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Abstract
This study aims to investigate why some countries are cleaner than the others with ref-
erence to macroeconomic governance (MEG) in order to explain how major macroeco-
nomic aggregates should be governed to mitigate environmental pollution at the level of 
economic systems. Using per capita carbon dioxide emissions (CPC) as the proxy for air 
pollution, and macro-non-financial governance (MNFG) and macro-financial governance 
(MFG) as the proxies for MEG, the study introduces the systemic and fragmented govern-
ance of green complementarities (GCMs) and dirty complementarities (DCMs) as analytic 
concepts to compare the MEG models for managing pollution in 13 high-income countries 
(HICs), 10 upper-middle-income countries (UMICs), and nine lower-middle-income coun-
tries (LMICs) for the period 1994–2014. The paper concludes that (i) HICs reduced their 
CPC levels thanks to adopting green systemic governance by creating GCMs between both 
MNFG and MFG variables in the long run; (ii) UMICs experienced a remarkable increase 
in their CPC levels due to adopting dirty systemic governance by creating DCMs between 
the MNFG variables, but prevented pollution from being higher through creating GCMs 
between the MFG variables; and (iii) LMICs experienced the highest comparative increase 
in CPC due to adopting a fragmented governance in managing both MNFG–pollution and 
MFG–pollution nexus.

Keywords Pollution · Macroeconomic governance · Complementarities · Growth

1 Introduction

Environmental pollution is the world’s leading environmental cause of morbidity and mor-
tality. Of the major types of environmental pollution, air pollution1 is the most significant 
environmental health risk, causing the death of more than seven million people annually 
(WHO, 2021; Burney & Ramanathan, 2014; Dockery et al., 1993; Graff Zivin & Neidell, 
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1 Air pollution denotes the presence of one or more contaminants in the atmosphere ranging from gas, dust, 
and fumes to mist, smoke, or vapor.
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2013; Kampa & Castanas, 2008; Saxena & Srivastava, 2020).2 91% of the world’s popu-
lation and 98% of residents of cities with populations greater than 100,000 in low- and 
middle-income countries live in places where ‘nine out of ten people worldwide breathe 
air containing levels of pollutants that exceed World Health Organization limits’ (UNEP, 
2021a, b). Furthermore, a direct relationship has recently been established between the 
rapid increase in COVID-19 contagion and atmospheric pollution acting as a carrier and 
booster of the pandemic (Pozzer et  al., 2020). In addition to its deadly health effects, 
air pollution also reduces labor productivity, increases health expenditures, and reduces 
crop yields. Its indirect effects originate in the reallocation of production factors across 
the economy, changes in international trade, and savings, which are induced by relative 
price changes (Adhvaryu et al., 2014; Ebenstein et al., 2016; Graff Zivin & Neidell, 2012; 
Hansen & Selte, 2000).

It is projected that exposure to  PM2.5 concentration would increase by 50% by 2030 
if no new policies are implemented (UN, 2021c). The total annual costs of air pollution 
are projected to increase from 0.3% in 2015 to 1.0% by 2060 (Lanzi, 2016), with a 1 μg/
m3 increase in  PM2.5 concentration estimated to reduce real GDP by 0.8% (Dechezleprêtre 
et al., 2019). It is well established that air pollution is caused by human emissions of sub-
stances into the atmosphere as a negative externality of environmentally hazardous models 
of production (e.g., industrialization, exploration, and mining), consumption, trade, finance, 
urbanization, and population growth (Cole, 2004; Omri, 2013; Ukaogo et al., 2020; Xu & 
Lin, 2016). Thus, the mitigation of air pollution is an integral component of the United 
Nations Sustainable Development Goals in many areas ranging from atmosphere, health 
and population, employment and decent work to food security and sustainable agriculture, 
sustainable cities, and human settlements (UN, 2021b; Rafaj et al., 2018). As a corollary, 
the Ministerial Declaration of the United Nations Environment Assembly emphasizes ‘the 
need for rapid, large-scale, and coordinated action against pollution’ (UNEP, 2018: 3).

Against this backdrop, it is suggested that a full-fledged restructuration is indispensable 
for the air pollution–economy nexus by integrating environmental and economic policies 
through a long-term governance of ecology, economy, and public health. (Liu et al., 2018). 
This paper hypothesizes that the basic way of achieving such a transformation is to create 
a complementary dynamic between major macroeconomic variables in reducing air pollu-
tion. In order to substantiate this argument, the paper first divides macroeconomic govern-
ance into macro-non-financial governance, MNFG, and macro-financial governance, MFG, 
based on the functional clustering of major macroeconomic variables. (For a complete list 
of the abbreviations used in the paper, see Note 3.3)

3 
Country groups Macroeconomic governance Complementarities

HICs Upper-middle-income 
countries

MEG Macroeconomic govern-
ance

GCMs Green complementarities

UMICs High-income countries MNFG Macro-non-financial 
governance

DCMs Dirty complementarities

LMICs Lower-middle-income 
countries

MFG Macro-financial govern-
ance

2 Air pollution causes a number of potentially deadly diseases and illness such as lung disease, asthma, car-
diovascular and heart disease, cancer and pneumonia, premature deaths, and many hazardous environmental 
problems such as acid rain, smog, and haze.
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Second, the paper introduces two modes of economic governance in managing mac-
roeconomy–pollution nexus, systemic and fragmented governance. Third, the paper intro-
duces green and dirty complementarities to explain the effects of macroeconomic variables 
on pollution under systemic and fragmented modes of macroeconomic governance. Fourth, 
the paper focuses on long-run (cointegrated) relationships between macroeconomic gov-
ernance and takes carbon dioxide emissions,  CO2, as the proxy for air pollution given that 
 CO2 is a stock pollutant whose effect lasts more than one century. Fifth, the paper sets up 
two models that measure the impact of major financial and non-financial macroeconomic 
aggregates on pollution by (i) using Pedroni and Kao panel cointegration tests and panel 
autoregressive distributed lag (ARDL) technique executed by pooled mean group estimator 
(Pesaran & Smith, 1995; Pesaran et al., 1999), and (ii) by taking 13 high-income, 10 upper-
middle-income, and 9 lower-middle-income countries for the period 1994–2014 based on 
the availability of statistically consistent set of data for all twelve variables included in the 
analysis.

The paper continues as follows. Section 2 explains the pollution–macroeconomy nexus 
from a complementarity-theoretic perspective. Section 3 presents the data and methodol-
ogy. Section 4 presents the empirical findings. Section 5 makes a structured discussion on 
the paper’s contributions, the policy implications of its findings at national and interna-
tional level, and the relevance of its methodology and findings for future work on macro-
economy–pollution nexus. Section 6 provides the conclusion.

2  Explaining the macroeconomic governance–pollution nexus

Three main gaps can be found in the extant literature regarding the pollution–macroecon-
omy nexus that this paper aims to address. The first is the exclusively aggregative approach 
of the EKC hypothesis. The second relates to the ambiguity of the findings. The third is the 
fragmented selection of analytical variables.

First, as economic growth is in effect a matter of rise or fall in income, most studies 
investigate either pollution–growth or pollution–income nexus using the U-shaped or 
N-shaped environmental Kuznets curve (EKC) hypothesis (Kuznets, 1955; Bhattarai et al., 
2009; Álvarez-Herránz et al., 2017). In their seminal study, Grossman and Krueger (1991) 
provided an empirical test of EKC hypotheses. Thereafter, several studies, such as Dinda 
and Coondoo (2006), Managi and Jena (2008), Stern (2004), and Shafik (1994), carried 
out their investigation on linear and nonlinear relationships between economic activity and 
emissions. However, the EKC hypothesis exclusively tests the aggregate growth–pollution 
nexus, but does not explain how each component of growth affects pollution in time or 
if their effects diverge from each other, which may restrain the specification of variable-
specific policy options.

Second, an extensive review of the extant literature on the effects of macroeconomic 
variables on pollution demonstrates that the findings are too ambiguous (see Appendix 
1, table  12). For example, the EKC hypothesis holds for both HICs and UMICs (Dong 
et al., 2020a, 2020b) or only for HICs (Lau et al., 2018; see Appendix 1, Table 13for more 
detailed and diverse results for the EKC hypothesis). Trade openness variably increases 
pollution (Shahbaz et al., 2013), reduces pollution in LMICs and UMICs but not in HICs 
(Halicioglu, 2009; Lau et al., 2018), has no significant impact on pollution (Javid & Sharif, 
2016), has a positive effect only in the long run (Al-Mulali et al., 2018; Lv & Xu, 2019), 
or has a negative impact in the short run (Lv & Xu, 2019). Foreign direct investment has 
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no effect on pollution (Wang et al., 2020; Nasir et al., 2019), a negative effect on pollu-
tion in HICs but a positive effect in developing countries (Khalil & Inam, 2006; Lau et al., 
2018), a U-shaped effect in HICs (Christoforidis & Katrakilidis, 2021), a negative effect in 
both developed and developing countries (Essandoh et al., 2020), a negative effect only in 
developing countries (Pradhan, 2021), or a negative effect only in LMICs (Nguyen et al., 
2020). Financial development reduces  CO2 emissions in HICs (Khaskheli et al., 2021) but 
increases emissions in LMICs and UMICs (Ehigiamusoe & Lean, 2019; Nasir et al., 2021; 
Thampanya et  al., 2021), reduces  CO2 emissions in HICs, UMICs, and LMICs (Godil 
et al., 2020; Neog & Yadava, 2020), has no effect on pollution for HICs but has a negative 
effect on pollution in UMICs and LMICs (Di Vita, 2008), or has no effect on pollution for 
all cases (Katircioğlu, 2012; Öztürk & Acaravcı, 2013).

Third, the variables included in the analysis for macroeconomy–pollution nexus are 
in most cases selected fragmentedly, which might cause the findings to be inconsistent or 
ambiguous, reducing the efficiency of policy proposals (see ‘Variables’ in Tables 12 and 
13 in Appendix 1). In fact, there may be a general perception of the MEG–pollution nexus. 
Economic development, growth, energy consumption, and trade openness may increase 
pollution faster in LMICs and UMICs than in HICs in both the short and long run (Dong 
et  al., 2020a; Ehigiamusoe, 2019; Wu et  al., 2018). Because the developing world uses 
energy-intensive production technologies based on fossil fuels—predominantly nonre-
newable energy sources (Dong et al., 2019, 2020b; Hu et al., 2018; Ehigiamuoe & Lean, 
2019)—developed countries generally have illiberal trade models based on the export of 
dirty commodities (Fakher, 2018; Lv & Xu, 2019). Furthermore, developing countries 
typically do not have green or strict regulations on FDI; neither do they have nation-wide 
standardized regulations on environmental quality (Danlami et al., 2019; Song, Li, et al., 
2021; Song, Zhang, et al., 2021; Song, Zhang, et al., 2021; L. Zhang et al., 2021) nor effec-
tive, democratic, and nation-wide standardized mechanisms of environmental governance 
(Zhang et al., 2021). Likewise, public awareness of environmental degradation tends to be 
low (Mujtaba et al., 2020; Zhang et al., 2021). CPC levels in our case countries of three 
income groups support, prima facie, this general perception. As Fig. 1 illustrates, in the 
period 1994–2014, CPC declined by 0.8 percent in HICs and increased on average by 2.1 
percent and 2.9 percent in UMICs and LMICs, respectively. However, as noted above, the 
findings on the macroeconomy–pollution nexus for each country group are so ambiguous 
that they are hardly able to produce a clear-cut group-specific relationship pattern for HICs, 
UMICs, and LMICs; this is because the perception of the nexus is based on an estimation 
using not a systematic but rather a fragmented set of macroeconomic variables.

Given these three points, we first focus on the root cause of the generation of income 
and growth, macroeconomic governance, rather than to the income or growth itself. This is 
significant because pollution–income or pollution–growth nexus is dependent on the pol-
lution–macroeconomy nexus. It is the mode of macroeconomic governance, as detailed 
below, that determines the rate of growth or the level of income in a country. Accordingly, 
we do not make an EKC-based analysis, because we suggest that greening economic sys-
tems in a full-fledged manner requires the greening of overall macroeconomic structure 
with its financial and non-financial dynamics (Heijdra & Heijnen, 2013). Such an approach 
entails disaggregating the macroeconomy–pollution nexus by bringing all these indi-
vidual variables into the analysis simultaneously rather than investigating the aggregate 
growth–pollution nexus itself. On this basis, second, we cluster the major macroeconomic 
variables into two groups and then set up our econometric models to test the effects of 
the macroeconomic variables in each group on pollution in terms of both their individ-
ual and complementary effects. This is necessary both for structuring the effects of major 
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macroeconomic variables on air pollution to remove the potential shortcomings of the 
ambiguous findings and for coming up with structured policy suggestions not only for the 
relationships between each macroeconomic variable and pollution but also for the overall 
macroeconomy–pollution nexus.

In so doing, we introduce two modes of economic governance in managing the macro-
economy–pollution nexus based on green and dirty complementarities. Economic govern-
ance can be defined, in broad strokes, as a patterned or unpatterned system of interaction 
between public or private actors for adjusting or monitoring one or more market structures 
under the guidance of predetermined rules and procedures. In specific, macroeconomic 
governance is the collective ordering of micro–macro policy choices in deploying financial 
and non-financial institutions, underlying public–private and national–international eco-
nomic relations.Macroeconomic governance can basically be financial and non-financial 
based on the functional clustering of major macroeconomic variables. An economic system 
relies mainly on two functions. The first is the real economic activity consisting of produc-
tion, consumption, trade, and foreign direct investment. The second is the financial flows 
that fund these activities at public and private sectors. Macro-non-financial governance is 
a policy mix that consists of the propensity of (a) governments to adjust the size of their 
purchases; (b) non-financial sector to adjust the size of fixed capital investment; (c) non-
financial businesses to adjust the size of imports or exports; and (d) foreign direct investors 
to adjust the size of their investments across countries. In a similar vein, macro-financial 
governance represents a policy mix that consists of (a) the adjustment of the size of gov-
ernment debt for financing public purchases; (b) the adjustment of gross savings (to buy 
financial assets such as debt securities, corporate equities, and mutual fund shares, or the 
depositing of money as time and savings deposits); (c) the adaptation of an accommoda-
tive or non-accommodative monetary policy mainly by changing the quantity of (broad) 

Fig. 1  Per capita carbon emissions in HICs, UMICs, and LMICs, 1994–2014. Source: World Bank (2020)
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money; (d) the transferring of portfolio investment funds across countries, and (e) the 
development of financial markets by financial investors and intermediaries.

It is hence the collective ordering of governments’, businesses’, central banks’, foreign 
direct investors’, portfolio investors’, and financial investors’ choices that determine eco-
nomic performance, the rate of growth, or the level of income in a country or between 
countries. We suggest that it is the same ordering that determines the impact of macro-
economic governance on ecological pollution including air pollution. This impact can be 
explained based on the complementary dynamics of macroeconomic aggregates. Comple-
mentarities can be defined as the mutual reinforcement among a certain group of variables 
in part or all of a social structure that improves or worsens clustering relative to alterna-
tive configurations (Hall & Soskice, 2001). There would emerge four types of relation-
ships between the components of macro-financial and macro-non-financial governance in 
affecting pollution: (i) a ‘green’ complementary relationship in reducing pollution, (ii) a 
‘dirty’ complementary relationship in increasing pollution, (iii) the conflation of the first 
two options, which is more realistic, and (iv) the lack of any relationship. We sketch out 
the first two cases. The delineation of the last two options is a matter of empirical analysis.

For example, based on the literature summarized in Table 1 on the potential pollution-
reducing and pollution-increasing impacts of the major macroeconomic variables, govern-
ments can stimulate the development of greener products by funding R&D in energy effi-
ciency as well as directly subsidizing firms to produce them. The greater energy efficiency 
and the lower cost of green production may enable firms to invest more funds in cleaner 
capital goods and technologies, thus becoming more internationally competitive in green 
products. Accruing higher revenue from green goods may stimulate governments to main-
tain their policy perspective. At the same time, greater savings may both reduce aggregate 
demand and augment financial development by increased investment in financial assets 
such as shares. Further financial market development can enable firms to have faster and 
easier access to cheaper and long-term funds, consolidating their ability to sustain their 
green production strategy for the predictable future. Monetary policy can complement this 
virtuous cycle by first providing necessary liquidity to financial markets and then achiev-
ing equilibrium in the quantity of money, respectively. Thus, green complementarities—
GCMs—would emerge (i) between government consumption expenditures, private invest-
ment expenditures, and exports in the MNFG–pollution nexus, and (ii) between savings, 
financial market development, and monetary policy in the MFG–pollution nexus.

Moreover, the macroeconomy–pollution nexus may also operate in the exact oppo-
site way. Governments can provide insufficient funds to stimulate green products both by 
underfunding R&D in energy efficiency and by eliminating subsidies to firms to produce 
them. With insufficient government stimulus, firms may continue using more energy-inten-
sive and energy-inefficient technologies, increasing their competitive power in dirty goods. 
Accruing higher revenue from dirty goods may stimulate governments to maintain their 
policy perspective. In terms of the MFG–pollution nexus, the reduced savings may result 
from higher investment and consumption expenditures, leaving a lower level of investment 
in shares. The consequent slow or inadequate level of financial market development may 
stimulate firms to maintain their dirty production strategy, concentrating on short-run gains 
by using cheap natural resource-intensive energy instead of transitioning to long-run pro-
ductivity and cost advantages as a result of energy efficiency. A contractionary monetary 
policy can worsen this vicious cycle by not supplying the necessary quantity of liquid-
ity to financial markets and by worsening economic predictability as a result of failing to 
meet the demand for money. Consequently, there would emerge dirty complementarities 
(DCMs) (i) between government purchases, investment expenditures, and exports in the 
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MNFG–pollution nexus, and (ii) between savings, financial market development, and mon-
etary policy in the MFG–pollution nexus.

Evidently, GCMs and DCMs or their conflation in a third case lead to an especially 
complex set of policy choices and outcomes (Warford et al., 1997: 48). The key point of 
today under the rising threat of COVID-19 and imminent other pandemics is how to govern 
these choices and outcomes. We suggest two broad modes of governance, systemic gov-
ernance, and fragmentation, which can be used to explain pollution–macroeconomy nexus 
in terms of the joint environmental impact of the cited choices and outcomes. Explaining 
their ‘joint’ impact in a ‘multivariate’ setting is significant as it is their joint, complemen-
tary or simultaneous rather than separate impact per se that determines the overall level of 
pollution (Apsimon et al., 2009; Warford et al., 1997: 65–80; Girma, 1992).

Systemic mode of governing pollution–macroeconomy nexus can be defined as a pro-
cess of decision-making, regulation, or monitoring that aims to manage present and evo-
lutionary complexities of this nexus. There are two points to be noted. First, it refers to 
governing the mix of GCMs and DCMs, so as either (i) to achieve a transformation into 
sustainable growth or (ii) to sustain current profits, employment, rents, or other interests, 
creating a regime of unsustainable growth. A mode of governance that achieves first and 
second targets based on GICs and DICs, respectively, can be considered as green and dirty 
systemic governance, respectively. Both targets arise out of the convergence of major and 
separate economic and environmental policy choices.

The lack of systemic governance ends up with fragmentation or disjointed policy 
choices, causing up either the deterioration of environmental pollution or the failure in 
achieving green growth. In specific, fragmentation makes sense with either (a) the lack of 
any relationships between the MEG’s variables and pollution or (ii) the conflicting impacts 
of the MEG’s variables on pollution. Each option illustrates the lack of a convergence 
between the MEG’s variables in reducing or mitigating pollution.

In parallel with the above-noted third case, there might be a mix of GCMs and DCMs 
between environmental and macroeconomic policy choices under both systemic and frag-
mented modes of governance. This mixed order can, inter alia, turn out in one of two ways: 
(i) MNFG and MFG can separately increase or decrease pollution, or (ii) only one of them 
would have an impact on pollution, whereas the other would not.

In theoretical terms, we suggest that the specific drivers of the differences between the 
three country groups can and should be explained by making a system-level analysis of the 
macroeconomic determinants of pollution in these countries. For this purpose, we bring 
major macroeconomic aggregates into the analysis, as illustrated in Fig.  2. In empirical 
terms, we run a multivariate causality analysis taking MNFG and MFG variables together 
as independent variables in two separate models. In so doing, it will be possible, (i) first, 
to explain the drivers of pollution in terms of how MNFG and MFG variables converge or 
diverge from each other in reducing or increasing pollution through GCMs, DCMs, or dis-
jointed strategies between themselves, and (ii) then devise structured and systemic policy 
suggestions to mitigate CPC for each group.
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3  Data and methodology

The paper has two major points in selecting an econometric technique for the estimation 
of the pollution–macroeconomy nexus. The first is to estimate the long-run and short-run 
causal relationships between pollution and macroeconomic governance. The second point 
is to make a holistic analysis of the pollution–macroeconomy, as noted above.

The long run4 matters when it comes to establishing the existence or the lack of a stable 
and dynamic relationship between the two or more variables, which is an indication of a 
systemic or fragmented mode of governance for managing the nexus, respectively. Sys-
temic governance can be inferred when there is a mutual reinforcement between the major-
ity of the major variables of MNFG and MFG in reducing or increasing pollution in the 
long run. The majority matters because we can expect a noticeable and sustained increase 
or decrease in pollution when the majority of the MNFG’s and MFG’s variables comple-
ment each other or converge to the extent of reducing or increasing pollution, respectively. 
Fragmentation can be inferred when (i) there is a mutual reinforcement between the few of 
the same variables in increasing or decreasing pollution, or (ii) there is a lack of relation-
ship between them in the long run.

The econometric technique to cover the two points noted above is panel data cointegra-
tion that estimates, first, the long-run and short-run relationships, and second, in a multivari-
ate setting. The first point matters as it illustrates the existence or the lack of comovement 
or trending relationship between the variables. A trending relationship is an indication of an 
ordered mode of governance because it illustrates in macroeconomic terms that variables 

Fig. 2  Macro-financial and macro-non-financial governance

4 In our analysis, long run denotes a time period when the macroeconomic variables and  CO2 emissions 
comove in a patterned manner. The ‘patterned’ here denotes, for example, a relationship dominated by 
green or dirty complementarities (see Figs. 3, 4, and 5). Short run denotes the subperiods when this pat-
terned relationship diverges from the long-run equilibrium of the patterned relationship. That the ECT is 
negative and statistically significant denotes that these short-run divergences from the long-run equilibrium 
converge to the long-run equilibrium.
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complement each other or have a mutually reinforcing relationship in achieving a certain 
purpose. This achievement may be because of an action that may or may not be concerted. 
The focal point of our analysis is the complementary or non-complementary relationship 
itself. The second point in this regard matters as it illustrates the existence or the lack of a 
system-level trending relationship in a complementary manner. The ‘complementary rela-
tionship’ here refers specifically to the existence of convergence between the majority or few 
variables of a model in reducing or increasing pollution (see Figs. 3, 4, and 5).

The paper used per capita carbon dioxide emissions (CPC) as a proxy for environmental 
pollution. The data sources for both CPC and for the MNFG and MFG’s variables are given 
in Table 2. The case countries are 13 HICs, 10 UMICs, and 9 LMICs (Table 3). The basic 
criteria in selecting the sample countries were first to be able to gather all the data in a statis-
tically consistent manner and second to cover the longest time available, considering that the 
higher the degrees of freedom, the more robust the cointegration analysis would be.

A vast majority of the studies use  CO2 emissions to investigate the nexus between eco-
nomic growth and environmental degradation (Bibi & Jamil, 2021; Cialani, 2007; Destek 
et  al., 2020; Dinda & Coondoo, 2006; Dogan & Inglesi-Lotz, 2020; Franklin & Ruth, 
2012; Friedl & Getzner, 2003; Lazăr et al., 2019; Ongan et al., 2021; Zhang & Gao, 2016). 
The reason why we select CPC for pollution is that our primary focus is on the long-term 
relationships between the macroeconomy and pollution. Pollutants are twofold: flow and 
stock pollutants. Flow pollutants only have an immediate effect on the environment. The 
atmospheric lifetime of sulfur dioxide  (SO2), nitrogen oxide  (NOx), and carbon monoxide 
(CO) is 1–4 days, 2–5 days, and 1–3 months, respectively. But stock pollutants accumu-
late in the air, and their effects last a century or longer (Lieb, 2004; Liu & Liptak, 2000; 
Moore, 2009; Ukaogo et  al., 2020). Furthermore, a high correlation between  SO2,  NOx, 
and  CO2 demonstrates that  CO2 emissions matter for the short run as well (Angelopoulos 

Table 2  List of variables and their descriptions

Annual data between 1994 and 2014 ( T=21) for three different income groups; *As percent of GDP; 
Source: World Bank (2020); IMF (2020a, b)

Variable Definition Source

cpcit Per capita carbon dioxide emissions World Development Indicators (WDI)
MNFG’s Variables (Model 1)
gexdit Government consumption expen-

ditures*
WDI

fcf it Investment expenditures* WDI
expit Exports* WDI
impit Imports* WDI
fdiit Inward foreign direct investment* WDI
engyit Per capita energy use WDI
MFG’s Variables (Model 2)
bmnit Broad money* WDI
svgit Gross savings* WDI
prf tit Inward portfolio investment* WDI
pbdtit Public debt* IMF Global Debt Database
fmdit Financial market development IMF Financial Development Index 

Database
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et al., 2010; Fischer & Heutel, 2013; Smulders, 2004). In other words, the key analytical 
concern between stock and flow pollutants is that the former matter both for the long and 
short run, whereas the latter are relevant only for the short run. The fact that  CO2 data are 
consistently available for a large number of countries is another key reason for selecting it 
as a proxy for pollution.

We developed two models, which can be written in the following formal algebraic 
forms. The first model estimates the long-run and short-run relationships between MNFG 
and pollution, whereas the second between MFG and pollution. The variables represented 
by the acronyms are defined in Table 2.

where i = 1, 2,…N ; t = 1, 2,… T  and e1,it , and e2,it are error terms.
The panel cointegration tests comprise four steps: (i) first, to estimate cross section 

dependence between the panels, (ii) second, to run panel unit root tests, (iii) third, to esti-
mate the cointegration relationship, and (iv) fourth, to estimate long-run and short-run 
models if the cointegrated relationship is established (see Appendix 2for technical details 
on panel unit root, cross section, and cointegration tests).

In panel cointegration tests, the existence of cross section dependence or independence 
is significant in selecting either the first- or the second-generation panel unit root tests. (In 
the existence of cross section dependence, the second-generation unit roots tests should be 
used as they allow cross section dependence.) We ran the cross section dependence test 
using the Breusch and Pagan (1980) Lagrangian multiplier (LM) test, the Pesaran et  al. 
(2008) bias-adjusted LM test, and the Pesaran (2004) CD test.

According to the results in Tables 4 and 5, we fail to reject the null of cross section 
independence for both Model 1 and Model 2 in all country groups, because either all or the 
majority of the tests are not statistically significant at 1 percent, 5 percent, or 10 percent 
level.

(1)ln cpcit = f
(

ln gexdit, ln fcfit, ln expit, ln impit, ln fdiit, ln engyit, e1,it
)

,

(2)ln cpcit = f
(

ln bmnit, ln svgit, ln pbdtit, ln prftit, ln fmdit, ln engyit, e2,it
)

,

Table 3  Country groups High income
(HICs)

Upper middle income
(UMICs)

Low income
(LMICs)

1 Australia Argentina Bangladesh
2 Chile Botswana Cameroon
3 Czech Republic Brazil India
4 Denmark China Kenya
5 Israel Indonesia Morocco
6 Korea, Rep Malaysia Nigeria
7 Norway Mexico Pakistan
8 Singapore South Africa Philippines
9 Sweden Thailand Sri Lanka
10 Switzerland Turkey
11 UK
12 USA
13 Uruguay
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Given the results of cross section dependence, we use the following first-generation panel 
unit root tests that precondition cross section independence both for Model 1 and for Model 
2: (i) LLC, proposed by Breitung (2001), Levin et al. (2002); (ii) IPS, proposed by Im et al. 
(2003); and (iii) ADF-PP, proposed by Maddala and Wu (1999) and Choi (2001) (Table 6).

The results from the panel unit root tests using individual intercept and trend models 
are reported in Tables 6, 7, and 8 for HICs, UMICs, and LMICs, respectively. We conclude 
that all the variables in Model 1 and Model 2 are non-stationary at level and become sta-
tionary at first differences as the results of either all or the great majority of the panel unit 
root tests are not statistically significant at level and are statistically significant at first dif-
ferences, respectively.

For cointegration analysis, we use two widely used tests, Pedroni (1999, 2004) and Kao 
(1999). Table  9 documents the results of the panel cointegration tests for Model 1 and 
Model 2. For both HICs and UMICs, we can reject the null hypothesis of no cointegration 
for both models as either all or the majority of Pedroni and Kao test statistics are signifi-
cant at 1 or 5 percent level. For LMICs, we fail to reject the null hypothesis for Model 1 but 
can reject for Model 2 as the majority of Pedroni and Kao test statistics are not and are sig-
nificant at 1 or 5 percent levels, respectively. Thus, we conclude that there are cointegration 
(long-run) relationships between CPC and the MNFG variables (Model 1) only for HICs 
and UMICs, and between CPC and the MFG variables (Model 2) for all country groups.

The fourth step in estimating panel cointegration models after establishing the cointe-
grated relationship is to estimate long-run and short-run relationships between variables, 
for which we use panel autoregressive distributed lag approach. For running panel ARDL 
models, we used a dynamic panel estimator, PMG.5

Table 4  The results of cross-
sectional dependence tests for 
Model 1

HICs UMICs LMICs

Test Statistic p value Statistic p value Statistic p value

LM 66.72 0.8149 50.29 0.2720 33.17 0.6039
LM adj  − 3.672 0.0002  − 0.5759 0.5621  − 1.791 0.0732
LM CD 1.277 0.2014 1.27 0.2041 0.1365 0.8914

Table 5  The results of cross-
sectional dependence tests for 
Model 2

HICs UMICs LMICs

Test Statistic p value Statistic p value Statistic p value

LM 97.05 0.0710 45.31 0.4590 32.31 0.6449
LM adj 0.8137 0.4158  − 1.638 0.1014  − 2.255 0.0241
LM CD 1.488 0.1368 1.27 0.2041  − 0.5977 0.5501

5 The main advantage of panel ARDL approach (Pesaran et al., 1999) is to be able to estimate cointegrated 
relationships irrespective of the order of integration, which might be I(0), I(1) or a mix of I(0) and I(1). 
Panel ARDL cannot, however, be employed when the dependent variable is not I(1) or any of the variables 
is I(2). As all variables in the both models we established are I(1), we are able to run oanel ARDL for our 
models. The PMG estimator highlights both pooling by the homogeneity restrictions on the long-run coef-
ficients and averaging across groups to obtain means of the estimated error correction coefficients and the 
other short-term parameters of the model.
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Table 8  The Results of Panel Unit Root Tests for LI Countries

*, **, and *** denote statistical significance at the 1 percent, 5 percent, and 10 percent levels, respectively

Variables LLC Breitung IPS ADF PP

Level First Diff Level First Dif Level First Dif Level First Dif Level First Dif

lncpcit 0.12  − 6.94*  − 0.83  − 2.93*  − 0.67  − 7.36* 21.68 78.48* 17.83 86.90*
lngexdit  − 1.16  − 9.40*  − 2.45  − 6.74*  − 0.87  − 7.87* 21.26 82.78* 14.44 87.31*
lnfcfit  − 3.69  − 4.76*  − 0.63  − 3.85*  − 0.75  − 7.01* 24.41 83.27* 24.84 87.23*
lnexpit  − 1.56  − 5.31*  − 0.36  − 4.39*  − 1.20  − 6.24* 31.63 72.87* 41.85 117.62*
lnimpit  − 1.83  − 6.97*  − 1.80  − 7.36*  − 0.47  − 7.56* 20.75 80.93* 23.83 134.04*
lnfdiit  − 2.22  − 11.84* 1.08  − 1.75*  − 3.36  − 5.03* 61.81 65.54* 66.50 161.52*
lnengyit  − 0.21  − 7.71* 2.82  − 2.59* 0.63  − 6.39* 18.53 73.14* 10.10 74.81*
lnbmnit 2.45  − 3.17*  − 2.44  − 3.98*  − 2.05  − 5.69* 36.17 64.99* 27.40 93.71*
lnsvgit  − 2.19  − 6.37* 0.40  − 4.92*  − 1.33  − 6.68* 28.96 71.82* 17.14 114.50*
lnprftit  − 2.08  − 5.03* 1.81 1.94*  − 2.26  − 6.94* 25.24 100.23* 25.64 127.83*
lnpbdtit 1.86  − 5.63* 0.63  − 5.22* 1.51  − 4.21* 12.69 46.34* 5.22 44.13*
lnfmdit  − 1.94  − 7.21*  − 0.50  − 7.15*  − 1.99  − 6.03* 31.22 66.00* 17.96 93.25*

Table 9  Pedroni and Kao cointegration results

Model 1 Model 2

Pedroni Kao Pedroni Kao

HICs Statistic p value Statistic p value Statistic p value Stat p value

Modified Phillips–Per-
ron t

37.553 0.0001 20.659 0.0194 42.001 0.0000  − 16.024 0.0545

Phillips–Perron t  − 35.985 0.0002 19.797 0.0239  − 18.128 0.0349  − 18.236 0.0341
Augmented Dickey–

Fuller t
 − 31.769 0.0007 15.277 0.0633  − 16.464 0.0498  − 33.198 0.0005

UMICs
Modified Phillips–Per-

ron t
36.855 0.0001  − 15.744 0.0577 27.277 0.0032  − 34.157 0.0003

Phillips–Perron t  − 35.209 0.0002  − 18.230 0.0342  − 36.103 0.0002  − 29.812 0.0014
Augmented Dickey–

Fuller t
 − 34.879 0.0002  − 17.178 0.0429  − 34.022 0.0003  − 23.146 0.0103

LMICs
Modified Phillips–Per-

ron t
31.473 0.0008  − 0.8423 0.1998 30.757 0.0010  − 37.080 0.0001

Phillips–Perron t  − 14.349 0.0757  − 13.430 0.0896  − 34.326 0.0003  − 31.609 0.0008
Augmented Dickey–

Fuller t
 − 14.835 0.0690  − 0.1873 0.4257  − 19.816 0.0238  − 20.107 0.0222
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The long-term models have been constructed as follows:

where Incpc is the logged dependent variable for both the models; the remaining (logged 
independent) variables such as Infcf  and Insvg are the MNG’s and the MFG’s variables, 
which are defined in Table 2; i = 1,….N are cross section units; t = 1,….T are time periods; 
p and q are optimal lag orders; �1i and δ1i are the group-specific intercepts; �2i … �8i and δ2i 
... δ8i are long-term coefficients; and �1it and ε2it are the error terms.

After estimating the long-run model, we construct the short-term (error correction) model 
as follows:

where Δ is the first-difference operator and ECTi represents the error correction term 
obtained from the long-run model. That the ECT is negative and statistically significant 
indicates that the short-run deviations adjust to the long-run equilibrium, and � indicates 
the speed of this adjustment.

Tables 10 and 11 indicate the results of long-run and short-run estimations using PMG 
estimator, respectively. We do not estimate Model 1 for LMICs as there is no cointegrated 

(3)
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Table 10  The results of panel 
ARDL models with PMG 
estimator (long run)

*, **, and *** denote statistical significance at the 1, 5, and10% lev-
els, respectively. ECT represents the coefficient of the error correction 
term
The appropriate lags have been selected as 1 via the BIC

HICs UMICs LMICs

Variables Coeff p value Coeff p value Coeff p value

Model 1
constant  − 0.227 0.007*  − 0.262 0.021**  − 0.249 0.035**
Δlngexdit  − 0.627 0.000* 0.221 0.003*  − 0.211 0.028**
Δlnfcf it  − 0.719 0.000* 0.120 0.002* 0.277 0.067***
Δlnexpit  − 0.325 0.003* 0.090 0.043**  − 0.004 0.954
Δlnimpit 0.427 0.001*  − 0.109 0.198 0.242 0.001*
Δlnfdiit 0.060 0.000*  − 0.011 0.544 0.038 0.004*
Δlnengyit 1.229 0.000* 0.529 0.000* 0.081 0.477
Model 2
constant  − 0.142 0.010*  − 0.381 0.021**  − 0.384 0.005*
Δlnbmnit  − 0.253 .000*  − 0.235 .000*  − 0.002 .981
Δlnsvgit  − 0.194 .014**  − 0.116 .028**  − 0.031 .547
Δlnprf tit  − 0.136 .000*  − 0.123 .000*  − 0.022 .115
Δnpbdtit  − 0.182 .000*  − 0.123 .000*  − 0.211 .000*
Δlnfmdit  − 0.011 .791  − 0.001 .991 0.027 .395
Δnengyit 0.557 .002* 1.311 .000* 0.835 .000*

Table 11  The results of panel ARDL models with PMG estimator (short run)

*, **, and *** denote statistical significance at 1, 5, and 10% levels, respectively. The appropriate lags have 
been selected as 1 via the BIC

Variables HICs UMICs LMICs

Coeff p value Coeff p value Coeff p value

Model 1
Constant  − 1.085 0.008*  − 0.998 0.025*  − 0.327 0.027**
Δlngexdit 0.585 0.002*  − 0.117 0.095***  − 0.082 0.334
Δlnfcf it 0.181 0.136 0.088 0.281  − 0.048 0.563
Δlnexpit  − 0.374 0.545  − 0.107 0.201  − 0.020 0.661
Δlnimpit 0.248 0.543 0.095 0.223  − 0.004 0.918
Δlnfdiit  − 0.007 0.373 0.018 0.033**  − 0.001 0.840
Δlnengyit 0.971 0.000* 0.573 0.081*** .599 0.062***
Model 2
Constant  − 0.058 0.052***  − 2.144 0.020**  − 0.766 0.009*
Δlnbmnit 0.001 0.987 .071 0.163 0.202 0.121
Δlnsvgit  − 0.073 0.260 0.051 0.256 0.073 0.132
Δlnprf tit  − 0.003 0.843  − 0.013 0.723  − 0.024 0.270
Δnpbdtit  − 0.081 0.324 0.045 0.137 .035 0.586
Δlnfmdit 0.221 0.322 0.054 0.002* 0.082 0.058***
Δnengyit 1.071 0.000* 0.576 0.022** 1.331 0.128
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relationship between MNFG’s variables and CPC. As the ECT for the both models estimated 
for HICs and UMICs as well as for Model 2 estimated for LMICs is statistically significant 
and negative, we conclude that short-run deviations from the long-run equilibrium converge 
to long-run equilibrium in the models and therefore we can interpret the estimated coefficients 
for the long-run model.

4  Empirical findings

As Fig. 3 illustrates, an increase in the key variables of MNFG (fixed capital formation, 
government expenditures, and exports) and in all the MFG variables, except financial mar-
ket development, caused a decline in CPC in the HICs in the long run. This result illus-
trates that HICs achieved a reduction in their CPC levels by adopting a systemic mode of 
macroeconomic governance in operating GCMs. We infer this ‘green systemic governance’ 
for the long run considering that the great majority of the variables of MEG converge in 
creating GCMs. That imports and inward foreign direct investment cause an increase in 
CPC does not change our result as both the majority and the key variables of macroeco-
nomic variables converge in creating GCMs, which underlies the reduction in CPC lev-
els in these countries in the long run. In the short run, only government expenditures out 
of MNFG variables have a positive effect on CPC. The remaining MNFG variables and 
all the MFG variables have no short-run relationship with CPC. Thus, there is an institu-
tional fragmentation in governing the macroeconomy–pollution nexus for HICs in the short 
run, which may have hindered a faster and/or higher reduction in pollution levels in these 
countries.

As Fig.  4 illustrates, an increase in the key variables of MNFG (fixed capital forma-
tion, government expenditures, and exports) causes an increase in CPC in the UMICs. 
Thus, we can conclude that there is a systemic mode of MNFG in increasing CPC levels 
in the UMICs—‘dirty systemic governance.’ This does not mean that the countries make 
an intentional effort to increase their CPC levels, but rather that the convergence of pub-
lic–private investment policy and public consumption policy leads to this outcome. How-
ever, the key domestic variables of MFG (broad money, public debt, and savings) converge 

Fig. 3  The effects of MNFG’s and MFG’s variables on CPC in HICs
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in creating a green complementary effect. There are two relevant points in terms of the 
unified impact of the MNFG and MFG in the UMICs on CPC. First, the production, con-
sumption, and trade variable of the MNFG model that have a direct impact on CPC may 
have underlay the increase in CPC in the UMICs. In contrast, that the MFG was executed 
in the form of green systemic governance can be suggested as an underlying factor that 
helps explain why the increase in pollution in UMICs was lower than that in LMICs. When 
it comes to the short run, only the foreign direct inflows out of the MNFG variables have 
a statistically significant positive impact on CPC, and only financial market development 
of the MFG variables has a statistically significant negative impact on CPC. We can thus 
safely conclude that there was a fragmented governance model in the examined UMICs 
in the short run, which may have factored into the remarkable increase in CPC in these 
countries.

We can conclude that the macroeconomy–pollution nexus was managed by a frag-
mented governance model in LMICs, which may have underlay the highest increase in pol-
lution compared to the HICs and the UMICs in the 1994–2014 period. This conclusion 
lies in two facts. First, as Fig. 5 illustrates, there is no long-run cointegrated relationship 
between MNFG’s variables and CPC, and there is no statistically significant relationship 
between MFG’s major variables and CPC, too, except a negative effect running from port-
folio investment to CPC. What may have consolidated this result is the lack of a statistically 
significant relationship between CPC and MFG’s variables in the LMICs in the short run.

Fig. 5  The effects of MNFG’s and MFG’s variables on CPC in LMICs

Fig. 4  The effects of MNFG’s and MFG’s variables on CPC in UMICs
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Our study confirms a number of findings in the extant literature about the relationships 
between individual macroeconomic variables and pollution. For example, our findings for 
the HICs confirm that real economic activity in HICs reduces pollution (Chen & Taylor, 
2020; Hamit-Haggar, 2012; Salari et al., 2021). Specifically, our results confirm the neg-
ative effects running from FDI to  CO2 (Bulus & Koc, 2021) and from financial market 
development to  CO2 (Shoaib et  al., 2020), and the positive effect running from imports 
to  CO2 in HICs (Ali & Kirikkaleli, 2021). Our empirical findings for UMICs confirm, in 
general, that real economic activity increases  CO2 emissions in these countries (Ahmed & 
Shimada, 2019; Bhat, 2018; Ummalla & Goyari, 2020), in particular regarding the positive 
effect running from government expenditures to  CO2 (Carlsson & Lundström, 2001; Fan 
et al., 2020), from international trade to  CO2 (Wu et al., 2021a, 2021b), and from invest-
ment expenditures to  CO2 (Nugraha & Osman, 2018; Shahbaz et al., 2020). Our findings 
for LMICs also confirm, in general, that real economic activity increases  CO2 emissions 
in these countries (Antonakakis et al., 2017; Ben Jebli et al., 2020; Ehigiamusoe & Lean, 
2019; Halkos & Gkampoura, 2021; Zaman & Moemen, 2017), specifically confirming the 
positive effect running from imports to  CO2 (Alola & Joshua, 2020) and from FDI to  CO2 
(Lau et al., 2018; Shi et al., 2020).

5  Discussion

Pollution in general and air pollution in specific are the most significant environmental 
causes of worldwide morbidity and mortality. Underlying are the emissions of substances 
into the atmosphere by human activities such as production, consumption, trade and 
finance, which are governed predominantly by macroeconomic policies. Given these two 
basic facts, the paper aimed to provide new evidence for how to structure macroeconomic 
policies in a way to reduce environmental pollution, which might be a part of a rapid, large-
scale, and coordinated action against pollution, required by the United Nations Environ-
ment Assembly (UNEP, 2018: 3). This section, in this context, aims to make a structured 
discussion on (i) the paper’s contributions to the understanding and governance of macro-
economy–pollution nexus, (ii) the policy implications of the paper’s findings at national 
and international level, and (iii) the implications of the paper’s findings for future work on 
macroeconomy–pollution nexus.

The first contribution of this paper is to introduce the systemic and fragmented gov-
ernance of GCMs and DCMs as analytical tools to explain the effect of each variable of 
macroeconomic governance on air pollution in conjunction with the others, thereby provid-
ing systemic insight into how the macroeconomic governance–pollution nexus works as a 
whole. This matters because a ceteris paribus approach is neither realistic nor explanatory 
and may be misleading when used for cultivating policy suggestions. In specific, this con-
tribution matters for cultivating feasible and conclusive policy inferences by explaining and 
understanding (i) what to do to make an economic system environmentally friendly, (ii) 
how to decide what to do first, and (iii) how to restructure variable-specific policy options 
(See policy implications).

The second contribution of the paper is to illustrate the need for disaggregating the 
EKC hypothesis in order to demonstrate how each component of growth rather than only 
aggregate growth itself affects pollution in time so that variable-specific policy suggestions 
may be imagined. Given the results for each country group, it can be suggested that the 
higher the level of income, the more environment friendly the macroeconomic governance. 
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Evidently, this result confirms the EKC hypothesis in terms of the comparative perfor-
mance of high-income, upper-middle, and lower-income countries but not in terms of the 
changing levels of income for the same country groups over time. In other words, we did 
not test the ordinary EKC hypothesis. Instead, we first grouped countries based on their 
levels of income and then investigated the effects of macroeconomic variables on pollution 
in the selected countries. However, it turns out that a dynamic approach to the macroecon-
omy–pollution nexus using the EKC hypothesis would be a valuable exercise to understand 
the changing effects of macroeconomic governance on pollution for the same group of 
countries with changing levels of income. Evidently, such a dynamic approach would yield 
the formulation of stage-specific policy inferences for governing the relationship between 
each variable of macroeconomic governance and pollution.

The third contribution of the paper is to introduce how to make a full-fledged analysis 
of pollution–macroeconomy nexus by a systematic selection of macroeconomic variables. 
In the extant literature, most of the macroeconomic variables have been examined in terms 
of their effects on pollution. But either only few variables have been selected or these vari-
ables have been modeled regardless of the systemic conduct of macroeconomic regime. A 
key result of this way of action is that there has yet to be formulated common characteris-
tics for macroeconomy–pollution nexus for HICs, UMICs, and LMICs. The paper contrib-
uted to the joint explanation of the effect of macroeconomic variables on pollution, thereby 
mitigating the ambiguity of the findings on various income groups.

The paper has both national and international policy implications for governing mac-
roeconomy–pollution nexus. At national level, it becomes evident that HICs should attach 
specific and primary importance to their foreign (real) economic relations, because both 
imports and FDI in these countries increase  CO2 emissions, whereas the domestic (real) 
economic activity altogether reduces it. Specifically, HICs should prioritize greening finan-
cial market development as it is a significant variable in providing both public and private 
(real) economic actors with necessary funds for the said reorganization. The UMICs should 
reorganize the relationship between their entire domestic (real) economic activity and pol-
lution rather than the relationships of only one of these variables (e.g., government expen-
ditures, investment expenditures, and exports) with pollution. Apparently, any variable-
specific policy option in reorganizing these relationships free from each other cannot be 
expected to create a green economic model in UMICs. Greening financial market develop-
ment should also be achieved simultaneously with this reorganization as it will be impos-
sible to achieve in the absence of the necessary financial funds. When it comes to LMICs, 
they need a system-wide reorganization both for domestic and for foreign real economic 
activities. In so doing, they may prioritize fixed capital formation, exports, and imports 
over government expenditures.

From the above group-specific policy proposals, there emerges a meta-regime of mac-
roeconomic governance at the international or global level in orchestrating the require-
ments of these proposals, too. A systemic mode of green macroeconomic governance may 
be used as a best practice or benchmark for international organizations to make a green 
world possible, as the fragmented, variable-specific or country-specific policy approach 
may not be sufficient to drive a worldwide transformation of the macroeconomy–pollu-
tion nexus. In this regard, international organizations, including the IMF, the World Bank, 
and the OECD, which either impose their structural adjustment programs or make policy 
recommendations to their member countries, should take concerted action in cooperation 
with organizations such as the United Nations, the European Environment Agency, and the 
Earth System Governance Project in greening macroeconomic regimes. The necessity of 
systemic or green approaches in dealing with the macroeconomy–pollution nexus becomes 
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even more urgent during the pandemic and in the post-COVID-19 era. First, as noted ear-
lier, air pollution exacerbates the deadly effects of COVID-19 (Pozzer et al., 2020) and the 
WHO makes recurrent warnings about the pandemic ahead (WHO, 2020). Second, there 
has already been a process of deglobalization and economic recession with rising protec-
tionism, disruption of global supply chains, a sharp fall in international commercial and 
financial flows, an increasing shortage of raw materials and final products, sharp slumps 
in stock markets, a heightened volatility of financial asset prices, and finally, a rapid drop 
in (domestic and foreign) aggregate demand (WEF, 2020). Thus, short-run policy actions 
focusing exclusively on stimulating quantitative growth at all costs may make economic 
systems less sustainable in the long run by either disrupting the complementary effects 
of the majority of the MEG variables in HICs in reducing pollution or by deepening the 
pollution-increasing effects of the MNFG variables in UMICs or in LMICs. A long-run, 
focused fine-tuning of macroeconomic and environmental priorities may be possible only 
by handling these trade-offs from a systemic approach elaborated on in this paper.

Six principal points have emerged from our study that can be investigated by further 
work. The first is to explain the weight and comparative significance of MNFG and MFG 
in the overall increase or decrease in CPC levels (not only by looking at coefficient values 
but also by comparing the joint impact of their respective variables). The second is to study 
how long-run and short-run modes of MEG can be organized so as to complement each 
other in creating GCMs. This is relevant in particular for (i) how the pollution-reducing 
effects of long-run and green systemic governance in the HICs can be complemented by 
the same mode of governance in the short run, and (ii) how the long-run and green sys-
temic governance model for managing the MFG–pollution nexus in the UMICs can be 
extended to the MNFG–pollution nexus, and how it can be adapted in the short run both 
for the MNFG–pollution and for the MFG–pollution nexus. The third issue is to deepen 
the analysis by explaining the specific GCMs between the MEG variables in each country 
group or in individual countries; the models used in the paper investigated system-wide 
complementarities and did not illustrate the specific complementarities that create mutual 
reinforcement between the MEG variables in reducing or increasing pollution. Another 
area for further research is to determine if green systemic governance can work better when 
adapted by concerted action, possibly through the comparison of coordinated and liberal 
market economies. The sixth and final point is to study the existence and adaptability of 
systemic governance in an international context during a stage when there is an urgent 
need for a complementary action by national, regional, international, and global actors in 
tackling severe environmental challenges.

6  Conclusion

The paper concludes, first, that the clustering of major macroeconomic variables into 
macro-financial and macro-nonfinancial governance yields to the systematic explanation 
of the relationships between macroeconomic variables and pollution. Second, such a sys-
tematic approach yields to the formulation of system-wide policy proposals in a way that 
demonstrates, first, what to do to make an entire macroeconomic system environmentally 
friendly, then, how to decide on what to do first to achieve this objective, and finally how 
to restructure variable-specific policy options. Third, the green and dirty complemen-
tarities as analytic tools that mediate the clustering of the converging pollution-increas-
ing or pollution-decreasing effects of macroeconomic variables on pollution underlie 
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the systematization and structuring of both the theoretical analysis and empirical policy 
inferences. Fourth, it is the systemic and fragmented modes of governance that underlie 
the explanation of the macroeconomy–pollution nexus from a complementary-theoretic 
approach by presenting a framework through which the existence or absence of comple-
mentarities between macroeconomic variables and pollution can be contextualized into an 
ordered analytic perspective. Fifth, (i) the systemic and fragmented governance models of 
GCMs and DCMs are, inter alia, the key drivers of countries’ CPC levels, and (ii) environ-
mental pollution can be tackled effectively when adopting green systemic governance in 
managing the variables of MNFG and MFG both in the long run and in the short run for all 
country groups. Sixth, it turns out that the EKC hypothesis needs to be systematically dis-
aggregated for the understanding of how each component of macroeconomic governance 
has a dynamic effect on pollution. This disaggregation is necessary both (i) for explaining 
if the EKC hypothesis holds for the relationship between each component of growth and 
pollution in the same direction and magnitude as that between aggregate growth and pol-
lution itself, (ii) thereby coming up with variable-specific policy suggestions to illustrate 
when and how to green each macroeconomic variable.

Appendix 1

See Tables 12, 13.
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Appendix 2

Panel unit root, cross section dependence, and panel cointegration 
tests

Panel unit root tests

Levin et al. (2002) and Breitung (2001) tests are estimated using the following models:

and

Tests use panel versions of the augmented Dickey–Fuller (ADF) unit root test (with and 
without a trend). � is restricted to be identical across cross-sectional units, but the lag order 
for the first difference terms to vary across cross-sectional units is allowed in these tests, 
which in this study are countries. Pooled ordinary least squares (POLS) estimates Eqs. 1 
and 2 for t� critical values are tabulated by Levin et al. (2002) via Monte Carlo simulations 
for various combinations of N and T  commonly employed in applied work. H0 ∶ � = 0 and 
H1 ∶ 𝛼 < 0 are the null and the alternative hypothesis, respectively. Under the H0 , there is a 
unit root, while under the H1 alternative there is no unit root.

While the Levin et al. (2002) test requires bias correction factors to correct for cross-
sectionally heterogeneous variances to ensure efficient POLS estimation, the Breitung 
(2001) test achieves the same result by appropriate variable transformations. � , in Eqs. 10 
and 11, is restricted to be identical across countries under both the null and alternative 
hypotheses is one of the drawbacks of the Levin et al. (2002) and Breitung (2001) tests.

Im et al. (2003), here after IPS, is proposed a t-bar test using the following model:

It has the advantage over the Levin et al. (2002) and Breitung (2001) tests it does not 
assume that all countries converge toward the equilibrium value at the same speed under 
the alternative hypothesis and thus is less restrictive. The IPS test is the adjusted version 
of ADF individual unit root test statistics. As T  and N goes to infinity, the IPS statistics is 
asymptotically normally distributed. The null and alternative hypothesis of IPS test:

While H0 assumes that each series in the panel has a unit root for all cross-sectional 
units, H1 means stationary of panel series.

The test statistic of IPS unit root test is modeled as follows:

(1)Δyit = �i + �yit−1 +

k
∑

j=1

dijΔyit−j + �it

(2)Δyit = �i + �yit−1 + �it +

k
∑

j=1

dijΔyit−j + �it

(3)Δyi,t = �i + �it + �t + �iyi,t−1 +

p
∑

j=1

�i,jyi,t−j + vi,t.

H0 ∶ 𝜌i = 0 for all i

H1 ∶ 𝜌i < 0 i = 1, 2,… ,N

𝜌i = 0 i = N1 + 1,N1 + 2,… ,N,
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where ti,t is the ADF t-statistics for the unit root tests of each country and Pi is the lag order 
in the ADF regression. The test statistic is calculated as follows:

The values for E
[

tit
(

Pi, 0
)]

 are obtained from the results of the Monte Carlo simulation 
carried out by IPS. Simulations indicate that the tT statistics is more powerful even for 
small sample sizes in the presence of no cross-sectional dependency.

Cross section dependence tests

A key limitation of the Breusch and Pagan (1980) LM test is to exhibit substantial size dis-
tortions when N > T. The CD test proposed by Pesaran (2004) converged to a normal dis-
tribution with a mean of 0 and a variance of 1 under the null hypothesis of cross-sectional 
independence when both N and T → ∞. Further, Pesaran et  al. (2008) proposed a bias-
adjusted LM test that successfully controlled the size and maintained reasonable power in 
panels with exogenous regressors and normal errors, even when the cross section mean of 
the factor loadings was close to zero where the CD test had little power. Simulation evi-
dence provided by Pesaran et al. (2008) indicates that the test had a good size and power 
for T > 20. All three tests were relevant for our analysis as N < T and T > 20 in both our 
models.

Panel cointegration tests

Kao (1999) develops two types of panel cointegration tests, the Dickey–Fuller (DF) and 
augmented Dickey–Fuller (ADF) types. The tests are based on the estimated residuals 
derived from the following long-run regression model:

where yit and x
it
 are assumed to be I(1) . The structure of estimated residuals is as follows:

where � is assumed to be common for all units. Under the null hypothesis, all tests show 
the absence of cointegration, whereas the alternative hypothesis indicates the existence of 
cointegration. All tests are asymptotically distributed as N(0, 1).

Pedroni (1999) assumes that all panels have individual slope coefficients in Eq. (6). 
Allowing unit-specific �i instead of � , the proposed panel cointegration tests are 
obtained by testing for a unit root in the estimated residuals.

The test statistics are

(4)tT =
1

N

N
∑

i=1

ti,t
(

Pi

)

(5)AT =

√

N(T)
[

tT − E
(

tT
)]

√

var
(

tT
)

(6)yit = �i + x
�

it
� + �it,

(7)𝜖it−1 = 𝜌𝜖it + vit,
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ADF − t ≡ N−1∕2
N
∑

i=1

�

T
∑

t=1

s̃∗
2

∈̂
2∗

it−1

�−1∕2
N
∑

t=1

∈̂
∗

it−1
Δ∈̂

∗

it
 where �̂�i =

1

2

(

�̂�2
i
− ŝ2

i

)

 and 

S̃∗
2

N,T
=

1

N

N
∑

i=1

Ŝ∗
2.

The null and alternative hypotheses are

for all i . Under the null hypothesis, there is no cointegration for all spesific units, 
whereas the alternative hypothesis indicates cointegration.
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