted to check for the presence of colline-
arity, multicollinearity, and cross-sectional dependence. Specifically, the correlation 
matrix, Variance Inflation Factor (VIF), and cross-sectional dependence tests (Pesa-
ran, 2004) were carried out. The results presented in Appendix Tables 8, 9, 10, 11, 
12 and 13 revealed that there were no concerns in this respect. Given the presence 
of cross-sectional dependence, both the first- and second-generation unit root tests 
were carried out, namely, respectively, the Maddala and Wu (1999) and the Cross-
section Im-Pesaran-Shin (CIPS) proposed by Pesaran (2007). The results showed 
that all variables were stationary—I(0) or I(1), and none of the variables seemed to 
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be I(2), suggesting that both the PARDL and NPARDL models were suitable (see 
Appendix Table 14).

2.1  Panel Autoregressive Distributed Lag model

The PARDL model was first introduced by Pesaran and Smith (1995) and has sev-
eral advantages. It allows an analysis of the short- and long-run impacts of FDI on 
the environment, which is crucial given that immediate action is needed to address 
climate change, but long-term effects should also be considered in policy design. 
Besides handling variables with both I(0) and I(1), levels of integration, the PARDL 
model can also address endogeneity. Indeed, as first considered by Pesaran et  al. 
(2001), long-run models provide unbiased estimates even in the presence of serial 
correlation, omitted variables and endogeneity. Therefore, PARDL models are 
among the most common approaches used in the literature to address endogeneity 
(see Asumadu-Sarkodie & Owusu, 2016; Chandra Voumik & Ridwan, 2023; Mirza 
& Kanwal, 2017; Salahuddin et al., 2018).

The PARDL approach provides unbiased estimates and valid t-statistics, even in 
the presence of endogeneity (Menegaki, 2019). This is mainly because the PARDL 
model maintains the asymptotic distribution of long-run estimators and mitigates 
endogeneity bias through lagged variables (Shaohua et al., 2021). Briefly, PARDL 

Table 2  Descriptive statistics

High-income Middle-income

Obs Mean Std. Dev Min Max Obs Mean Std. Dev Min Max

LCO2 625 2.07 0.43 1.05 3.06 250 1.25 0.63 − 0.04 2.30
LN2O 625 − 9.55 0.40 − 0.00 0.03 250 − 10.43 0.42 − 11.27 − 9.72
LGHG 625 − 4.62 0.43 − 5.55 − 3.44 250 − 5.19 0.40 − 6.14 − 4.54
LFDI 625 0.00 0.00 0.00 0.03 250 0.00 0.00 0.00 0.01
LGFCF 625 8.62 0.72 6.29 9.93 250 7.13 0.48 4.75 7.98
LTO 625 4.25 0.45 2.80 5.14 250 3.98 0.58 2.75 5.40
LEC 625 − 15.65 0.50 − 16.67 − 14.20 250 − 16.63 0.51 − 17.75 − 15.78
LPAT 625 7.37 2.31 2.48 12.87 250 5.81 1.70 0.69 8.61
LREG 625 1.48 0.19 0.96 2.00 250 1.15 0.31 − 0.76 1.69
DLCO2 600 − 0.01 0.06 − 0.37 0.27 240 0.00 0.07 − 0.30 0.22
DLN2O 600 0.00 0.04 − 0.18 0.21 240 0.01 0.05 − 0.15 0.20
DLGHG 600 − 0.01 0.05 − 0.34 0.21 240 0.00 0.04 − 0.17 0.10
DLFDI 600 0.00 0.00 − 0.03 0.01 240 0.00 0.00 − 0.01 0.01
DLY 600 0.03 0.09 − 0.65 0.37 240 0.03 0.15 − 1.12 0.92
DTO 600 0.02 0.06 − 0.34 0.23 240 0.01 0.10 − 0.30 0.65
DLTO 600 0.00 0.05 − 0.28 0.22 240 0.01 0.04 − 0.13 0.12
DLEC 600 0.00 0.16 − 1.14 0.62 240 0.02 0.30 − 1.03 1.87
DLPAT 600 0.00 0.04 − 0.31 0.27 240 0.00 0.16 − 1.35 1.57
DLREG 600 − 0.01 0.06 − 0.37 0.27 240 0.00 0.07 − 0.30 0.22
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models can address endogeneity by including lags in all variables (e.g., Asteriou 
et  al., 2021; Neves et  al., 2020), both dependent and independent (e.g., Isiksal & 
Assi, 2022; Sankaran et  al., 2019), endogenous and exogeneous (e.g., Pesaran 
et  al., 2001; Shaohua et  al., 2021). As demonstrated by Harris and Sollis (2003), 
this transformation eliminates residual correlation (see Baharumshah et  al., 2009; 
Boukhatem, 2022; Harris & Sollis, 2003; Isiksal & Assi, 2022; Malik et al., 2020; 
Marques et al., 2016; Menegaki, 2019; Nusair & Al-Khasawneh, 2022; Shin et al., 
2014).

According to Pesaran and Shin (1995), the general PARDL(p,q) equation is spec-
ified as follow:

where i = 1,…,N is the number of countries under analysis, t = 1,…,T is the time and 
j is the number of lags. Yit is the dependent variable and Xit denotes the independent 
variables that include both interest and control variables (the latter may also help 
control for omitted variables bias). �i and �it show the fixed effects and the error 
term, respectively. � , � , and ℶ are parameters to be estimated and ℶ captures the 
autoregressive process in ΔXit . When Yit is correlated with �it , the assumption of 
strict exogeneity is violated, and this can be overcome by including lags and inter-
preting the equation as a distributed lag (Wooldridge, 2002).

The Error Correction Term (ECT) is then added and specifies the dynamics of 
the variables in the short-run and how they is impacted by the deviation from equi-
librium Teng et al. (2021). Hence, as stated by Menegaki (2019), short-run adjust-
ments can be integrated with the long-run equilibrium through the Error Correction 
Mechanism (ECM). Based on the above Eqs.  (1.1) and (1.2), the error correction 
equation is specified as follows:

where
�i = −(1 −

∑p

j=1
�ij) , �i =

∑q

j=0

�ij

(1−
∑

k �ik)
 , ��

ij
= −

∑p

m=j+1
�imj = 1, 2, 3,… , p − 1 

and ��
ij
= −

∑q

m=j+1
�imj = 1, 2, 3,… , q − 1

∅i indicates the speed of adjustment and measures the time it takes for the depend-
ent variable to return to equilibrium after changes in the independent variables. The 
term �i indicates the long-run association among the independent and dependent 
variables. If this adjustment speed equals zero (i.e., �i = 0 ), the ECT is expected 
to be negative and significant, based on the hypothesis that the variables return to a 
long-run equilibrium (Teng et al., 2021). To disentangle causality, the literature typ-
ically uses specific causality tests (Wen et al., 2022). The ECM of PARDL is known 

(1.1)Yit =

p
∑

j=1

�ijYit−j +

q
∑

j=0

�itXit−j + �i + �it.
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(
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)

+
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∑

j=1
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ij
ΔYit−j +

q−1
∑

j=0

��
ij
ΔXit−j + �i + �it.
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as the error correction version of Granger Causality, so, by using it, the PARDL 
model can address endogeneity, as confirmed by Menegaki et al. (2017).

The general equation of the PARDL model is re-parametrised to formulate 
Eqs.  (3), (4), and (5) so as to reveal the dynamic relationship of the independent 
variables with GHG,  CO2 and  N2O emissions, respectively.

where the prefix “L” stands for natural logarithm.
The short- and long-run impacts were analysed through the coefficients of semi-

elasticities and long-run elasticities, respectively. The long-run elasticities were cal-
culated using the following Eq. (6):

where �i denotes the computed long-run elasticity, �it−1 is the coefficient of the 
respective variable, and ECM is the coefficient of the dependent variable, both 
lagged once.

2.2  Nonlinear Panel Autoregressive Distributed Lag model

The NPARDL model was proposed by Shin et  al. (2014). The main idiosyncrasy 
of this methodology is that it detects both short- and long-run asymmetries. There-
fore, this methodology can overcome the main limitation of the PARDL model; its 
ineffectiveness in analysing the volatility (upward and downward moments) of the 
variables. It can, thus, provide further information about the impact on the depend-
ent variable of ascending and descending moments of the independent variables 
(Marques et  al., 2019). Ascending moments occur when the variable experiences 
upward momentum. For example, in the case of FDI, there is an upward trend in 

(3)
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1i
+ �
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it
+ �
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FDI when there is an increase in FDI inflows into the host country. At descending 
moments, a downward trend in the variable can be observed.

The partial sums are defined as follow:

This methodology requires the same testing procedures as the PARDL model, 
and it is also crucial to consider whether the variables are stationary—I(0) or I(1)—
or mutually cointegrated (Haug & Ucal, 2019). It should be mentioned that the 
NPARDL model, as an extended version of the PARDL model, can also address 
endogeneity (Shin et al., 2014; Uche et al., 2023).

Cointegration between the ascending and descending variables was identified by 
Granger and Yoon (2005), and “hidden cointegration” is generalized by Schorderet 
(2003) as follow:

If zt is stationary, yt is considered asymmetrically cointegrated, as assumed by 
Marques et al. (2019). The standard NPARDL equation is present in Eq. (10).

where �1t denotes the constant. The operator “ Δε indicates the first differences. � 
corresponds to the short-run coefficients and � represents the long-run coefficients. 
The symbols “+” and “−” represent the positive and negative changes of the vari-
ables, respectively.

It is important to note that this methodology is mainly recommended for mod-
elling large T-panels (Kouton, 2019), i.e., panels that consider many years. In this 
study, the number of years under analysis is moderate. Even so, this method has 
already been employed in the literature for small samples. Sarkodie and Adams 
(2020) used a NPARDL model for a time-horizon of 28  years (1990–2017), and 
Jareño et al. (2020) presented this methodology for a period ranging from 2010 to 
2018.

3  Empirical results and discussion

This section, which is divided into three parts, describes the diagnostic tests per-
formed to choose the most appropriate estimator. The first and second parts present 
and discuss the results regarding GHG,  CO2 and  N2O emissions of the PARDL and 

(7)x+
t
=

t
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Δx+
n
=

t
∑

n=1
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∑
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NPARDL models, respectively. The third part focuses on the analysis of  PM2.5 con-
centrations, which is treated separately because its period of study differed from the 
others.

3.1  PARDL model outcomes

The Robust Hausman test (Y
HAUSMAN

 ) was used to check for individual effects. The 
results revealed that a fixed effects estimator was suitable. To detect first-order auto-
correlation, cross-section correlation, and/or heteroskedasticity, the Wooldridge test 
( XAUT ), the Breusch Pagan LM test ( XCS ), and the Modified Wald test ( XHET ) were 
carried out. These phenomena were found in all models for high-income countries, 
but no cross-sectional correlation or first-order autocorrelation was found in the 
GHG and  CO2 emissions models for middle-income countries, respectively. Conse-
quently, the nonparametric estimator proposed by Driscoll and Kraay (1998) (DK) 
was chosen, as previously used by De Pascale et al. (2020) and Özokcu and Özdemir 
(2017). As Hoechle (2007) explains, in addition to allowing fixed effects, this esti-
mator modifies the standard error of the fixed effects regression so that it can deal 
with cross-sectional dependence and be consistent in the presence of heteroskedas-
ticity and autocorrelation (see also Hashmi & Alam, 2019) thus providing robust 
results.

To avoid misleading results and to check for potential structural breaks, the Zivot 
and Andrews (2012) (ZA) unit root test was also performed, as relying on con-
ventional unit root tests can lead to ambiguous results in the event of a structural 
break, as noted by Caglar (2020). The results of the ZA test (shown in the Appen-
dix Table 15), the residuals, and the socioeconomic context of each country were 
analysed, and any outlier events or structural breaks were identified.2 Following 
this, these milestones were controlled by including impulse dummy variables in the 
PARDL model and their significance were tested, following the procedure outlined 
by Afonso et al. (2018). Only events that were statistically significant at a 1% level 
were kept in the model. Moreover, their overall significance was tested to confirm 
the importance of controlling the identified milestones (see Appendix  Table  16). 
Table 3 presents the results of the PARDL model.

The results show that Energy Consumption is a driver of environmental degra-
dation, except for  N2O emissions in high-income countries in the long run. This 
might suggest that high-income countries are aware of the massive damage caused 
to the ozone layer by  N2O emissions (Sinha & Sengupta, 2019), that they expend-
ing less resources (such as energy) in the agricultural sector, and/or that wastewater 
treatment plants have become more energy-efficient, as this has direct and indirect 
impacts on  N2O emissions, according to Gómez et al, (2018).

2 According to the Greenhouse Gas Emissions in Estonia 1990–2020, National Inventory Report pub-
lished by the Republic of Estonia, the shortfall on  CO2 emissions in Estonia (between 2007 and 2009) is 
related to the overall economic downfall. In 2019, Estonia also experienced a sharp decrease on and  CO2, 
but also on  N2O emissions. This might come from the reduction of about 8.7% (compared to 2018) of 
fuel consumption trend of the primary sector (agriculture, forestry, fisheries sector).
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Gross Fixed Capital Formation, a long-run investment that, according to Söder-
sten et al. (2018), generally increases a country’s production capacity, was shown to 
worsen all air pollution variables in high-income countries in the short and long run, 
possibly due to the scale effect. In middle-income countries, these harmful environ-
mental effects were limited to  N2O emissions. As noted by Van Tran (2020), agricul-
tural activities and the burning of fossil fuels are major sources of  N2O emissions. 
This suggests that an increase in Investment (perhaps due to economic globalisation) 
results in greater land use and consequent environmental degradation (Yameogo 
et al., 2021). Countries most dependent on foreign investment, generally apply less 
of their wealth to climate action (Zaidi & Saidi, 2018). Given that Investment seems 
to harm the environment, should middle-income countries reduce investments to 
curb pollution, especially in agricultural activities? Evaluating this trade-off calls for 
an analysis of nonlinear relationships.

In high-income countries, Trade Openness increases GHG,  CO2 and  N2O emis-
sions (Hassan & Nosheen, 2019; Van Tran, 2020). This impact is generally linked 
with increases in Energy Consumption (Sbia et al., 2014) often from the production 
of more energy-intensive goods for export (Murshed et  al., 2021), and/or energy-
based activities driven by trade liberalisation, such as transport and manufacturing 
(Van Tran, 2020). In contrast, Trade Openness unexpectedly reduces  N2O emissions 
in middle-income countries. A similar result was found with respect to FDI, thus, 
supporting the PHlH. Possibly due to the technological spill-overs that they engen-
der, international trade and economic integration seem to be crucial for reducing 
 N2O emissions, (Nguyen et  al., 2021). However, Sinha and Sengupta (2019) con-
sider that Trade Openness and FDI have probably been directed towards industriali-
sation, thus decreasing agricultural land use and consequently  N2O emissions. This 
impact cannot be fully explained through an analysis of linear relationships.

Foreign investment appears to increase  CO2 emissions in middle-income coun-
tries, supporting the PHH. From this analysis of various air pollutants, one might 
conclude that the impact of FDI varies depending on which sector of the economy 
receives it. Therefore, policymakers should develop specific environmental regula-
tions for each type of pollution and avoid “one size fits all” policies. Environmen-
tal regulation in middle-income countries seem capable of reducing pollution in the 
short run. With regard to patents, the greater the number of new applications in a 
country, the greater the increase in  CO2 emissions in the short run, suggesting that 
the ideas developed in these countries have focused on economic growth rather than 
carbon mitigation. Although carbon mitigation technologies are generally developed 
by high-income countries (Cheng et al., 2019), middle-income countries should also 
develop technologies to address climate change because, as mentioned by Cheng 
et  al. (2019), it may be difficult to transfer such technologies from developed to 
developing countries.

3.2  NPARDL model outcomes

The suspicions raised by the results of the linear analysis, regarding the existence of 
nonlinear relationships, led to testing for short- and long-run asymmetries. This was 
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done by performing the standard Wald test, a common practise in the literature (see 
Haug & Ucal, 2019; Rehman et al., 2021a, b, c; Yirong, 2022). The short-run sym-
metry was tested, based on the null hypothesis: �12it = �13it . The null hypothesis of 
long-run symmetry is: − �15it

�14it
= −

�16it

�14it
 . Rejection of the null hypotheses means that 

asymmetries exist for the corresponding variables.
The results, shown in Table 4, revealed asymmetries in FDI, Energy Consump-

tion, Trade Openness, Patents, and Environmental Regulation, both in the short 
and the long run, underlining the need for nonlinear analysis using a NPARDL 
model. The results of the diagnostic tests (see Table 5) indicated that a DK estima-
tor was suitable. Potential structural breaks and outlier events3 were also checked 

Table 4  Short- and long-run symmetries

SSR and SLR means Short run and Long run symmetries, respectively
***, **, and * denote significance at 1%. 5%. and 10% levels, respectively

Dependent variable: DLGHG Dependent variable:  DLCO2 Dependent variable:  DLN2O

High-income 
countries

Middle-
income 
countries

High-income 
countries

Middle-
income 
countries

High-income 
countries

Middle-
income 
countries

SSRFDI 6.75*** 0.00 2.43 1.08 0.01 0.03
SSRGFCF 0.34 0.04 0.02 0.62 0.00 0.74
SSREC 0.22 25.61*** 0.67 2.15 1.00 9.04***
SSRTO 0.11 5.02** 0.12 6.89*** 1.27 0.00
SSRPAT 0.07 7.96*** 0.01 1.44 3.82** 1.56
SSRREG 0.67 0.17 8.76*** 0.00 4.92 0.07
SLRFDI 7.24*** 0.00 2.63 1.15 0.01 0.03
SLRGFCF 0.39 0.04 0.02 0.57 0.00 0.67
SLREC 0.24 8.08*** 0.72 2.13 1.11 11.28***
SLRTO 0.12 5.63** 0.12 5.80** 1.07 0.00
SLRPAT 0.07 9.62*** 0.01 1.61 5.95** 1.53
SLRREG 0.69 0.15 7.13*** 0.00 4.67** 0.07

3 According to the National Environmental Research Institute,  N2O emissions have been falling in Den-
mark since 1999 as a result of the lower area available for cultivation. In 2000, a year with a mild winter, 
Norway implemented a petrol tax that reduced fuel consumption, according to the Norway’s National 
Inventory Report 2003. Also in 2000, agricultural production grew in Estonia, consequently increasing 
fuel consumption and  N2O emissions, according to the report on Greenhouse Gas Emissions in Estonia 
1990-2020. According to the Chile’s Third Biennial Update Report, 2012, a peak in Chile’s GHG emis-
sions was mainly provoked by forest fires, forest land absorption and increases in natural gas use for 
energy production. Later in Spain, the National Reform Programme in 2013 led to significant changes 
in the electricity sector, as mentioned in the Assessment of climate change policies in the context of the 
European Semester report for Spain. In 2013 Lithuania experienced a peak in GHG emissions mainly 
because of increases in GDP and the closure of the Ignalia Nuclear Power Plant that year, according to 
the Lithuania’s Fourth Biennial Report. In 2013, Malaysia spent about 2.2% of GDP on fossil fuel sub-
sidies, according to Mohamed Yusoff and Bekhet (2016), which (along with that year’s budget surplus) 
resulted in a spike in  N2O emissions.
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in nonlinear analyses, following steps similar to those taken for the PARDL models 
(see Appendix Tables 15, 16, 17). 

Gross Fixed Capital Formation is a driver of environmental degradation, as an 
increase in capital may intensify Energy Consumption and consequently pollu-
tion (Sapkota & Bastola, 2017), depending on the goods produced and energy 
sources involved (Södersten et al., 2018). The nonlinear analysis adds by revealing 
that  Investment+ becomes non-statistically significant for GHG emissions in high-
income countries in the short run. Södersten et  al. (2018) found that investments 
tend to become less polluting as countries develop, perhaps as they are investing in 
cleaner assets and energy sources, or transfer polluting production to other coun-
tries, a phenomenon known as carbon leakage. In fact, in both the short and long 
run, Investment in middle-income countries appears to increase  CO2 emissions, 
being therefore considered the predominant air pollutant of their production pro-
cesses. However, the nonlinear analysis also suggests that simply reducing GFCF is 
not an effective option for preserving the environment.

The positive and negative changes in Energy Consumption (Energy 
 Consumption+, Energy  Consumption−, respectively) appears to harm the envi-
ronment, which could explain the pollutant impact of Investment in its ascendant 
 (Investment+) and descendant moments  (Investment−). These nonlinear outcomes 
suggest that the countries under analysis should improve their energy produc-
tion structures, increase their use of Renewable Energy Sources (RES), and switch 
investments to cleaner and more energy-efficient assets. To make climate action 
affordable for middle-income countries, it is vital to remove the obstacles identified 
by Cheng et al. (2019) to the transfer of carbon mitigation technologies from devel-
oped to developing countries.

The nonlinear analysis allowed to capture that Trade  Openness+ worsens pol-
lution in middle-income countries, while Trade  Openness− increases pollution in 
high-income countries but reduces it in middle-income countries. This provides evi-
dence that high-income countries may be outsourcing polluting production process 
to middle-income countries through GVC. As stated by López et al. (2013), without 
international trade or trade liberalisation, each country would have to domestically 
produce what it now imports. This may explain the harmful increase in pollution 
caused by Trade  Openness− in high-income countries in the short-run, and dem-
onstrate the potential negative effect of greater international economic participation 
for less developed countries if it results in them hosting polluting industries (Ma & 
Wang, 2021).

High-income countries seem to be developing patents aimed at reducing  N2O emis-
sions. However, this is only statistically significant in the long run, because reducing 
pollution does not just require the development of patents, but also their adoption by 
industries, people, and countries in general. With respect to middle-income countries, 
a falling number of patent applications (PAT) tends to worsen environmental degrada-
tion in the short and long run. Therefore, these countries should reduce their depend-
ence on external technology and invest in Research & Development (R&D) to develop 
their own patents to counter environmental degradation.

Increased Environmental Regulation (Environmental  Regulation+) appears to 
reduce  CO2 emissions in high-income countries. Environmental regulations may be 
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divided into two types: market-based and non-market-based. Environmental taxes 
are a non-market-based form of regulation. This result (and the lack of statistical 
significance of environmental regulation for the other pollutants) might suggest 
that environmental regulation is more geared towards mitigating  CO2 emissions 
in high-income countries. In a deregulated market, economic agents tend not to 
adopt environmentally-friendly behaviour or investment decisions as this normally 
implies higher costs (Huang et al., 2021). This is further supported by the finding 
that ∆REG− boosts pollution in high-income countries (known as highly polluting 
countries). It is worth noting that some economic agents may change their behaviour 
even without stricter environmental regulations due to their own beliefs, but this is 
better explained by behavioural economics, which is not the focus of this study.

Although relaxing Environmental Regulations (Environmental  Regulation−) appears 
to reduce  N2O emissions in the long run, this does not mean that high-income countries 
should relax their environmental standards. Where environmental taxes are perceived 
by firms as a sunk cost, they may tend to invest in cleaner production methods (such as 
increased use of RES), invest in another economic sector (such as agriculture) or, less 
desirably, resort to carbon leakage by switching industrial production from high- to mid-
dle-income countries. Nevertheless, more relaxed regulation, while increasing industriali-
sation and  CO2 emissions, may slow down other sectors such as agriculture and reduce 
their associated emissions, such as  N2O. Policymakers must therefore consider all GHG 
emissions when formulating environmental policies.

Increased FDI (∆FDI+) reduces GHG and  CO2 emissions in high-income coun-
tries, but increases them in middle-income countries, therefore supporting the PHlH 
for high-income countries and the PHH for middle-income countries. However, a 
slowdown in FDI  (FDI−) appears to boost GHG and  CO2 emissions in both groups 
of countries. To avoid the undesirable effects of FDI without losing its benefits, FDI 
should be channelled into cleaner investments. Tax incentives should be set up for 
foreign investors, and environmental regulations in both high- and middle-income 
countries should converge to avoid disparities between national environmental regu-
lations (a major cause of carbon leakage). Moreover, to discourage corruption, regu-
lators in both the source and host country should be involved in cross-country trans-
actions to analyse the purpose of investments and check they are not being made to 
circumvent stricter environmental restrictions.

Focusing on the models for  N2O emissions,  FDI+ appears to reduce  N2O emis-
sions in both high- and middle-income countries, corroborating the findings of 
Nguyen et al. (2021), and supporting the PHlH. As  N2O emissions mostly arise from 
agricultural activities and fossil fuel combustion (Van Tran, 2020), this effect might 
suggest that FDI reduces fossil fuel combustion. This may be due to the introduction 
into the agricultural sector of more energy-efficient processes and renewable energy 
technologies, such as solar-powered water pumping systems.

3.3  The impacts of foreign investment on  PM2.5

Given that high concentrations of  PM2.5 are a threat to human health and can be con-
nected to trade-related events (Wang et al., 2018a, b) and industrial activities (Yan 
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et al., 2022), one of this study’s aims was to understand how the transfer of pollut-
ing industries from developed to developing countries would affect this pollutant 
and, thus, provide guidance to policymakers on affordable measures to reduce  PM2.5 
concentrations. Because data on  PM2.5 emissions was not available for the entire 
period studied in this paper, an analysis of the impacts of FDI on  PM2.5 emissions 
was undertaken for a shorter period from 2010 to 2019. This implied recalculating 
the preliminary tests and the ZA tests4 for all the variables under analysis for this 
period, and not just those for  PM2.5 emissions. Therefore, all the tests were redone 
and analysed but, to save space, it was decided not to present the tables with all 
these results, although they are available upon request to the authors. The results of 
the Robust Hausman and diagnostic tests are presented in Table 6, along with the 
results of PARDL and NPARDL models.

Industrial production still mostly relies on fossil fuels according to Xie and Sun 
(2020), and fossil fuel combustion increases  PM2.5 concentrations. The results 
expose that Investment and Energy Consumption drive  PM2.5 emissions, in accord-
ance with Zhang et al. (2020). The nonlinear analysis confirms that Investment con-
tinues to be a driver of this type of pollution even when capital formation is slow-
ing down  (Investment−). Thus, instead of reducing GFCF, countries should invest 
in cleaner assets, energy-efficient processes, and machines, and make greater use of 
RES. REG seem able to reduce  PM2.5 concentrations in high-income countries in 
the short term. Although lower levels of environmental regulations  (REG−) seem 
to reduce  PM2.5 emissions in high-income countries, it is worth comparing this out-
come with the findings in this paper regarding the effect of  REG− reducing  N2O 
emissions. Briefly, stricter environmental regulations may cause high-income coun-
tries to deindustrialize, whereas relaxing environmental restrictions may encourage 
reindustrialization, boosting  CO2 emissions but diminishing  PM2.5 concentrations. 
Therefore, policymakers should consider these potential unintended consequences 
when designing policies for climate action.

The detrimental environmental impact of an increase in patent applications in 
middle-income countries remains for  PM2.5 concentrations, reinforcing the conclu-
sion that R&D in these countries is focused on economic growth rather than envi-
ronmental concerns. It is critical to change this focus not only to counter climate 
change, but also to avoid jeopardizing human health. Increased rates of mortality 
and cancer, and reduced atmospheric visibility are some of the major problems asso-
ciated with high  PM2.5 concentrations referenced by Zhou et al. (2018). This paper’s 
results show that slowdowns in the development of patents reduce  PM2.5 concentra-
tions in high-income countries. This does not mean that patents should be discour-
aged, but rather, that they should take greater account of environmental factors. One 
way to develop new ideas beneficial to all parties would be to create clusters for joint 
climate action by both high- and middle-income countries.

4 In 2011, a single terrorist attack (explosion and fires) increased Norway’s  PM2.5 concentrations. The 
Tungurahua volcano erupted 6 times from 2006 to 2011, according to the WorldData.info. In 2011,  PM2.5 
emissions experienced a sharp reduction. Jorquera (2021) notes that in 2012, Chile introduced stricter 
national emissions rules for coal-fired power plants that led to a reduction in  PM2.5 emissions.
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Trade Openness drives  PM2.5 emissions in high-income countries, as Wang et al., 
(2018a, b) found in a study of G20 countries. The authors consider that trade liber-
alisation is increasing the production of goods and services directly related to energy, 
thus increasing pollution through the scale effect (see, e.g., Hassan & Nosheen, 2019; 
Van Tran, 2020). Despite using innovation to chart a path to more renewable and effi-
cient energy use, high-income countries continue to be highly polluting. Given the 
intermittent generation of renewable sources and occurrence of peak loads, renewable 
energy may not be sufficient to meet increased energy demands. With respect to mid-
dle-income countries, although Trade Openness has somewhat reduced fine particle 
pollution, perhaps due to technological spill-overs from the international market, as 
mentioned by Xie and Sun (2020), they are still heavily reliant on fossil fuels, so any 
increase in efficiency or RES use could significantly reduce  PM2.5 emissions.

The nonlinear analysis showed that, in high-income countries,  FDI+ appears to 
increase  PM2.5 emissions in the short run but reduce them in the long run. Following 
the rationale of Wang et al., (2018a, b),  PM2.5 concentrations in countries with higher 
emissions (generally high-income/developed countries) depend on their level of GDP, 
mainly through the indirect effect of Energy Consumption. Indeed,  FDI+ may increase 
 PM2.5 concentrations because of the positive effect FDI has on economic growth, at 
least in the short run. Conversely, a slowdown in FDI  (FDI−) may reduce  PM2.5 emis-
sions in the long-run, due to an otherwise undesirable slowdown in economic growth. 
These contrasting impacts of FDI increasing  PM2.5 concentrations in middle-income 
countries but reducing them in high-income countries are, most likely, further evi-
dence of the transfer of polluting production from developed to developing countries. 
This supports the findings of Wang et al., (2018a, b), that the trade in intermediate 
goods (produced by polluting industries relocated to countries with more relaxed envi-
ronmental regulations) tends to increase  PM2.5 emissions in host countries.

Unexpectedly, increased Energy Consumption (Energy  Consumption+) appears to 
reduce  PM2.5 concentrations in both high- and middle-income countries. Given that 
this study analyses a period from 2010 to 2019, and that electricity consumption is 
included in overall Energy Consumption, this effect might be related to the growing 
electrification and use of RES by these countries. Conversely, a slowdown in Energy 
Consumption (Energy  Consumption−) appears to increase fine pollution in both high- 
and middle-income countries. These periods of lower Energy Consumption (which 
were only revealed by the nonlinear analysis) may also be associated with periods of 
reduced renewable energy production, and increased use of fossil fuels, such as coal, 
as a baseload to meet energy demand. Once more, the nonlinear analysis in this study 
was crucial for revealing that electrification, particularly in middle-income countries, 
is crucial for reducing  PM2.5 emissions and their consequent threat to human health.

4  Conclusion

Foreign Direct Investment has been used by some countries to circumvent inter-
national agreements on climate action by transferring their polluting industries 
to countries with lower environmental standards. This transfer is mainly analysed 
through linear relationships and primarily focused on  CO2 emissions. This study 
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adds new understanding to this field by examining both the linear and nonlinear 
impacts of FDI on a range of emissions responsible for climate change, namely total 
GHG,  CO2, and  N2O. Furthermore, it extends this study to another cause of envi-
ronmental degradation, which is considered a threat to human health, and analyses 
whether FDI is also increasing  PM2.5 concentrations. The main findings of this study 
reveal that the detrimental environmental impacts of increased Energy Consumption 
drive the harmful impacts of Investment, Trade Openness, and FDI due to the scale 
effect. Therefore, increasing the share of RES in the energy mix is crucial to reduce 
the polluting effect that may come through the scale effect.

Although the linear analysis exposed that Investment has been a driver of environ-
mental degradation in the countries studied, the nonlinear analysis revealed that reducing 
Investment is not a solution, as it keeps increasing pollution. Instead, countries should 
shift Investment towards cleaner and more efficient assets and increase their use of 
RES, which would reduce the harmful environmental impact of Investment found in the 
empirical analysis. This process could be done by imposing regulations that encourage 
firms to switch to more efficient machinery (taking into account its depreciation rate).

Private investment (domestic and foreign) should be sought for renewable energy 
infrastructure, particularly in middle-income countries. Developing countries 
should take advantage of their unexploited characteristics to develop a new com-
parative advantage by exploiting the available land space and/or the roofs of build-
ings and houses to increase the installed generation capacity of renewable energy, 
given that this can benefit both high-income and middle-income countries. This 
development could be ensured by collaborative international clusters through which 
middle-income countries could increase the share of RES in their energy mix, and 
high-income countries could employ capital, earn profits, and import the resulting 
clean energy. Another key strategy for reducing pollution is electrification. Match-
ing renewable energy production to consumption is one of the biggest challenges 
of energy transition. As mentioned above, investing in the creation of international 
clusters could also address this by facilitating the importing and exporting of renew-
able energy and thereby avoiding energy losses. Another recommendation is to pro-
vide subsidies/tax benefits for firms that use renewable energy to encourage them to 
become more self-sufficient so as to reduce the demand on national energy systems.

Middle-income countries seem to be developing new patents aimed at economic 
growth rather than addressing environmental concerns, as the empirical results show 
that such patents increase environmental degradation. Therefore, governments of 
middle-income countries should invest in R&D and education to develop environmen-
tally-friendly technologies (especially in the agricultural sector) and reduce the cost of 
adjusting to incoming technologies. Environmental regulations are crucial to reducing 
 CO2 emissions in middle-income countries, but it has not proven to have the desired 
effect of reducing other types of pollution, namely GHG and  N2O emissions. There-
fore, strengthening policies on GHG and  N2O emissions is also recommended.

The nonlinear impacts of Trade Openness and FDI provide evidence of polluting pro-
duction transfer from developed to developing countries, but the results also suggest that 
trade liberalisation can facilitate technological spill-overs and reduce  N2O emissions since 
Trade Openness and FDI have been proven to be effective in reducing this type of emis-
sions. Nonetheless, greater use of RES is vital to prevent increasing pollution via the scale 
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effect (as the empirical results show that FDI and Trade Openness increase  PM2.5 and 
 CO2 emissions). Therefore, countries should incorporate fiscal benefits for firms with 
a higher share of RES use so they will attract clean FDI. Moreover, countries should 
increase the attractiveness of the primary sector for FDI (particularly agricultural activi-
ties), as the empirical results proved that FDI is a promising way of reducing  N2O emis-
sions, possibly through the transfer of technology such as solar-powered water systems. 
Increasing the efficiency of electricity generation through improved power plants’ waste-
water and biomass burning is also vital to reduce  N2O emissions.

Since the 21st United Nations (UN) Climate Change Conference of the Parties 
(COP21), when the Paris Agreement was reached, there has been much debate on the 
vital role of developed countries in financing climate action in developing countries to 
contain climate change (mitigation) and to cope with its effects (adaptation). Coase’s 
theorem postulates that a developed country will only pay to reduce pollution in another 
country if the outcome also benefits the developed country. This theorem might explain 
why climate finance targets were not met and were subsequently amended, especially at 
COP26. However, climate agreements are too important to depend on purely selfish inter-
ests. Self-interest will always override climate urgency if the benefits do not outweigh the 
costs leading to climate chaos. Thus, solutions that benefit all parties are needed.

Developed countries should be encouraged to increase the share of renewables in 
developing countries through green financing, perhaps through investment in renew-
able energy infrastructure. In fact, the results demonstrate that FDI might be increas-
ing pollution via the scale effect, which suggests that increasing renewable energy 
could soften the polluting impact of FDI. The potential polluting impact of FDI can 
also be mitigated if it is used to transfer green technologies to developing countries. 
Developing countries that receive these technologies would benefit both economi-
cally and environmentally. In turn, developed countries making this type of invest-
ment in developing countries could benefit from cheaper labour and lower produc-
tion costs without contributing to environmental degradation, potentially reducing 
overall pollution; a genuine win–win outcome.

The pollution level of a country is widely thought to be directly influenced by 
its income level, usually measured through GDP. In this study, domestic investment 
capacity was used to indicate a country’s macroeconomic status, but income levels 
may still significantly influence estimations of causal effects. However, given the 
current climate and energy crises, Green GDP may be a more appropriate indicator 
for future studies. It reflects economic growth that does not deplete the environment 
or compromise the availability of resources for future generations. The conclusions 
of this study suggest that other promising areas for subsequent study include more 
detailed analyses of countries undergoing energy transition and the role of climate/
green finance in reducing the environmental impact of FDI and Trade Openness.

Appendix

See Tables 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 and 17.
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Table 15  Zivot and Andrews unit roots test

Level

T-statistics Time break Conclusion

(a) (b) (c) (a) (b) (c)

High-income countries
 Chile
  LGHG − 3.46 − 3.97 − 4.31 2003 2000 2007 Unit root
  LCO2 − 3.42 − 4.14 − 3.34 2004 2001 2006 Unit root
  LN2O − 3.77 − 4.74* − 4.15 2004 2011 2011 Stationary
  LFDI − 3.17 − 3.48 − 3.90 2013 2015 2011 Unit root
  LGFCF − 2.57 − 2.92 − 2.60 2013 2005 2005 Unit root
  LTO − 4.89** − 2.27 − 4.37 2008 2000 2009 Stationary
  LEC − 3.74 − 3.87 − 4.01 2007 2009 2008 Unit root
  LPAT − 4.69** − 4.42 − 5.25** 2004 2002 2002 Stationary
  LREG − 3.37 − 3.48 − 3.12 2010 2004 2006 Unit root

 Denmark
  LGHG − 4.60** − 5.72*** − 5.54** 2008 2003 2003 Stationary
  LCO2 − 4.58** − 5.74*** − 5.62*** 2008 2003 2003 Stationary
  LN2O − 4.99*** − 6.56*** − 6.451*** 2007 2009 2009 Stationary
  LFDI − 3.49 − 3.85 − 5.48** 2000 2002 2001 Stationary
  LGFCF − 3.23 − 6.36*** − 5.61*** 2015 2009 2009 Stationary
  LTO − 3.79 − 3.59 − 4.12 2008 2000 2009 Unit root
  LEC − 4.80** − 6.59*** − 7.26*** 2008 2003 2003 Stationary
  LPAT − 4.19* − 3.12 − 3.84 2001 1999 2001 Stationary
  LREG − 3.87 − 3.27 − 3.35 1999 2008 2008 Unit root

 Estonia
  LGHG − 2.13 − 0.31 − 2.08 2015 2005 2015 Unit root
  LCO2 − 3.18 − 3.19 − 3.21 2015 2007 2013 Unit root
  LN2O − 4.06 − 2.38 − 3.72 2014 2015 2013 Unit root
  LFDI − 2.09 − 2.60 − 2.23 2006 2011 2003 Unit root
  LGFCF − 4.94*** − 4.06 − 8.23*** 2007 2009 2009 Stationary
  LTO − 3.55 − 5.73*** − 5.11** 2001 2010 2010 Stationary
  LEC − 3.14 − 3.10 − 3.31 1999 2007 2003 Unit root
  LPAT − 3.70 − 4.62* − 4.89* 2010 2012 2012 Stationary
  LREG − 3.45 − 4.30 − 4.04 2010 2013 2013 Unit root

 Lithuania
  LGHG − 2.37 − 3.25 − 3.49 2000 2004 2004 Unit root
  LCO2 − 3.31 − 3.77 − 3.67 2001 1999 1999 Unit root
  LN2O − 3.82 − 3.33 − 3.56 2001 2000 2005 Unit root
  LFDI − 3.00 − 4.41 − 3.95 2006 2009 2009 Unit root
  LGFCF − 4.01 − 5.50*** − 6.35 2007 2009 2009 Stationary
  LTO − 3.05 − 3.09 − 3.34 2013 2014 2001 Unit root
  LEC − 2.46 − 4.38 − 4.22 2015 2010 2010 Unit root
  LPAT − 2.99 − 3.67 − 3.74 2001 1999 1999 Unit root
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Table 15  (continued)

Level

T-statistics Time break Conclusion

(a) (b) (c) (a) (b) (c)

  LREG − 2.81 − 4.66* − 3.93 2012 2005 2005 Stationary
 Norway
  LGHG − 4.04 − 3.96 − 4.42 2015 2003 2000 Unit root
  LCO2 − 4.15* − 2.65 − 4.02 2008 2003 2007 Stationary
  LN2O − 3.36 − 3.61 − 3.74 2015 2012 2012 Unit root
  LFDI − 2.49 − 3.23 − 3.19 2010 2006 2008 Unit root
  LGFCF − 4.88** − 5.76*** − 5.71*** 2008 2005 2006 Stationary
  LTO − 3.98 − 4.13 − 4.10 2015 2009 2012 Unit root
  LEC − 5.11*** − 4.74* − 5.04* 2001 1999 2002 Stationary
  LPAT − 3.28 − 3.55 − 4.11 2004 2001 2001 Unit root
  LREG − 3.63 − 4.10 − 3.79 2013 2015 2015 Unit root

 Spain
  LGHG − 3.00 − 3.46 − 3.18 2000 2008 2008 Unit root
  LCO2 − 2.80 − 3.31 − 3.33 2000 2008 2008 Unit root
  LN2O − 2.72 − 2.77 − 2.55 2000 2008 2013 Unit root
  LFDI − 4.40* − 4.92** − 5.04* 2001 2009 2009 Stationary
  LGFCF − 2.63 − 5.65*** − 2.85 2015 2009 2009 Stationary
  LTO − 3.16 − 3.08 − 3.28 2010 2003 2008 Unit root
  LEC − 3.16 − 3.90 − 3.14 2001 2008 2000 Unit root
  LPAT − 0.86 1.60 − 1.09 2013 2002 2013 Unit root
  LREG − 2.94 − 5.99 − 4.61 2010 2013 2013 Unit root

Middle-income countries
 Malaysia
  LGHG − 4.36* − 3.57 − 4.59 2008 2004 2009 Stationary
  LCO2 − 3.51 − 4.82** − 4.69 2009 2003 2003 Stationary
  LN2O − 3.34 − 4.71* − 5.25** 2011 2013 2013 Stationary
  LFDI − 5.02*** − 3.73 − 4.38 1999 2010 2000 Unit root
  LGFCF − 7.82*** − 17.67*** − 14.66*** 2015 2012 2012 Stationary
  LTO − 4.26* − 2.76 − 2.64 1999 2008 2000 Stationary
  LEC − 4.35* − 1.87 − 3.71 2006 2002 2005 Stationary
  LPAT − 3.30 − 2.16 − 4.17 2011 2015 2009 Unit root
  LREG − 3.82 − 1.65 − 4.25 2015 2005 2015 Unit root

First differences

T-statistics Time break Conclusion

(a) (b) (c) (a) (b) (c)

High-income countries
 Chile
  LGHG − 4.73** − 4.64* − 5.58*** 2000 2004 2002 Stationary
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Table 15  (continued)

First differences

T-statistics Time break Conclusion

(a) (b) (c) (a) (b) (c)

  LCO2 − 4.55** − 4.33 − 5.89*** 2001 2000 2002 Stationary
  LN2O − 5.03*** − 5.92*** − 5.54** 2013 2014 2014 Stationary
  LFDI − 5.17*** − 6.64*** − 6.64*** 2009 2013 2013 Stationary
  LGFCF − 4.85** − 5.06** − 5.06* 2006 2003 2000 Stationary
  LTO − 5.13*** − 6.75*** − 6.55*** 2001 2009 2009 Stationary
  LEC − 5.91*** − 5.46*** − 5.80*** 2000 2011 2000 Stationary
  LPAT − 6.18*** − 6.82*** − 6.75*** 2011 2009 2009 Stationary
  LREG − 6.06*** − 8.70*** − 9.60*** 2005 2001 2001 Stationary

 Denmark
  LGHG − 7.83*** − 8.44*** − 8.31*** 2004 2008 2008 Stationary
  LCO2 − 7.78*** − 8.18*** − 8.13*** 2004 2008 2008 Stationary
  LN2O − 7.87*** − 8.47*** − 8.26*** 2010 2008 2008 Stationary
  LFDI − 6.16*** − 7.55*** − 8.19*** 2003 2001 2001 Stationary
  LGFCF − 3.19 − 3.49** − 3.51 2010 2007 2008 Stationary
  LTO − 4.26* − 5.48*** − 5.19** 2013 2009 2009 Stationary
  LEC − 8.31*** − 9.12*** − 8.91*** 2004 2008 2008 Stationary
  LPAT − 5.00*** − 5.23*** − 5.26** 2006 2014 2007 Stationary
  LREG − 5.31*** − 5.92*** − 5.73*** 2001 2010 2010 Stationary

 Estonia
  LGHG − 6.29*** − 6.56*** − 6.38*** 2014 2003 2003 Stationary
  LCO2 − 6.06*** − 6.24*** − 6.11*** 2013 2003 2003 Stationary
  LN2O − 8.34*** − 9.18*** − 8.86*** 2004 2001 2001 Stationary
  LFDI − 9.15*** − 10.51*** − 10.50*** 2015 2006 2006 Stationary
  LGFCF − 4.59** − 5.57*** − 5.56** 2010 2008 2008 Stationary
  LTO − 4.44** − 4.73* − 5.04* 2000 2010 2010 Stationary
  LEC − 6.26*** − 6.20*** − 6.11*** 2004 2002 2003 Stationary
  LPAT − 4.97*** − 5.91*** − 5.34*** 2007 2011 2011 Stationary
  LREG − 4.74** − 4.30 − 4.650 2001 2015 2001 Stationary

 Lithuania
  LGHG − 4.50** − 5.32** − 5.38** 2005 2008 2001 Stationary
  LCO2 − 4.68** − 5.21** − 5.92*** 2006 2001 2001 Stationary
  LN2O − 3.87 − 4.72 − 4.78 2007 2008 2008 Stationary
  LFDI − 4.97** − 6.34*** − 6.42*** 2015 2009 2009 Stationary
  LGFCF − 4.54** − 6.07*** − 6.13*** 2010 2008 2009 Stationary
  LTO − 4.91** − 4.74 − 4.68 2002 2014 2006 Stationary
  LEC − 4.71** − 5.20** − 5.27** 2011 2009 2009 Stationary
  LPAT − 4.93*** − 4.96** − 6.35*** 2000 2015 2001 Stationary
  LREG − 4.66** − 4.76* − 5.12** 2001 2000 2008 Stationary

 Norway
  LGHG − 6.23*** − 6.57*** − 7.05*** 2001 2000 2002 Stationary
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Table 15  (continued)

First differences

T-statistics Time break Conclusion

(a) (b) (c) (a) (b) (c)

  LCO2 − 7.29*** − 7.74*** − 7.76*** 2001 2014 2014 Stationary
  LN2O − 5.01*** − 5.13** − 5.44** 2001 2015 2003 Stationary
  LFDI − 5.56*** − 5.78*** − 6.23*** 2015 2010 2013 Stationary
  LGFCF − 3.88 − 4.65* − 4.58 2015 2008 2008 Stationary
  LTO − 5.06*** − 6.25*** − 6.19*** 2003 2009 2009 Stationary
  LEC − 6.88*** − 7.28*** − 7.39*** 2004 2001 2005 Stationary
  LPAT − 6.57*** − 6.53*** − 7.32*** 2015 2004 2015 Stationary
  LREG − 5.01*** − 5.24*** − 5.45** 2015 2013 2001 Stationary

 Spain
  LGHG − 5.20*** − 5.44*** − 5.84*** 2010 2014 2008 Stationary
  LCO2 − 4.72** − 5.23** − 5.12** 2010 2014 2008 Stationary
  LN2O − 5.46*** − 6.80*** − 6.50*** 2014 2015 2015 Stationary
  LFDI − 6.10*** − 6.86*** − 6.82*** 2010 2009 2009 Stationary
  LGFCF − 3.65 − 3.60 − 5.01* 2010 2014 2008 Stationary
  LTO − 4.74** − 6.16*** − 5.84*** 2003 2010 2010 Stationary
  LEC − 5.51*** − 5.30*** − 5.82*** 2010 2015 2008 Stationary
  LPAT − 5.05*** − 4.04 − 4.93* 2015 2002 2014 Stationary
  LREG − 4.66** − 5.27** − 6.74*** 2002 2010 2013 Stationary

Middle-income countries
 Malaysia
  LGHG − 5.84*** − 6.74*** − 6.57*** 2005 2009 2009 Stationary
  LCO2 − 6.96*** − 6.03*** − 8.88*** 2003 2001 2006 Stationary
  LN2O − 5.62*** − 5.96*** − 7.252*** 2015 2013 2013 Stationary
  LFDI − 6.81*** − 7.01*** − 6.84*** 2005 2002 2002 Stationary
  LGFCF − 5.69*** − 5.24*** − 5.95*** 2013 2015 2012 Stationary
  LTO − 5.30*** − 5.58*** − 6.74*** 2010 2008 2008 Stationary
  LEC − 6.47*** − 7.94*** − 7.72*** 2002 2008 2006 Stationary
  LPAT − 6.89*** − 7.15*** − 7.44*** 2004 2011 2012 Stationary
  LREG − 7.78*** − 6.34*** − 8.28*** 2015 2004 2015 Stationary

The lag selection criteria of Zivot and Andrews test is based in a TTest; (a), (b), and (c) mean trend, 
intercept, and both, respectively; ***, **, and * state significance at 1%. 5%. and 10% level, respectively
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