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Abstract 
This research investigates how environmental regulation moderates the relationship between foreign direct investment (FDI) and carbon dioxide (CO2) emissions, utilizing the autoregressive distributed lag (ARDL) method across 39 developed and emerging economies from 1990 to 2020. Furthermore, Dumitrescu–Hurlin panel Granger causality tests and robustness checks are implemented. After confirming the pollution haven hypothesis in emerging economies and the pollution halo hypothesis in developed economies, we found that environmental regulation amplifies the inverse relationship between FDI and CO2 emissions in developed economies in the long run. In contrast, such a moderating effect in emerging economies is not significant. Meanwhile, we did not find evidence that environmental regulation moderates the FDI-CO2 relation in both emerging and developed economies in the short run. 
[bookmark: OLE_LINK9]This study explores how environmental regulation affects the link between foreign direct investment (FDI) and carbon dioxide (CO2) emissions in 39 developed and emerging economies from 1990 to 2020. Using the autoregressive distributed lag (ARDL) method and panel Granger causality tests, we confirm the pollution haven hypothesis in emerging economies and the pollution halo hypothesis in developed economies. In the long run, we find that stricter environmental regulations strengthen the negative impact of FDI on CO2 emissions in developed economies. However, this moderating effect is not significant in emerging economies. In the short run, environmental regulation does not appear to influence the FDI–CO2 relationship in both emerging and developed economies.
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1 Introduction
FDI has played a pivotal role by providing essential resources to foster national economic growth and sustainable development. International FDI flows grew from 0.929 trillion USD in 2020 to an estimated 1.65 trillion USD in 2021, representing a 77% increase and exceeding pre-COVID-19 levels (UNCTAD 2022). Foreign capital facilitates the transfer of technologies between economies at various stages of development (Borensztein et al. 1998). This transfer improves the efficiency of production factors in host countries, thereby helping to narrow the technological gap between domestic firms and their international counterparts (Anwar and Nguyen 2010). In addition, FDI inflows enable emerging economies to obtain innovative capacities and improve research and development (R&D) capabilities, which are essential for economic growth and reducing poverty (Aghion and Howitt 1998; Boateng et al. 2017). Moreover, FDI promotes technology and knowledge spillovers, which further accelerate the industrialization process (Ben Mim et al. 2022).
Though FDI may bring considerable growth-enhancing benefits, there are still debates on its influence on the CO2 emission level. It is generally believed that FDI could influence CO2 emissions either positively or negatively via three different mechanisms. First, FDI may transfer advanced technologies that further increase productivity and industrial output in the recipient countries (Borensztein et al. 1998). The increase in productivity primarily driven by FDI could result in higher energy consumption, which could cause greater CO2 emissions. Second, the pollution haven hypothesis suggests that FDI could bring environmental burdens, as foreign companies may increase resource exploitation and exacerbate environmental pollution in the recipient countries (He 2006; Levinson and Taylor 2008; Sapkota and Bastola 2017). FDI may promote the relocation of high-pollution industries that do not follow the environmental standards and regulations of their home countries. This can result in more pollution, which increases emissions of greenhouse gases and also threatens human health and ecosystems in host countries. Third, the pollution halo hypothesis posits that FDI could also contribute to CO2 emission reductions, as FDI could facilitate technology spillovers and cleaner production technologies (Letchumanan and Kodama 2000; Eskeland and Harrison 2003; Levinson and Taylor 2008). 
Environmental regulation is vital for CO2 emission mitigation (Acheampong and Dzator 2020; Boateng et al. 2023). However, there is still no consensus on how environmental regulation interacts with the above three mechanisms in emerging and developed economies. On the one hand, the Porter hypothesis posits that stringent environmental regulations can foster innovation and encourage environment-friendly production practices (Porter and van der Linde 1995; Xepapadeas and de Zeeuw 1999). Well-designed environmental regulation could encourage innovation and promote the adoption of eco-friendly technologies in industries, which tend to ultimately contribute to CO2 emissions reductions (Porter and van der Linde 1995; Dechezleprêtre and Sato 2017). Stringent environmental regulations could encourage firms to improve energy efficiency and renewable energy transitions, while weak environmental regulation may enable multinational enterprises to evade environmental laws and supervision (Boateng et al. 2023). On the other hand, well-intended environmental policies may also fail to mitigate or even bring unintended negative effects to the environment. Environmental policies like carbon taxes may unintentionally accelerate climate change by prompting fossil fuel producers to increase production ahead of policy implementation (Sinn 2008). These unintended negative environmental effects are commonly referred to as the “green paradox” (van der Ploeg and Withagen 2015). Overly stringent environmental regulations may impose excessive costs on enterprises and lead to unintended consequences for the environment (Shen et al. 2019). Carbon leakage due to the relocation of enterprises to nations with laxer environmental regulations could also lead to higher global emissions (Dechezleprêtre et al. 2022).  
These conflicting theories on the FDI-regulation-CO2 relationship could best be verified by empirical analysis of global data disentangling it from countries’ different stages of development and reflecting the gradual nature of environmental regulation on a country’s emissions intensity, but such research is still lacking. Against this background, this study investigates how environmental regulation moderates the relation between FDI and CO2 emissions, utilizing the ARDL method across 39 developed and emerging economies from 1990 to 2020. The panel ARDL model incorporates time lags and captures both the long and short-term dynamics between FDI, environmental regulation, and CO2 emissions. Unlike most studies using a similar ARDL approach, this research utilizes an integrated global dataset for the period 1990-2020 to conduct a comparative analysis of emerging and developed economies using consistent data calibration. Our empirical findings revealed the complexity of how environmental regulation influences the FDI-CO2 emission nexus. After controlling variables such as GDP, R&D, renewable energy, and industrial structure, we found that environmental regulation enhances FDI’s negative impact on the CO2 emission level in developed economies in the long run, while it shows no significant moderating effect in emerging economies. Moreover, the moderating effect in the short run is not significant in both emerging and developed economies. 
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Figure 1 Conceptual framework of the interactions between FDI, environmental regulation, and CO2 emissions
Note: Solid arrows represent direct effects; dashed arrows represent expected moderating effects of environmental regulation on the FDI–CO2 emissions relationship. 
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Figure 2 Distribution of developed and emerging economies
Figure 1 and Figure 2 show the conceptual framework and the sample economies in this study. In emerging economies, FDI is expected to raise CO2 emissions, which is consistent with the pollution haven hypothesis. In line with the green paradox hypothesis, environmental regulation is expected to inadvertently cause higher CO2 emissions and amplify the emission-increasing effect of FDI. In developed economies, FDI is expected to decrease CO2 emissions, which is consistent with the pollution halo hypothesis. Meanwhile, environmental regulation, as posited by the Porter hypothesis, is anticipated to reduce CO2 emissions and enhance the emission-reduction effect of FDI. 

The rest of the paper is organized as follows. The second section reviews the main findings of previous studies. The third section outlines data and empirical methods. The fourth section presents empirical results and discussion. The final section includes the conclusion and policy initiatives.

2 Literature Review 
A plethora of research has attempted to isolate the independent effects of various determinants of environmental degradation. Most studies adopt a specific greenhouse gas emission, such as CO2, as the indicator of the environment. At the same time, FDI inflows, environmental regulation, economic growth, industrial structure, R&D, and renewable energy have been widely regarded as key influencers of CO2 emissions (Grossman and Krueger 1995; Levinson and Taylor 2008; Wolde-Rufael 2020; Iwata et al. 2012; Kivyiro and Arminen 2014; Hao and Liu 2015; Hanif et al. 2019; Chen et al. 2020; Jiang and Sun 2023).
Many studies have discussed how FDI impacts the CO2 emission level. FDI’s impact on emissions is heterogeneous across entry modes and sectors: investment directed to high-tech and knowledge-intensive activities typically reduces carbon intensity via productivity and efficiency gains, whereas FDI in extractive and heavy industries tends to increase emissions (Demena and Afesorgbor 2020; Boateng et al. 2024; Famanta et al. 2024; Tripathy et al. 2025). This mechanism is in line with the industry- and firm-level evidence, which indicates that stricter environmental policies force less efficient firms to adjust while stimulating innovation and raising aggregate efficiency through resource reallocation (Albrizio et al. 2017). According to the pollution haven hypothesis, FDI may enhance local productivity and industrial outcomes through technology spillovers, which may consequently cause more CO2 emissions. At the same time, high-emitting industries are inclined to relocate to nations with weaker environmental rules to lower their compliance and operational costs (Oates and Baumol 1975). On the contrary, the pollution halo hypothesis posits that enterprises with foreign investment generally have higher energy efficiency and green production practices (Benzerrouk et al. 2021; Shahbaz et al. 2019). Through FDI, foreign companies can promote the transfer of cleaner production technologies and sustainable practices, which bring environmental improvement to host countries (Sarkodie and Strezov 2019). Though FDI is commonly considered an important factor that influences pollution emissions, the validity of the above FDI-pollution hypotheses varies across countries. For instance, Shahbaz et al. (2018) discovered that FDI contributed to CO2 emissions in France from 1955 to 2016. Sarkodie and Strezov (2019) found that FDI increased greenhouse gases in five emerging economies from 1982 to 2016. Zakarya et al. (2015) discovered a long-run relationship between FDI and CO2 emissions in BRICS economies between 1990 and 2012. Sapkota and Bastola (2017) investigated how FDI and income impacted CO2 emissions in 14 Latin American nations during 1980-2010. Their findings supported the pollution haven hypothesis in Latin America. In contrast, Zhu et al. (2016) discovered that FDI reduced CO2 emissions in five ASEAN nations over the period 1981-2011, which supports the pollution halo hypothesis. Zhang and Zhou (2016) discovered that FDI inflows reduced China’s CO2 emissions over the period 1995-2010. Similarly, Letchumanan and Kodama (2000) examined new-technology spillovers and found that FDI is not significantly related to environmental pollution in developing countries, as host countries receive technologies in cleaner industries. Eskeland and Harrison (2003) investigated United States outbound investment and found that compared with their peers in developing countries, industries owned by foreign capital tend to utilize cleaner energy technologies. In non-OECD contexts, recent studies show that the FDI–environment nexus is highly heterogeneous and influenced by institutional quality and policy context (Demena and Afesorgbor 2020; Boateng et al. 2024). Evidence from emerging economies indicates that weak governance hinders FDI’s ability to reduce emissions, while “green FDI” and ESG alignment after the Paris Agreement play a critical role in driving mitigation benefits (Famanta et al. 2024; Zehouani and Ababou 2025). Mechanism analyses also highlight that FDI influences CO2 through technological diffusion and industrial restructuring (Tripathy et al. 2025).

Though some studies highlight the beneficial impact of introducing strict environmental regulations on reducing pollution, debates persist regarding their overall effectiveness. Proponents of strict environmental regulations argue that such regulation increases the expense of polluting activities, which subsequently reduces emissions and improves the environment (Neves et al. 2020; Liu et al. 2023; Wang et al. 2020; Ahmed 2020; Akbulut 2022). Among developed economies, many studies have shown that stringent environmental regulations effectively reduce air pollutants and CO2 emissions. For instance, Cole et al. (2005) demonstrated such pollution-reduction effects in the UK’s manufacturing sectors, while Shapiro and Walker (2018) found similar results for U.S. industries. Comparable effects were also observed in the EU (Neves et al. 2020), OECD countries (Wang et al. 2020), and 32 global economies (De Angelis et al. 2019). Among emerging and developing economies, Liu et al. (2023) found that stricter policies reduced CO2 emissions in highly polluted regions. Likewise, environmental regulation reduces CO2 emissions in Chinese energy-intensive industries via technology efficiency over the period 2005-2015 (Pei et al. 2019). However, Akbulut (2022) reported limited effects of EPS on the GDP–CO2 relationship, despite a negative FDI impact under stringent EPS in BRICS and Indonesia. Similarly, Xie and Zhang (2024) noted that environmental regulation reversed FDI’s positive effect on haze pollution in 52 countries. Conversely, there are still a number of studies discussing the ineffectiveness or even the reverse effect of environmental regulation on CO2 emission reductions (Sinn 2008; van der Ploeg and Withagen 2015; Shen et al. 2019; Dechezleprêtre et al. 2022). Recent studies have highlighted how environmental regulation policies can inadvertently lead to increased emissions due to certain factors, such as poorly designed carbon taxes (Edenhofer and Kalkuhl, 2011), time lags between announcements and policy implementation (Di Maria et al. 2012; Smulders et al. 2012), and carbon leakage resulting from unilateral climate policies (Ritter and Schopf 2014; Sen 2016). For instance, Edenhofer and Kalkuhl (2011) demonstrated that the “green paradox” occurs when the initial tax level is set below a specific threshold and increases permanently at a rate exceeding the discount rate. Di Maria et al. (2012) found that the time lags between the announcement and enforcement of an emissions limit policy resulted in higher emissions during this interim period. This finding was incorporated by Smulders et al. (2012), who found that a “green paradox” occurs when a carbon tax is announced early. Also, Ritter and Schopf (2014) pointed out that a “green” policy measure could accelerate fossil fuel extraction and contribute to a rise in cumulative climate damages simultaneously. Sen (2016) found that unilateral carbon reduction measures could lead to a “green paradox” in another country in a dynamic two-country model. Yin et al. (2015) found that stringent environmental regulations increase China’s overall CO2 emissions, as high-carbon-emitting industries are relocated from eastern to central and western regions with weaker environmental regulations. Likewise, Shen et al. (2019) found that strict environmental regulations could intensify environmental total factor productivity. However, overly intensified environmental regulation could impose additional burdens on enterprises, undermining their technological innovation capabilities and carbon reduction incentives. Wolde-Rufael and Weldemeskel (2020) also demonstrated that environmental policy stringency followed an inverted U-curve pattern, with limited effectiveness during the early phases in emerging economies. At this stage, intensified regulatory costs may impede the adaptation of eco-friendly investments and innovations that can enhance environmental quality (Dechezleprêtre and Sato 2017; Ramanathan et al. 2017). 
A growing literature highlights that the effectiveness of environmental regulation depends on both de jure stringency and de facto enforcement. Where monitoring capacity is high and rules are credible, higher energy and pollution prices can induce process innovation, input substitution and upgrading. By contrast, weak enforcement and regulatory capture can make compliance selective and uneven, prompting firms to delay abatement, shift to the informal sector or relocate. Consistent with this view, Hille and Möbius (2019a) document small and often positive economy-wide employment effects of energy-price increases driven by sectoral and skill reallocation, while Hille and Möbius (2019b) find that stricter policies foster innovation but do not yield robust productivity gains once endogeneity is addressed.
Above all, the impact of FDI and environmental regulation on CO2 emissions remains a subject of debate. Further empirical research is required to explore their roles in CO2 emission reductions. To address this research gap, this research examines how environmental regulation influences the FDI-emission nexus in emerging and developed economies over the period 1990-2020. By controlling well-known influencing factors such as GDP, industrial structure, R&D, and renewable energy, this research intends to enrich current debates on the role of FDI and environmental regulation on CO2 emission reductions. Based on analysis of the empirical results, this research further offers policy recommendations to meet carbon reduction commitments. 


3 Empirical Method
This study is aimed at examining how environmental regulation moderates the FDI-emissions nexus using control variables outlined in the literature review part. Empirically, we use the variables shown in Table 1 to explore the long- and short-run relationships between CO2 emissions, FDI, environmental regulation, per capita GDP, R&D, renewable energy, and industrial structure. 

Table 1 Variable description
	Variable
	Definition
	Data Source
	Unit

	  Dependent variable
	

	EM
	Total CO2 emissions from fossil fuel combustion, expressed in 10 megatons (Mt) of CO2 equivalent. 
	Eurostat EDGAR (2021)
	10 megatons (Mt) 

	Independent variable
	

	FDI
	FDI net inflows expressed as a share of total GDP. 
	World Bank WDI (2024)
	%

	
	
	
	

	ER
	OECD environmental policy stringency composite indicator measuring “the degree to which environmental policies put an explicit or implicit price on polluting or environmentally harmful behaviour.” (Kruse et al. 2022).
	OECD (2022)
	unit

	
	
	
	

	ER*FDI
	The interaction term of FDI and ER.
	World Bank WDI (2024)
OECD (2022)
	

	Control variable
	

	GDP
	GDP per capita in thousands in constant 2015 US dollars.
	World Bank WDI (2024)
	1000 US dollars

	
	
	
	

	GDP2
	Squared term of the GDP per capita in thousands in constant 2015 US dollars.
	World Bank WDI (2024)
	1000 US dollars

	
	
	
	

	RD
	The number of researchers engaged in R&D per million people. 
	World Bank WDI (2024)
	unit

	
	
	
	

	RE
	The share of renewable and others energy consumption in total energy consumption including coal, natural gas, petroleum, and other liquids, nuclear, renewables and others.
	EIA (2024)
	%

	
	
	
	

	IND
	The value added by industry sectors including mining, manufacturing, construction, electricity, water, and gas, expressed as a share of total GDP.
	World Bank WDI (2024)
	%



This paper is aimed to investigate how environmental regulation moderates the FDI-emissions nexus. For this purpose, we utilize the following model to analyze the effect of selected variables on CO2 emissions: 


                                  (1)

where EM denotes total CO2 emissions from fossil fuel combustion, α0 is the constant, i represents the economy, t represents the year, FDI represents the value of inward FDI as the share of total GDP, ER represents environmental regulation measured by the environmental policy stringency index ranging from zero (least stringent) to six (most stringent), GDP represents per capita GDP, RD represents the number of researchers engaged in R&D per million people, RE represents the share of renewable and other energy consumption in total energy consumption, IND represents the value added by industry sectors as a share of total GDP, ER*FDI is the interaction term between ER and FDI, β1, β2, β3, β4, β5, β6, β7, β8 are the coefficients of the described variables, ei,t is the error term. 
ARDL model is widely used in policy analysis for several reasons. First, this model allows for investigating relationships among variables regardless of whether they are stationary in levels or in first differences, which reduces the complexity of modeling. Second, the ARDL model divides short-run dynamics of lagged terms and long-run equilibrium relationships and leverages an error correction mechanism (ECM) to explain how short-run deviations adjust towards long-term equilibrium. Hence, we can estimate both short-run and long-run dynamics among variables at the same time. Lastly, the ARDL model allows for different lag lengths for each variable, which provides flexibility for lag length adjustment. The above-mentioned advantages make the ARDL model suitable for analyzing the causal mechanisms through how environmental regulation affects CO2 emissions in the short and long run. In light of this, the following functional forms are utilized to estimate long-run and short-run effects in the ARDL model: 


                                                (2)


where βi, γi, δi, εi, ζi, ηi, θi, ιi, κi refer to short-run coefficients, λEM, λFDI, λER, λGDP,, λRD, λRE, λIND, λER*FDI refer to the long-run coefficients, ei,t is the error term. For short-run relationship analysis, the equation is expressed as: 


                                         (3)

where ECM refers to the error correction term. 
We used balanced data covering 39 developed and emerging economies from 1990 to 2020. The empirical analysis is conducted separately for 9 emerging economies and 30 developed economies. The choice of economies and timeframe depends on data availability on the environmental regulation variable.  Missing data were interpolated using the linear interpolation method. 
Dependent variable CO2 emissions are widely regarded as a comprehensive indicator that accurately reflects the impacts of institutional variation on the environment. This indicator is the sum of CO2 emissions from fossil fuels expressed in 10 megatons (Mt) of CO2 equivalent, based on detailed CO2 emissions data categorized under the IPCC 2006 Classification and sourced from the EDGAR database provided by Eurostat. Independent variable and control variables data are extracted from a variety of resources including international organizations, and the government. FDI data are extracted from the World Bank, which calculates FDI net inflows as a share of GDP. Environmental regulation is measured using the composite of the OECD EPS index, which is weighted by 13 environmental policy instruments. The index is an indicator designed to measure “the degree to which environmental policies put an explicit or implicit price on polluting or environmentally harmful behaviour.” (Kruse et al. 2022), ranging from zero (least stringent) to six (most stringent). According to OECD (2022), the EPS index was constructed using multiple sources, including OECD, IEA, national statistics, and country-specific datasets (see Appendix I). About 85% of the observations are based on original data, while the remaining missing values were imputed through rule-based interpolation. Despite these efforts, potential measurement biases may remain. For example, cross-country heterogeneity in policy definitions and reporting standards, possible misclassification when policies are adopted intermittently, and smoothing effects from interpolation that may mask genuine structural differences. In addition, reporting bias may occur in non-OECD economies where data are self-reported and institutional capacities are weaker, leading to potential under- or over-estimation of policy stringency. Due to the preference for experience in the design and implementation of a certain policy, instruments within a certain type are typically enforced together within a country (Botta and Koźluk 2014). At the same time, different instruments may be implemented jointly for the purpose of creating higher confidence for investors (Hood 2013). Although the composite includes instruments not specifically designed to reduce CO2 emissions, the synergistic effect among these pollution-cutting measures (e.g., NOx regulations that yield CO2 reductions through improved fuel efficiency) makes the index a suitable proxy for environmental regulation at the national level. Control variables including GDP, R&D, and industrial structure are collected from the World Bank. GDP refers to the GDP per capita in thousands in constant 2015 US dollars. Industrial structure refers to the value added by industry sectors as a share of total GDP to measure the industrial structure, indicating whether the economy is a more industry-focused economy. Control variable renewable energy is calculated by the author based on energy consumption data extracted from the Energy Information Administration (EIA). Renewable energy is measured as the share of renewable and other energy consumption in total energy consumption, reflecting an economy’s progress toward energy transition. 
Drawing on the classifications by the Kyoto Protocol and the Paris Agreement, we divide panel annual data of 39 economies into two income groups representing the IPCC Annex I and II parties, and the IPCC Non-Annex I parties to examine the heterogeneity from 1990 to 2020. Following the country classification used in the IMF World Economic Outlook in 2024, we classify the 39 economies into 9 emerging economies representing the IPCC Annex I and II parties and 30 developed economies representing the IPCC Non-Annex I parties. Though the IMF classification is not strictly consistent with the UNFCCC party’s classification, it generally reflects the development differences for the above-mentioned economies. Among emerging economies, Türkiye is an IPCC Annex I party. Among developed economies, South Korea belongs to the Non-Annex I parties. Emerging economies include Brazil, Chile, China, India, Indonesia, Mexico, Russia, South Africa, and Türkiye. Developed economies include Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Netherlands, New Zealand, Norway, Poland, Portugal, Slovakia, Slovenia, South Korea, Spain, Sweden, Switzerland, United Kingdom, United States. Missing data for variables are interpolated by the linear interpolation method. During interpolation, we set a non-negative constraint on RD and RE and replaced any values below 0 with 0 to ensure R&D and renewable energy rate values align with actual conditions. To ensure consistency in our empirical analysis while capturing heterogeneity between developed and emerging economies, we combined classifications from the United Nations Framework Convention on Climate Change (UNFCCC) and the International Monetary Fund (IMF). Specifically, we referred to the Kyoto Protocol and Paris Agreement’s definitions of Annex I/II and Non-Annex I parties, which broadly distinguish industrialized from developing countries in the climate governance framework. We then adopted the IMF World Economic Outlook (2024) classification to determine the “developed” and “emerging” groupings in our sample, as the IMF classification better reflects the current economic development status and aligns with macroeconomic datasets. This approach resulted in 30 developed economies (including some Non-Annex I parties such as South Korea) and 9 emerging economies (including Türkiye, an Annex I party). Emerging economies include Brazil, Chile, China, India, Indonesia, Mexico, Russia, South Africa, and Türkiye. Developed economies include Australia, Austria, Belgium, Canada, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Netherlands, New Zealand, Norway, Poland, Portugal, Slovakia, Slovenia, South Korea, Spain, Sweden, Switzerland, United Kingdom, United States. While this hybrid classification is not strictly consistent with UNFCCC groupings, it balances the historical climate policy commitments reflected in Annex I/II with the present-day economic structures captured by the IMF classification, enabling a more relevant heterogeneity analysis over 1990–2020. 
The study is conducted in the following parts. Firstly, this study conducts unit root tests to identify if the variables are stationary or nonstationary. Following the stationarity tests, we employ the panel cointegration tests of Pedroni (1999 2004) and Kao (1999) to examine the presence of a long-term cointegration relationship among the variables. After verifying the long-run relationship, we further implement long-run estimation with short-run dynamics by the Pooled Mean Group ARDL (PMG-ARDL) estimation method of Pesaran and Smith (1995) and Pesaran et al. (1999). Finally, we utilize the Dumitrescu-Hurlin heterogeneity panel causality test (2012) to examine the causal relationships among key variables and conduct robustness checks.

4 Results and Discussion 
Results
The ARDL model is widely utilized to investigate short and long-term dynamic causal relationships. Before we use ARDL modeling in Eq. (1), we need to assess whether empirical modeling meets three perquisites for panel data to utilize the ARDL model: non-collinearity, stationarity, and cointegration. The presence of multicollinearity makes it challenging to determine how individual variables affect the dependent variable, weakening the reliability of predictions. The correlation matrix shown in Table 2 revealed low multicollinearity between major regressors, indicating the panel data is feasible for further analysis. 

Table 2 Descriptive statistics and correlation matrix

To make sure the panel data in the estimation model are stationary, unit root tests are needed. We referred to unit root tests including Levin, Lin and Chu (LLC) test (Levin et al. 2002), Im, Pesaran and Shin (IPS) test (Im et al. 2003), Augmented Dickey-Fuller (ADF) test (Dickey and Fuller 1979) and Phillips-Perron (PP) (Phillips and Perron 1988) test to verify stationarity for the panel data. The LLC test assumes common unit root process cross sections, while the IPS, ADF and PP tests assume individual unit root processes across sections (Choi 2001; Maddala and Wu 1999). All unit root tests adopt the existence of unit root as the null hypothesis. 

Table 3 Panel unit root test

As shown in Table 3, all variables passed at least one panel unit root test before or after the first difference at the significance level of 1%, meaning that all variables are stationary at the level or at the first-difference level. Hence, the panel data are feasible for conducting panel cointegration tests and the following ARDL analysis. To verify the cointegration in our panel data, we implement Kao and Pedroni cointegration tests to test long-run relations among variables in the panel modeling (Kao 1999; Pedroni 1999 2004). 

Table 4 Kao and Pedroni panel cointegration test

The null hypothesis of the Kao and Petroni panel cointegration test is that there is no cointegration. As shown in Table 4, this null hypothesis is rejected by at least one cointegration test in all subgroups, indicating the presence of the long-term equilibrium relationship in panel models for developed and emerging economies. Hence, the existence of cointegration has been verified, matching the criteria in panel ARDL estimation. The PMG-ARDL model estimates the shared relationships among individuals in panel data and estimates parameters through pooled averaging, allowing for heterogeneity in parameters between individuals and providing consistent estimates even when samples are small or when individual heterogeneity is less evident. 

Table 5 Panel ARDL results in emerging economies

To enhance robustness and transparency, we adopt a stepwise modelling strategy in Table 5 and Table 6. As shown in Table 5, the long-run estimates from Model 1 indicate that a 1% rise in FDI leads to an approximate 0.0678% increase in CO2 emissions, suggesting that FDI contributes to higher emission levels in emerging economies. When renewable energy is additionally controlled for (Model 7), a 1% rise in FDI results in a 0.1217% increase in CO2 emissions, which is in line with the positive association between FDI and CO2 emissions. After further controlling for industrial structure (Model 11), the coefficient of FDI is 0.0751%, implying a 1% increase in FDI leads to around 0.0751% increase in CO2 emissions. In addition to FDI, our estimates also revealed that after controlling for GDP and industrial structure (Model 5 and Model 6), the coefficients of environmental regulation are positive, suggesting that environmental regulation in emerging economies leads to more CO2 emissions in the long run. After controlling for GDP, renewable energy, and industrial structure (Model 9), the coefficient of the interaction term between FDI is positive, implying that environmental regulation amplified FDI’s positive effect on CO2 emissions. After further controlling for GDP, R&D, renewable energy, and industrial structure (Model 11 and Model 12), our empirical results indicate that the coefficient of environmental regulation is positive while the coefficient of the interaction term is not significant, implying that environmental regulation is correlated with higher CO2 emission levels while it does not significantly moderate the FDI-CO2 emission nexus. For short-run dynamics, the error correction term in Model 12 indicates a convergence speed of 5.04% toward the long-run equilibrium for CO2 emissions when the interaction term is accounted for. This implies a low adjustment towards long-term equilibrium for emerging economies. Additionally, the short-run coefficients of FDI, environmental regulation, and the interaction term are not statistically significant, implying these variables’ impacts on CO2 emission are more significant in the long run. 

Table 6 Panel ARDL results in developed economies

In Table 6, the long-run estimates indicate that FDI exerts a mitigating effect on CO2 emissions in developed economies. After controlling for GDP and R&D (Model 1), a 1% rise in FDI leads to a 0.0005% decrease in CO2 emissions. This effect increases to 0.0029% when renewable energy is included in control variables (Model 3) and stabilizes at 0.0021% when both R&D and renewable energy are controlled for (Model 7). When all control variables including GDP, R&D, renewable energy, and industrial structure are added, our empirical results indicate that a 1% increase in FDI leads to around 0.0055% decrease in CO2 emissions. Regarding environmental regulation, our estimates (Model 3 and Model 4) demonstrate that after controlling GDP and renewable energy, the coefficients of environmental regulation and its interaction term with FDI are negative, implying that environmental regulation reduces CO2 emissions and amplifies FDI’s role in reducing CO2 emissions in the long run. When R&D is included in control variables (Model 5 and Model 6), the coefficients of environmental regulation are both negative. However, the coefficient of the interaction term becomes positive but only at the significance level of 10%. Adding all control variables including GDP, R&D, renewable energy, and industrial structure, our estimates (Model 11 and Model 12) indicate that the coefficients of environmental regulation and the interaction term are significantly negative, which are in line with environmental regulation’s role in reducing CO2 emissions and moderating role in the FDI-CO2 nexus. For short-run dynamics, the error correction term (Model 12) shows a convergence speed of 2.34% toward the long-run equilibrium, indicating slow adjustment processes in developed economies. Similar to emerging economies, the short-run coefficients of FDI, environmental regulation, and the interaction term in developed economies are not significant in the short run. 

Table 7 Dumitrescu Hurlin (2012) panel Granger causality tests

Table 7 presents the findings from the Dumitrescu–Hurlin (2012) panel Granger causality tests. In emerging economies, we found a one-way causality from CO2 emissions to FDI and a one-way causality from CO2 emissions to environmental regulation. We also found a one-way causality from environmental regulation to FDI. In developed economies, we found a two-way causality relationship between environmental regulation and CO2 emissions and a two-way causality relationship between FDI and CO2 emissions. Similar to emerging economies, we also found a one-way causality from environmental regulation to FDI. 

Table 8 Robustness check results

As energy production and the use of fossil fuels are major contributors to the greenhouse effect, we use the total CO2 emissions from IPCC 2006 energy sectors and the non-renewable energy consumption categorized by IEA as two alternative proxies for the explained variable in our robustness check tests. As shown in Table 8, The results in Model (4) and Model (9) corroborate the main findings in Table 5 and Table 6. In emerging economies, after controlling for GDP, R&D, and renewable energy, the coefficients of core explanatory variables including FDI and environmental regulation remain positive while they are negative in developed economies. Furthermore, the results indicate that environmental regulation in emerging economies fails to mitigate CO2 emissions in these economies. Also, the negative coefficient of the interaction term for developed economies is in line with our finding that environmental regulation enhances FDI’s impact on CO2 emission reductions in developed economies. 
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Figure 3 Quantile effects of environmental regulation (ER) on CO2 emissions
Note: Points and solid lines are ER coefficients from quantile regressions at τ = 0.10, … , 0.90. Shaded areas are 95% clustered-bootstrap CIs. Control variables include FDI, GDP, GDP2, RD, RE, IND, and ER×FDI.  

Table 10 Heterogeneous (quantile) effects of environmental regulation (ER) on CO2 emissions
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Figure 4 Quantile effects of environmental regulation (ER) on CO2 emissions (with fixed effects)
Note: same as Figure 3, additionally including country and year fixed effects.

[bookmark: OLE_LINK12]Table 11 Heterogeneous (quantile) effects of environmental regulation (ER) on CO2 emissions (with fixed effects)

To address the concern that the ARDL specification may hide threshold effects of environmental regulation (ER) on CO2 emissions, we complemented the baseline model with quantile regressions. As shown in Figure 3 and Table 10, in emerging economies, ER is insignificant at the lower quantiles but turns significantly positive at the upper tail (τ ≈ 0.7 - 0.9), suggesting that stricter regulations may be associated with higher CO2 emissions in emerging economies. By contrast, in developed economies, the coefficients are consistently negative across the distribution, indicating that stronger regulations systematically contribute to CO2 emission reductions. Importantly, the central quantiles in both groups are close to the ARDL estimates, suggesting that the baseline linear specification provides an adequate approximation of the average effect. Additional robustness checks with country and year fixed effects (Figure 4 and Table 11) present qualitatively consistent results. In summary, our quantile regressions suggest that our main findings are not driven by model choice or distributional outliers and reinforce the validity of the ARDL estimates as the main empirical specification. 
Above all, the main finding from long-run estimation is that FDI is related to higher CO2 emission levels in emerging economies while FDI reduces CO2 emissions in developed economies. Additionally, environmental regulation fails to constrain CO2 emissions in emerging economies while mitigating CO2 emissions in developed economies. Lastly, environmental regulation amplified FDI’s effect on CO2 emission reductions in developed economies. However, in emerging economies, environmental regulation fails to curb CO2 emissions associated with FDI. 
Discussions
The first finding from our long-run estimation is that FDI is associated with higher CO2 emissions in emerging economies. By gradually adding variables such as GDP, R&D, renewable energy, and industrial structure into control variables, our estimates consistently suggest that FDI has a negative impact on the environment., This supports supporting the validity of the pollution haven hypothesis in emerging economies. This The hypothesis argues that FDI may impose environmental burdens, as foreign enterprises can intensify resource exploitation and further worsen environmental pollution (He 2006; Levinson and Taylor 2008; Sapkota and Bastola 2017). This finding also aligns with previous empirical studies that support the pollution haven hypothesis in emerging economies (Zakarya et al. 2015; Sapkota and Bastola 2017). Industries with high emissions tend to move to countries with weaker environmental regulations to lower their compliance and operational costs (Oates and Baumol 1975). Nonetheless, in the short run, FDI’s coefficients are not statistically significant in developed economies. A potential explanation is that firms may need time to establish operations and adopt cleaner technologies so that FDI shows no notable influence on CO2 emissions over the short run.
Additionally, empirical analysis revealed that environmental regulation in emerging economies fails to constrain CO2 emissions in the long run and does not significantly moderate FDI’s impact on CO2 emissions. This finding supports the “green paradox” theory in emerging economies, which suggests that environmental regulations could inadvertently increase environmental burdens. According to Sinn (2008), energy suppliers may accelerate the extraction of their stocks due to pessimistic expectations about future energy prices following the greening economic policies. Consequently, energy producers may also raise their production before environmental regulation takes effect, which could increase CO2 emissions and further intensify global warming (van der Ploeg and Withagen 2015). The ineffectiveness of environmental regulation in reducing CO2 emissions could also be attributed to poorly designed environmental policies (Edenhofer and Kalkuhl 2011). For instance, the “green paradox” can be avoided only if the initial tax level is set below a specific threshold and increases permanently at a rate exceeding the discount rate. Moreover, effective policy implementation and well-functioning markets are essential to achieving desired outcomes. Compared with developed economies, institutional qualities in emerging economies are generally weaker, which may hinder the full enforcement of well-intended environmental regulations. Also, the time required for the adoption of cleaner technologies and production adjustments may lead to the insignificance of environmental regulation’s moderating effect in the short term. The ineffectiveness of environmental regulation’s effect in curbing CO2 emissions in emerging economies can also be contributed to anticipated tightening, combined with weak enforcement and capacity constraints may prompt firms to front-load carbon-intensive activities and delay cleaner investment (van der Ploeg 2016; van der Ploeg and Rezai 2020a; van der Ploeg and Rezai 2020b). Stronger credibility, immediate binding carbon pricing, and screening FDI toward cleaner industries could mitigate anticipatory responses and enhance environmental regulation’s effectiveness. 
In developed economies, by gradually adding variables including GDP, R&D, renewable energy, and industrial structure into control variables, our results indicate that FDI is negatively correlated with CO2 emissions in the long run. This result suggests that FDI improves environmental conditions in the long run, supporting the validity of the pollution halo hypothesis in developed economies. This hypothesis suggests that foreign-invested enterprises typically possess higher energy efficiency and adopt greener production practices (Benzerrouk et al. 2021; Shahbaz et al. 2019). By facilitating the transfer of cleaner technologies and sustainable practices, FDI can contribute to environmental improvements in host countries (Sarkodie and Strezov 2019). This result also corroborates the findings of Eskeland and Harrison (2003), who found that industries with foreign capital tend to adopt cleaner energy technologies, thereby improving and further improve environmental outcomes. Also, in the context of de-industrialization in Europe and other developed countries, FDI in these economies is more likely to flow into low-carbon sectors, such as high-technology and finance services compared with emerging economies. As these sectors generally have lower carbon intensity, FDI in developed economies could contribute to CO2 reductions. 

Regarding environmental regulation in developed economies, our results also indicate that environmental regulation effectively mitigates CO2 emissions. Moreover, it amplifies FDI’s contribution to CO2 reductions in these economies. This finding is in line with the studies showing that environmental regulation improves the environment in advanced economies (Shapiro and Walker 2018; De Angelis et al. 2019; Neves et al. 2020; Wang et al. 2020). According to the Porter hypothesis, strict environmental regulations can drive innovation and promote sustainable production practices (Porter and Van der Linde 1995; Xepapadeas and de Zeeuw 1999). These policies aim to shift the behaviors of producers and consumers away from polluting activities towards environmentally sustainable practices (Neves et al. 2020). By implementing instruments such as carbon tax, emission limit values, and R&D support, governments can intervene in high-pollution activities and achieve their emission reduction targets (Kruse et al. 2022). Well-designed Environmental policies not only stimulate innovation but also encourage the adoption of eco-friendly technologies in industrial sectors, thereby reducing carbon emissions (Porter and van der Linde 1995; Dechezleprêtre and Sato 2017). Consequently, CO2 emissions in these economies could decrease due to improved energy efficiency driven by innovation and environmentally friendly production practices. In the short run, environmental regulation shows no significant influence on CO2 emissions in either emerging or developed economies. This could be attributed to the time required for environmental policies to take effect. Similar to emerging economies, the interaction term coefficient in developed economies is insignificant in the short run. A potential explanation is that firms in developed economies need time to adjust production processes to meet regulatory standards. For policymakers, this highlights the need to improve the effectiveness and enforcement of environmental regulations in developed economies to reduce the unintended rise in CO2 emissions derived from FDI in the long run. 
[bookmark: OLE_LINK11]Our results are consistent with Hille and Möbius (2019a, 2019b). In economies with stronger monitoring, and more effective judicial systems, environmental regulation is more likely to lower CO2 emissions by inducing technological upgrading and cleaner practices. Instruments that raise energy and pollution prices can spur process innovation, input substitution and upgrading (Porter-type gains) when policy credibility is high. However, when enforcement capacity is weaker and corruption or regulatory capture is present, rules may be applied selectively and unevenly. In such contexts, firms may postpone abatement, shift activity to the informal sector, or relocate; weak current enforcement can trigger green paradox responses. Consequently, firms are less willing to invest in pollution abatement, so the emissions-reducing impact of regulation is diminished or even reversed.
[bookmark: OLE_LINK14]Although the short-run coefficients of FDI and environmental regulation are largely statistically insignificant, this does not necessarily imply ineffectiveness. Instead, it likely reflects structural and temporal features inherent in policy transmission and investment dynamics. First, FDI-driven technological or structural changes often take time to happen. Foreign firms may delay operational scaling, technology deployment, or emissions abatement upgrades, resulting in adjustment lags that obscure short-term environmental impacts. Second, environmental regulations generally experience implementation delays. Even after new rules are adopted, enforcement often adjusts gradually because of institutional constraints and limited compliance capacity. This weakens the immediate influence of policy changes on emission behavior. The absence of a short-run ER×FDI effect is consistent with adoption frictions and adjustment costs, as cleaner technologies and compliance upgrades take time to materialize (Acemoglu et al. 2007, 2016). These factors delay the moderating role of environmental regulation, so effects emerge mainly in the long run while short-run coefficients remain small or insignificant. Lastly, the ARDL model emphasizes long-run equilibrium relationships, and may have limited sensitivity to transient or weak short-run signals. In summary, our empirical results underscore the importance of sustained efforts and realistic timeframes in designing and evaluating environmental policies.

Finally, the results of the panel Granger causality tests imply distinct dynamics between FDI, environmental regulation, and CO2 emissions in emerging and developed economies. In emerging economies, the one-way causality from CO2 emissions to FDI and environmental regulation suggests that both FDI and environmental regulations are reactive to existing CO2 emission levels instead of actively guiding FDI toward sustainable practices. Also, the one-way causality from environmental regulation to FDI reveals that the stringency level of environmental regulation influences FDI in emerging economies. This indicates that environmental regulations in these economies are not actively guiding FDI toward sustainable practices, which further supports our ARDL model findings that environmental regulation in emerging economies fails to curb CO2 emissions effectively. Also, the one-way causality from environmental regulation to FDI reveals that the stringency level of environmental regulation influences FDI in emerging economies. Conversely, in developed economies, the two-way causality relationships between environmental regulation and CO2 emissions, as well as between FDI and CO2 emissions, suggest that FDI and environmental regulations in developed economies not only respond to changes in CO2 emission levels but also actively influence emission outcomes. This finding corroborates our baseline model findings that environmental regulation in developed economies amplifies FDI’s long-run effect in reducing CO2 emissions. 
Limitations and Future Research
While empirical evidence reveals the complex mechanisms linking FDI, environmental regulation, and CO2 emissions, concerns remain regarding the potential endogeneity of environmental regulation and FDI, which could be explored in future research when richer datasets become available.  
First, FDI and environmental regulation could be endogenous to CO2 emissions due to reverse causality (e.g., emissions driving regulatory responses), simultaneity (policy and investment jointly determined), and omitted institutional shocks. Our PMG-ARDL approach mitigates these concerns by incorporating lagged regressors and an error-correction mechanism. Granger causality tests (Table 7) indicate that CO2 predicts environmental regulation and FDI in emerging economies, and that CO2, environmental regulation, and FDI display dynamic feedback in developed economies. Using two alternative dependent variables—energy-sector CO2 and non-renewable energy consumption—yields consistent long-run coefficients (shown in Table 8). While we refrain from structural causal claims, the convergence of evidence suggests our associations are robust to mechanical reverse timing and single outcome definitions. Future work could adopt credible instrumental variable strategies or dynamic GMM designs as data availability improves.  
Furthermore, though key macroeconomic variables including national income and trade openness are controlled for in the empirical model, institutional quality variables such as political stability may also affect the relationship between FDI, environmental regulation, and CO2 emissions. Cuthbert et al. (2021) emphasized the need to account for environmental policy heterogeneity in developing countries and support the importance of examining EKC dynamics in such contexts. At the same time, our analysis does not fully capture within-group heterogeneity among emerging economies. For example, Sub-Saharan African countries may follow distinct development and emission pathways compared to rapidly industrializing Asian economies. Data constraints including limited coverage of the EPS index in non-OECD economies may affect the generalizability of our findings.
Finally, while our analysis is conducted at the national level, cross-border trade, investment, and production networks suggest that neighboring countries’ environmental regulation and FDI inflows can influence domestic emissions through channels such as pollution leakage, technology diffusion, and regulatory competition. Although a full spatial econometric specification is beyond the current scope, future research could employ spatial panel approaches (Elhorst 2014) to disentangle direct and spillover effects. 


5 Conclusion and Policy Recommendation
This research investigates the moderating role of environmental regulation on FDI-CO2 emission nexus in 39 developed and emerging economies over the period 1990-2020. First, our diagnostic test checked for multicollinearity in the sample data. Then, we performed the unit root tests to verify whether the panel data were stationary. Next, we estimated the long-run cointegration using the Kao and Pedroni (1999 2004) cointegration tests, which confirmed the long-run cointegration relationship between CO2 emission, FDI, environmental regulation, GDP, R&D, industrial structure, and renewable energy. Finally, we utilized the PMG-ARDL model and a series of additional tests to examine the long-run and short-run relationship among the explanatory and outcome variables. 
The following main conclusions have been reached. First, we revealed that in the long run, FDI contributes to higher CO2 emission levels in emerging economies while FDI reduces CO2 emissions in developed economies. Second, in the long run, environmental regulation mitigates CO2 emissions in developed economies while it fails to curb CO2 emissions in emerging economies. Finally, environmental regulation amplifies FDI’s impact on CO2 emission reductions in developed economies over the long term. Based on empirical findings from the study, we highlight the following policy recommendations: 
Initially, we found that FDI is associated with higher CO2 emissions in emerging economies over the long run, while environmental regulation implemented over the past decades in these economies has failed to moderate this tendency. Given the inefficiency of the current environmental regulations in carbon reductions, policymakers in emerging economies may need to pay greater attention to the design of environmental regulation policies to gain their beneficial effects. Effective environmental regulation requires complementary policies to overcome limited administrative capacity and governance, such as capacity building, anti-corruption, credible pricing, and targeted FDI policies. Hence, emerging economies should take above measures to address institutional frictions and help translate environmental regulation into measurable emission reductions (Greenstone and Jack 2015). 
Furthermore, this study indicates that in developed economies, environmental regulation effectively reduces CO2 emissions and amplifies FDI’s role in CO2 emission reductions in the long run. In light of this, policymakers in developed economies should continue to implement stringent environmental policies and attract foreign investors with energy-efficient technologies to achieve carbon reduction targets. Also, enhancing environmental regulations’ effectiveness also requires international coordination to curb leakage and promote clean technology diffusion. This includes adopting transparent carbon border adjustments (CBAs) with revenue recycling, coordinating carbon price signals, preventing relocation of high-emission production (Cosbey et al. 2019). In addition, supporting early industrializing countries through capacity building, concessional finance, and technology partnerships is necessary (Cuthbert et al. 2021). 
Lastly, our empirical results on long-run effects directly link to measurable progress toward SDG 13 (Climate Action) and SDG 9 (Industry, Innovation, and Infrastructure). Based on these findings, environmental regulations should be designed to lower emission level, channel FDI toward green and technology-intensive sectors, and reduce the costs of technology adoption. To ensure that these long-run benefits translate into sustained SDG progress, coherent climate, industrial, investment, and trade policies are indispensable (OECD 2023; UNEP 2024).
Reviewing ambitious climate mitigation targets and SDGs, this study provides policy insights for shaping future environmental policies. This study will potentially enlighten policymakers to devise effective environmental policies to meet emissions reduction objectives.
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Appendix
Table 2 Descriptive statistics and correlation matrix
	
	EM
	FDI
	ER
	ER*FDI
	GDP
	GDP2
	RD
	RE
	IND

	Descriptive statistics

	Emerging economies

	        Mean
	132.60
	227.09
	0.87
	199.96
	6.21
	50.19
	747.53
	5.38
	32.36

	        Min
	3.15
	-275.74
	0.00
	-68.94
	0.53
	0.28
	0.00
	0.00
	18.19

	        Median
	44.89
	198.12
	0.67
	113.16
	6.25
	39.10
	338.16
	2.82
	30.93

	        Max
	1194.81
	1190.97
	3.14
	2282.70
	13.90
	193.32
	4939.36
	23.82
	48.06

	        Std. Dev.
	231.89
	199.43
	0.77
	270.83
	3.42
	44.42
	1023.26
	6.27
	7.46

	        Skew
	3.15
	1.70
	1.17
	3.56
	0.02
	0.98
	2.22
	1.63
	0.53

	        Kurtosis
	9.71
	5.02
	0.55
	19.25
	-0.89
	0.67
	4.03
	1.41
	-0.66

	        Obs
	279
	279
	279
	279
	279
	279
	279
	279
	279

	Developed economies

	        Mean
	39.9
	497.89
	2.10
	1112.95
	36.23
	1726.23
	3606.00
	25.53
	8.98

	        Min
	0.23
	-11737.47
	0.00
	-46297.81
	4.74
	22.43
	0.00
	10.43
	0.00

	        Median
	7.49
	213.33
	2.22
	364.61
	34.43
	1185.15
	3334.86
	25.52
	4.50

	        Max
	600.44
	23424.87
	4.89
	97603.62
	112.42
	12637.78
	12010.57
	40.81
	67.81

	        Std. Dev.
	98.21
	1418.11
	1.14
	4703.82
	20.36
	2016.59
	1841.20
	5.28
	11.52

	        Skew
	4.61
	5.48
	-0.07
	9.17
	1.05
	2.66
	0.98
	0.00
	2.29

	        Kurtosis
	21.15
	86.15
	-1.04
	204.59
	1.50
	8.51
	1.62
	0.02
	5.96

	        Obs
	930
	930
	930
	930
	930
	930
	930
	930
	930

	Correlation matrix

	Emerging economies

	        EM
	1.0000
	
	
	
	
	
	
	
	

	        FDI
	0.0447
	1.0000
	
	
	
	
	
	
	

	        ER
	0.3795
	0.0192
	1.0000
	
	
	
	
	
	

	        ER*FDI
	0.2167
	0.5535
	0.6531
	1.0000
	
	
	
	
	

	        GDP
	-0.0769
	0.4040
	0.2928
	0.4608
	1.0000
	
	
	
	

	        GDP2
	-0.0931
	0.4540
	0.3823
	0.5772
	0.9603
	1.0000
	
	
	

	        RD
	0.2393
	-0.0886
	0.0516
	0.0000
	0.2335
	0.1724
	1.0000
	
	

	        RE
	-0.1912
	0.2803
	-0.0881
	0.0982
	0.3487
	0.3190
	-0.1553
	1.0000
	

	        IND
	0.4412
	-0.0075
	-0.1691
	-0.0790
	-0.3415
	-0.3089
	0.0527
	-0.4339
	1.0000

	Developed economies

	        EM
	1.0000
	
	
	
	
	
	
	
	

	        FDI
	-0.0794
	1.0000
	
	
	
	
	
	
	

	        ER
	-0.0184
	0.043
	1.0000
	
	
	
	
	
	

	        ER*FDI
	-0.0562
	0.9462
	0.1248
	1.0000
	
	
	
	
	

	        GDP
	0.0919
	0.1740
	0.3280
	0.1629
	1.0000
	
	
	
	

	        GDP2
	0.0219
	0.2125
	0.3005
	0.2043
	0.9480
	1.0000
	
	
	

	        RD
	0.0063
	-0.0108
	0.4581
	0.0263
	0.4731
	0.3561
	1.0000
	
	

	        RE
	-0.1469
	-0.0037
	-0.0227
	-0.0207
	0.4463
	0.3670
	0.4329
	1.0000
	

	        IND
	-0.0803
	-0.1124
	-0.2116
	-0.1178
	-0.3310
	-0.3136
	-0.1060
	-0.0901
	1.0000



Table 3 Panel unit root test
	
	Null: Unit root

	
	Levin, Lin & Chu
	Im, Pesaran & Shin W-stat
	ADF-Fisher chi-square
	PP-Fischer chi-square

	Emerging economies

	    Test in levels 
	
	
	
	

	        EM
	-1.0256
	(0.1526)
	0.4307
	(0.6667)
	19.5952
	(0.3561)
	16.9375
	(0.5274)

	        FDI
	-1.3899*
	(0.0823)
	-2.3907***
	(0.0084)
	29.9721**
	(0.0377)
	48.8024***
	(0.0001)

	        ER
	2.2029
	(0.9862)
	3.7512
	(0.9999)
	34.1239
	(0.9997)
	4.1163
	(0.9997)

	        ER*FDI
	-0.0603
	(0.4759)
	0.7077
	(0.7604)
	10.3273
	(0.9207)
	18.4583
	(0.4259)

	        GDP
	-1.0971
	(0.1363)
	1.0978
	(0.8639)
	10.4209
	(0.9173)
	6.7884
	(0.9918)

	        GDP2
	0.1665
	(0.5661)
	0.9381
	(0.8259)
	13.2959
	(0.7737)
	4.8023
	(0.9991)

	        RD
	0.4269
	(0.6653)
	2.3151
	(0.9897)
	16.7472
	(0.5405)
	21.5818
	(0.2511)

	        RE
	5.4030
	(1.0000)
	1.8170
	(0.9654)
	20.7734
	(0.2910)
	22.1867
	(0.2238)

	        IND
	-3.0159***
	(0.0013)
	-2.8422***
	(0.0022)
	42.8820***
	(0.0008)
	42.8711***
	(0.0008)

	    Test in first differences

	        Δ EM
	0.6598
	(0.7453)
	-3.0550***
	(0.0011)
	41.6078***
	(0.0013)
	98.9574***
	(0.0000)

	        Δ FDI
	-3.3463***
	(0.0004)
	-7.2150***
	(0.0000)
	85.6095***
	(0.0000)
	200.5277***
	(0.0000)

	        Δ ER
	-3.6199***
	(0.0001)
	-4.9583***
	(0.0000)
	56.1712***
	(0.0000)
	158.3373***
	(0.0000)

	Δ ER*FDI
	0.0681
	(0.5271)
	-6.0393***
	(0.0000)
	71.0923***
	(0.0000)
	233.852****
	(0.0000)

	        Δ GDP
	1.0624
	(0.8560)
	-1.5838*
	(0.0566)
	26.0842*
	(0.0978)
	49.1487***
	(0.0001)

	        Δ GDP2
	1.8504
	(0.9679)
	-1.4911*
	(0.0680)
	25.1862
	(0.1199)
	41.2615***
	(0.0014)

	        Δ RD
	-2.3337***
	(0.0098)
	-2.4705***
	(0.0067)
	47.3101***
	(0.0002)
	118.2347***
	(0.0000)

	Δ RE
	-0.8313
	(0.2029)
	-5.2284***
	(0.0000)
	61.6395***
	(0.0000)
	199.5281***
	(0.0000)

	Δ IND
	-2.8164***
	(0.0024)
	-4.9480***
	(0.0000)
	57.7468***
	(0.0000)
	140.4972***
	(0.0000)

	Developed economies

	    Test in levels 
	
	
	
	
	
	
	
	

	        EM
	3.3278
	(0.9996)
	4.3667
	(1.0000)
	41.1315
	(0.9702)
	58.8881
	(0.5164)

	        FDI
	-2.1529**
	(0.0157)
	-5.5593***
	(0.0000)
	129.5293***
	(0.0000)
	281.6557***
	(0.0000)

	        ER
	-0.4252
	(0.3354)
	4.3464
	(1.0000)
	15.7139
	(1.0000)
	18.1715
	(1.0000)

	        ER*FDI
	-0.7884
	(0.2152)
	-3.8553***
	(0.0001)
	109.1281***
	(0.0001)
	257.5119***
	(0.0000)

	        GDP
	-5.8616***
	(0.0000)
	-0.4574
	(0.3237)
	58.6895
	(0.5237)
	44.5564
	(0.9320)

	        GDP2
	-2.7988***
	(0.0026)
	2.0185
	(0.9782)
	41.8321
	(0.9641)
	30.7668
	(0.9994)

	        RD
	2.7404
	(0.9969)
	7.4694
	(1.0000)
	19.7101
	(1.0000)
	19.7931
	(0.9808)

	        RE
	8.9087
	(1.0000)
	9.9904
	(1.0000)
	17.9917
	(1.0000)
	32.2583
	(0.9976)

	        IND
	-5.1690***
	(0.0000)
	-1.3393*
	(0.0902)
	69.6728
	(0.1841)
	130.1710***
	(0.0000)

	    Test in first differences

	        Δ EM
	8.2941
	(1.0000)
	-4.9129***
	(0.0000)
	117.2169***
	(0.0000)
	485.3719***
	(0.0000)

	        Δ FDI
	-1.2249
	(0.1103)
	-14.3160***
	(0.0000)
	309.6406***
	(0.0000)
	870.0272***
	(0.0000)

	        Δ ER
	-4.3090***
	(0.0000)
	-8.3858***
	(0.0000)
	173.4433***
	(0.0000)
	573.6821***
	(0.0000)

	Δ ER*FDI
	1.3285
	(0.9080)
	-14.9648***
	(0.0000)
	325.1849***
	(0.0000)
	823.1568***
	(0.0000)

	        Δ GDP
	7.1226
	(1.0000)
	-5.8367***
	(0.0000)
	130.1551***
	(0.0000)
	252.1157***
	(0.0000)

	        Δ GDP2
	8.0977
	(1.0000)
	-5.8643***
	(0.0000)
	127.7945***
	(0.0000)
	218.8473***
	(0.0000)

	        Δ RD
	-1.6140*
	(0.0533)
	-5.8717***
	(0.0000)
	129.2728***
	(0.0000)
	392.0136***
	(0.0000)

	Δ RE
	1.6970
	(0.9552)
	-7.9862***
	(0.0000)
	186.9455***
	(0.0000)
	480.2152***
	(0.0000)

	        Δ IND
	-4.5204***
	(0.0000)
	-8.8724***
	(0.0000)
	187.8328***
	(0.0000)
	493.5184***
	(0.0000)


Note: p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%.  Lags: 2. 
Table 4 Kao and Pedroni panel cointegration test
	
	t-Statistic
	

	Kao (1999)
	
	

	    Emerging economies
	
	

	        Modified Dickey–Fuller
	0.4204
	(0.3371)

	        Dickey–Fuller
	0.4966
	(0.3097)

	        ADF
	0.5670
	(0.2854)

	    Developed economies
	
	

	        Modified Phillips-Perron
	3.2793***
	(0.0005)

	        Phillips-Perron
	5.1021***
	(0.0000)

	        ADF
	5.1577***
	(0.0000)

	Pedroni (1999, 2004)
	
	

	    Emerging economies
	
	

	        Modified Phillips-Perron
	2.8975***
	(0.0019)

	        Phillips-Perron
	-1.1695
	(0.1211)

	        ADF
	-0.7443
	(0.2283)

	    Developed economies
	
	

	        Modified Phillips-Perron
	4.9641***
	(0.0000)

	        Phillips-Perron
	-2.8953***
	(0.0019)

	        ADF
	-2.0008**
	(0.0227)


Note: p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%. 

Table 5 Panel ARDL results in emerging economies
	ARDL-PMG (2, 2, 2, 2, 2, 2, 2, 2, 2)

	Dependent variable: EM

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)

	Long-run equation

	 FDI
	0.0678*
	0.7633
	4.2069
	-0.0229
	0.0275***
	0.0087
	0.1217***
	0.0426
	0.1153**
	-0.0260
	0.0751***
	0.0550*

	
	(0.0529)
	(0.8659)
	(0.8625)
	(0.6220)
	(0.0065)
	(0.8385)
	(0.0020)
	(0.4043)
	(0.0444)
	(0.5630)
	(0.0011)
	(0.0523)

	 ER
	78.0568***
	2899.7937
	4287.5731
	0.3378
	21.9736***
	67.1800***
	88.4851***
	53.5577**
	5.7565
	16.7231
	82.9836***
	72.6968***

	
	(0.0000)
	(0.8549)
	(0.8622)
	(0.9876)
	(0.0000)
	(0.0003)
	(0.0000)
	(0.0157)
	(0.7868)
	(0.4682)
	(0.0000)
	(0.0000)

	 GDP
	90.0899***
	-2980.5032
	-3762.4293
	235.5220***
	198.2462***
	134.8345***
	110.6232***
	108.8317***
	208.8526***
	181.1928***
	107.7378***
	105.5080***

	
	(0.0000)
	(0.8599)
	(0.8677)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	 GDP2
	-7.0317***
	83.9020
	219.6454
	-11.9778***
	-12.2846***
	-7.8377***
	-8.3302***
	-8.1391***
	-10.2298***
	-9.5171***
	-7.8720***
	-7.9368***

	
	(0.0000)
	(0.8642)
	(0.8687)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	 RD
	0.1051***
	5.8119
	
	
	
	
	0.1168***
	0.0939***
	
	
	0.0701***
	0.0506***

	
	(0.0000)
	(0.8574)
	
	
	
	
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)

	 RE
	
	
	-76.6587
	4.1544
	
	
	4.5584
	2.3521
	18.4336*
	0.7208
	-2.5033
	3.9606

	
	
	
	(0.8903)
	(0.5538)
	
	
	(0.4744)
	(0.7466)
	(0.0930)
	(0.9043)
	(0.6019)
	(0.4930)

	 IND
	
	
	
	
	2.5293***
	3.4893***
	
	
	3.2699
	3.4285**
	2.8414**
	2.5947***

	
	
	
	
	
	(0.0000)
	(0.0061)
	
	
	(0.1101)
	(0.0329)
	(0.0107)
	(0.0044)

	 ER*FDI 
	
	3.3516
	
	0.1223***
	
	0.0314
	
	0.1318**
	
	0.0938***
	
	0.0518

	
	
	(0.8534)
	
	(0.0022)
	
	(0.3531)
	
	(0.0204)
	
	(0.0070)
	
	(0.1620)

	Error correction coefficients

	 ECT (-1)
	-0.0719
	0.0014
	0.0009
	-0.0381
	-0.0510
	-0.0536
	-0.0562
	-0.0527
	-0.0604
	-0.0535
	-0.0577
	-0.0504

	
	(0.3085)
	(0.4838)
	(0.6345)
	(0.2488)
	(0.4148)
	(0.2477)
	(0.3602)
	(0.3787)
	(0.2118)
	(0.2250)
	(0.4495)
	(0.5180)

	Short-run equation

	 ΔEM(-1)
	-0.0567
	-0.0891
	-0.2274**
	-0.1417
	-0.1454
	-0.0877
	-0.1934
	-0.2379**
	-0.1952**
	-0.1667**
	-0.2448**
	-0.3479***

	
	(0.5424)
	(0.4190)
	(0.0372)
	(0.1397)
	(0.1199)
	(0.2503)
	(0.1179)
	(0.0441)
	(0.0271)
	(0.0344)
	(0.0126)
	(0.0002)

	 ΔFDI
	-0.0079
	0.0046
	0.0021
	0.0053
	-0.0150
	0.0001
	0.0005
	0.0017
	-0.0174
	-0.0057
	-0.0140
	-0.0025

	
	(0.1292)
	(0.7448)
	(0.8335)
	(0.6806)
	(0.1423)
	(0.9960)
	(0.9529)
	(0.8041)
	(0.1557)
	(0.8283)
	(0.2403)
	(0.9213)

	 ΔFDI(-1)
	0.0040
	0.0046
	0.0069
	0.0005
	0.0005
	0.0042
	-0.0035
	-0.0077
	0.0000
	0.0069
	0.0015
	0.0091

	
	(0.6651)
	(0.7218)
	(0.5886)
	(0.9633)
	(0.9433)
	(0.5760)
	(0.3382)
	(0.2589)
	(0.9989)
	(0.4798)
	(0.7526)
	(0.3140)

	 ΔER
	-4.9290
	-2.2666
	-0.9117
	-2.3239
	-1.2704
	-2.3825
	-4.3782
	-5.8334
	2.2152
	-0.5464
	-3.1935
	-2.3192

	
	(0.1981)
	(0.5123)
	(0.8838)
	(0.5209)
	(0.7396)
	(0.3660)
	(0.2454)
	(0.2554)
	(0.5832)
	(0.8571)
	(0.4058)
	(0.6021)

	 ΔER(-1)
	4.7279
	1.7905
	1.5499
	-2.2045
	5.5974
	0.1771
	1.5836
	-1.3281
	6.4291
	1.4954
	4.9235
	3.5596

	
	(0.3617)
	(0.6513)
	(0.5886)
	(0.4915)
	(0.3135)
	(0.9554)
	(0.4515)
	(0.4860)
	(0.1968)
	(0.5524)
	(0.3442)
	(0.2301)

	 ΔGDP
	29.1046
	31.8626
	-14.7207
	6.9889
	22.9849
	63.8054
	-6.2546
	11.7109
	7.9903
	46.7849
	28.2945
	72.8197

	
	(0.6731)
	(0.5286)
	(0.7193)
	(0.8645)
	(0.7148)
	(0.3341)
	(0.9137)
	(0.8118)
	(0.8979)
	(0.4101)
	(0.7067)
	(0.3204)

	 ΔGDP(-1)
	4.7279
	-5.7238
	-14.4684
	0.9430
	-20.1128
	-15.0453
	25.7903
	8.5230
	-13.2601
	-20.1612
	2.4283
	-10.6726

	
	(0.3617)
	(0.9067)
	(0.8140)
	(0.9799)
	(0.7084)
	(0.6753)
	(0.5858)
	(0.8285)
	(0.7737)
	(0.6214)
	(0.9639)
	(0.8308)

	 ΔGDP2
	10.1216
	6.6867
	15.2973
	9.8484
	10.0698
	0.0994
	16.2905
	11.0668
	13.1513
	3.2230
	12.6360
	1.4611

	
	(0.3973)
	(0.4283)
	(0.3064)
	(0.3274)
	(0.3942)
	(0.9804)
	(0.3070)
	(0.3426)
	(0.3723)
	(0.5720)
	(0.3951)
	(0.8109)

	 ΔGDP2(-1)
	-11.9590
	-13.8458
	-16.6030
	-15.5165
	-10.4228
	-6.0271
	-19.7194
	-12.1608
	-13.5528
	-7.7931
	-14.3087
	-6.6854

	
	(0.4743)
	(0.3573)
	(0.3792)
	(0.3886)
	(0.5160)
	(0.5604)
	(0.3594)
	(0.4339)
	(0.4356)
	(0.5099)
	(0.4675)
	(0.6347)

	 ΔRD
	0.0048
	0.0252**
	
	
	
	
	0.0053
	0.0045
	
	
	-0.0068
	-0.0056

	
	(0.8428)
	(0.0470)
	
	
	
	
	(0.8566)
	(0.8627)
	
	
	(0.7380)
	(0.7076)

	 ΔRD(-1)
	-0.0095
	-0.0043
	
	
	
	
	-0.0064
	-0.0023
	
	
	-0.0068
	-0.0026

	
	(0.4300)
	(0.7668)
	
	
	
	
	(0.7979)
	(0.8436)
	
	
	(0.7380)
	(0.8287)

	 ΔRE
	
	
	-6.1171*
	-4.2906**
	
	
	-8.3893
	-7.1194
	-4.1226***
	-1.9735
	-4.9013***
	-3.0075*

	        
	
	
	(0.0668)
	(0.0263)
	
	
	(0.1221)
	(0.1101)
	(0.0027)
	(0.3641)
	(0.0032)
	(0.0659)

	 ΔRE(-1)
	
	
	-2.6172
	-0.1839
	
	
	-2.6031
	-2.6385
	-0.4826
	-0.0812
	-2.4746
	-2.5339

	
	
	
	(0.1420)
	(0.7907)
	
	
	(0.1005)
	(0.1603)
	(0.6644)
	(0.9355)
	(0.1576)
	(0.1532)

	 ΔIND
	
	
	
	
	1.4227
	1.0800
	
	
	1.4795
	1.3388
	1.2721
	1.2882

	
	
	
	
	
	(0.2876)
	(0.3929)
	
	
	(0.2780)
	(0.3361)
	(0.2917)
	(0.3427)

	 ΔIND(-1)
	
	
	
	
	0.8339
	0.6194
	
	
	0.8019
	0.8319
	0.3824
	0.5146

	
	
	
	
	
	(0.3641)
	(0.5116)
	
	
	(0.3161)
	(0.4314)
	(0.4640)
	(0.5143)

	 ΔER*FDI
	
	0.0128
	
	0.0072
	
	0.0057
	
	0.0079
	
	0.0062
	
	-0.0009

	
	
	(0.5656)
	
	(0.6988)
	
	(0.8091)
	
	(0.5482)
	
	(0.7684)
	
	(0.9592)

	 ΔER*FDI(-1)
	
	0.0095
	
	0.0135**
	
	0.0134
	
	0.0137**
	
	0.0117
	
	0.0079

	
	
	(0.1225)
	
	(0.0210)
	
	(0.2682)
	
	(0.0116)
	
	(0.2763)
	
	(0.5102)

	 constant
	9.4797**
	-7.0741*
	-1.1711
	4.7360
	9.7165
	-3.4152
	9.8018
	11.6088**
	-7.9938
	-2.4395
	8.2525
	9.2072

	
	(0.0269)
	(0.0748)
	(0.8131)
	(0.4169)
	(0.6940)
	(0.6831)
	(0.1458)
	(0.0284)
	(0.5512)
	(0.7783)
	(0.5665)
	(0.4970)

	 N
	261
	261
	261
	261
	261
	261
	261
	261
	261
	261
	261
	261


Note: AIC (Akaike Information Criterion) is used for lag selection. p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%.
Note: AIC (Akaike Information Criterion) is used for lag selection. p-values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%. Model (1) presents the model controlled for FDI, ER, EKC, and research & development (RD). Model (2) sequentially added moderating term ER×FDI. Model (3) included FDI, ER, EKC, and energy-mix (RE) variables to mitigate omitted-variable bias along technology and energy channels. Similarly, Model (4) further introduced the moderating term. Models (5-6) controls for FDI, ER, EKC, and industrial composition (IND), with moderating term added in Model (6). Models (7-12) rearranged R&D/energy/industrial composition factors while excluded or retained the interaction to test channel sensitivity and provide robustness variants. We take the most saturated yet stable specification as preferred and use it in subsequent robustness analysis.



Table 6 Panel ARDL results in developed economies
	ARDL-PMG (2, 2, 2, 2, 2, 2, 2, 2, 2)

	Dependent variable: EM

	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)

	Long-run equation

	 FDI
	-0.0005***
	-0.0296***
	-0.0029**
	0.0020
	-0.0018*
	-0.0003
	-0.0021***
	-0.0131***
	-0.0001
	0.0005
	-0.0055***
	0.0059

	
	(0.0067)
	(0.0000)
	(0.0323)
	(0.1299)
	(0.0690)
	(0.4706)
	(0.0001)
	(0.0052)
	（0.4970）
	(0.6152)
	(0.0001)
	(0.3494)

	 ER
	-1.1497***
	-6.3404***
	-8.1499***
	-3.2046***
	-1.3951**
	-0.4456
	-3.9794***
	-16.0284***
	-1.4283***
	-3.7712***
	-10.3660***
	-13.5517***

	
	(0.0011)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0120)
	(0.1172)
	(0.0000)
	(0.0005)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	 GDP
	3.4664***
	1.7320***
	2.0209***
	0.7753***
	2.3349***
	1.7740***
	1.1206***
	4.1738***
	0.4853***
	1.2297***
	3.7255***
	5.6071***

	
	(0.0001)
	(0.0000)
	(0.0001)
	(0.0001)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0003)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	 GDP2
	-0.0896***
	-0.0080*
	-0.0152***
	-0.0003
	-0.0182***
	-0.0214***
	-0.0097***
	-0.0378***
	-0.0016***
	-0.0072***
	-0.0347***
	-0.0438***

	
	(0.0001)
	(0.0898)
	(0.0031)
	(0.8973)
	(0.0000)
	(0.0000)
	(0.0001)
	(0.0004)
	(0.0042)
	(0.0015)
	(0.0000)
	(0.0000)

	 RD
	-0.0032***
	-0.0014**
	
	
	
	
	0.0019***
	0.0055***
	
	
	0.0031***
	0.0019

	
	(0.0000)
	(0.0456)
	
	
	
	
	(0.0009)
	(0.0039)
	
	
	(0.0013)
	(0.2349)

	 RE
	
	
	-1.5306***
	-0.6566***
	
	
	-1.2413***
	-3.7399***
	-0.2353***
	-0.6870***
	-2.8573***
	-5.2395***

	
	
	
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0001)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	 IND
	
	
	
	
	0.9043***
	0.2274***
	
	
	0.2781***
	-0.2413*
	-0.5301
	-2.4166***

	
	
	
	
	
	(0.0000)
	(0.0018)
	
	
	(0.0000)
	(0.0932)
	(0.1274)
	(0.0001)

	 ER*FDI 
	
	0.0106***
	
	-0.0015**
	
	0.0001
	
	0.0026*
	
	-0.0006
	
	-0.0062**

	
	
	(0.0000)
	
	(0.0220)
	
	(0.3923)
	
	(0.0699)
	
	(0.1283)
	
	(0.0294)

	Error correction coefficients

	 ECT (-1)
	-0.0225
	-0.0479*
	-0.0356***
	-0.0467***
	-0.0416*
	-0.0687**
	-0.0596***
	-0.0098
	-0.0750**
	-0.0392**
	-0.0282**
	-0.0234*

	
	(0.2649)
	(0.0547)
	(0.0083)
	(0.0018)
	(0.0690)
	(0.0474)
	(0.0006)
	(0.2969)
	(0.0117)
	(0.0194)
	(0.0348)
	(0.0599)

	Short-run equation

	 ΔEM(-1)
	-0.1674***
	-0.1737***
	-0.1878***
	-0.1983***
	-0.1022*
	-0.0828
	-0.1518***
	-0.2041***
	-0.1558***
	-0.1832***
	-0.1694***
	-0.2031***

	
	(0.0002)
	(0.0011)
	(0.0000)
	(0.0008)
	(0.0627)
	(0.1164)
	(0.0027)
	(0.0001)
	(0.0027)
	(0.0028)
	(0.0006)
	(0.0005)

	 ΔFDI
	-0.0017
	0.0010
	-0.0001
	0.0008
	-0.0009
	0.0025
	-0.0004
	-0.0004
	0.0002
	0.0025
	-0.0005
	-0.0039

	
	(0.1192)
	(0.9065)
	(0.9314)
	(0.8789)
	(0.5910)
	(0.8092)
	(0.4971)
	(0.9360)
	(0.8671)
	(0.7773)
	(0.7760)
	(0.7000)

	 ΔFDI(-1)
	0.0001
	-0.0098
	0.0004
	-0.0083
	-0.0001
	-0.0101
	0.0008
	-0.0120
	0.0015
	-0.0089
	0.0018
	-0.0101

	
	(0.9463)
	(0.4636)
	(0.8080)
	(0.4799)
	(0.9469)
	(0.4003)
	(0.6755)
	(0.4867)
	(0.8671)
	(0.4852)
	(0.4430)
	(0.4483)

	 ΔER
	-0.3474
	-2.2867
	-0.0503
	-0.1872
	-0.1329
	-0.4583
	-0.0323
	-0.3914
	-0.0516
	-0.3284
	-0.0836
	-0.7548

	
	(0.6148)
	(0.6650)
	(0.9271)
	(0.7162)
	(0.8018)
	(0.4904)
	(0.9533)
	(0.4889)
	(0.9135)
	(0.5477)
	(0.8764)
	(0.4131)

	 ΔER(-1)
	0.4145
	0.9098
	0.3455
	0.5275
	0.4131
	0.3946
	0.4475
	0.4616
	0.0901
	0.1946
	0.0770
	0.1741

	
	(0.2794)
	(0.1893)
	(0.3347)
	(0.3191)
	(0.4080)
	(0.4861)
	(0.2514)
	(0.4007)
	(0.7640)
	(0.6132)
	(0.8247)
	(0.6673)

	 ΔGDP
	-0.6501
	1.0051
	-0.4347
	0.2399
	0.2636
	0.5583
	-0.0409
	0.1658
	-0.6982
	-0.2616
	-0.8839
	0.1601

	
	(0.4401)
	(0.5018)
	(0.6455)
	(0.8476)
	(0.8672)
	(0.7510)
	(0.9670)
	(0.8339)
	(0.5153)
	(0.8113)
	(0.3620)
	(0.8745)

	 ΔGDP(-1)
	0.7098
	1.6314
	1.2744
	1.6650
	2.5488
	2.7663
	1.1554
	0.7926
	2.5573
	2.5914
	2.2336
	2.4824

	
	(0.6598)
	(0.2652)
	(0.3858)
	(0.2354)
	(0.1288)
	(0.1095)
	(0.4242)
	(0.6755)
	(0.1555)
	(0.1430)
	(0.1966)
	(0.1981)

	 ΔGDP2
	0.0209
	-0.0030
	0.0187
	0.0116
	0.0075
	0.0053
	0.0012
	0.0020
	0.0145
	0.0143
	0.0115
	-0.0018

	
	(0.1816)
	(0.8712)
	(0.1711)
	(0.4213)
	(0.6848)
	(0.7781)
	(0.9569)
	(0.8845)
	(0.4143)
	(0.3645)
	(0.5420)
	(0.9151)

	 ΔGDP2(-1)
	-0.0038
	-0.0262
	-0.0123
	-0.0186
	-0.0392*
	-0.0425**
	-0.0019
	0.0025
	-0.0313
	-0.0349
	-0.0264
	-0.0287

	
	(0.8499)
	(0.1778)
	(0.4770)
	(0.2749)
	(0.0562)
	(0.0381)
	(0.9344)
	(0.9261)
	(0.1683)
	(0.1106)
	(0.2360)
	(0.2341)

	 ΔRD
	0.0000
	0.0008
	
	
	
	
	0.0002
	-0.0004
	
	
	0.0000
	0.0008

	
	(0.9161)
	(0.3005)
	
	
	
	
	(0.7305)
	(0.5634)
	
	
	(0.9695)
	(0.5950)

	 ΔRD(-1)
	-0.0004
	-0.0007
	
	
	
	
	-0.0007*
	-0.0013**
	
	
	-0.0005
	0.0001

	
	(0.2525)
	(0.1596)
	
	
	
	
	(0.0849)
	(0.0451)
	
	
	(0.2415)
	(0.9189)

	 ΔRE
	
	
	-2.1492
	-1.9743
	
	
	-2.4292
	-2.2950
	-1.2028
	-1.7569
	-0.8497
	-0.9699

	        
	
	
	(0.2297)
	(0.2307)
	
	
	(0.2089)
	(0.3004)
	(0.1426)
	(0.1665)
	(0.2495)
	(0.1889)

	 ΔRE(-1)
	
	
	11.9143
	10.9356
	
	
	9.5798
	12.3080
	4.4250
	8.3200
	2.0947
	2.4253

	
	
	
	(0.3329)
	(0.3373)
	
	
	(0.3415)
	(0.3248)
	(0.3770)
	(0.3524)
	(0.4034)
	(0.4042)

	 ΔIND
	
	
	
	
	0.0415
	0.2303
	
	
	0.3138
	0.3686
	0.4466*
	0.7811

	
	
	
	
	
	(0.8064)
	(0.2963)
	
	
	(0.2338)
	(0.2721)
	(0.0998)
	(0.1881)

	 ΔIND(-1)
	
	
	
	
	0.0699
	0.2018
	
	
	0.1666
	0.2815
	0.2633
	0.4119

	
	
	
	
	
	(0.7518)
	(0.3519)
	
	
	(0.5126)
	(0.2207)
	(0.2963)
	(0.1368)

	 ΔER*FDI
	
	0.0001
	
	0.0002
	
	0.0002
	
	0.0004
	
	0.0003
	
	0.0035

	
	
	(0.9602)
	
	(0.8717)
	
	(0.9563)
	
	(0.7767)
	
	(0.8855)
	
	(0.3220)

	 ΔER*FDI(-1)
	
	0.0020
	
	0.0019
	
	0.0024
	
	0.0029
	
	0.0024
	
	0.0035

	
	
	(0.5486)
	
	(0.5214)
	
	(0.4290)
	
	0.5222
	
	(0.4706)
	
	(0.3220)

	 constant
	2.9645*
	1.0443
	1.8543
	2.1521**
	-0.7561
	-0.5068
	3.0202**
	1.5326
	2.3293
	2.8909
	2.2980
	2.8358

	
	(0.0834)
	(0.3347)
	(0.1105)
	(0.0304)
	(0.4660)
	(0.7481)
	(0.0208)
	(0.3268)
	(0.2661)
	(0.1841)
	(0.2791)
	(0.1837)

	 N
	870
	870
	870
	870
	870
	870
	870
	870
	870
	870
	870
	870


Note: AIC (Akaike Information Criterion) is used for lag selection. p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%.
[bookmark: OLE_LINK10]Note: AIC (Akaike Information Criterion) is used for lag selection. p-values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%. Model (1) presents the model controlled for FDI, ER, EKC, and research & development (RD). Model (2) sequentially added moderating term ER×FDI. Model (3) included FDI, ER, EKC, and energy-mix (RE) variables to mitigate omitted-variable bias along technology and energy channels. Similarly, Model (4) further introduced the moderating term. Models (5-6) controls for FDI, ER, EKC, and industrial composition (IND), with moderating term added in Model (6). Models (7-12) rearranged R&D/energy/industrial composition factors while excluded or retained the interaction to test channel sensitivity and provide robustness variants. We take the most saturated yet stable specification as preferred and use it in subsequent robustness analysis.




Table 7 Dumitrescu Hurlin (2012) panel Granger causality tests
	Null hypothesis
	Emerging economies
	
	Developed economies
	
	Full sample

	
	W-stat.
	Z-stat.
	
	
	W-stat.
	Z-stat.
	
	
	W-stat.
	Z-stat.
	

	EM ↛ FDI
	4.3531
	3.5297***
	(0.0004)
	
	2.7059
	1.9331*
	(0.0532)
	
	3.0860
	3.3910***
	(0.0007)

	FDI ↛ EM
	1.2358
	-1.1463
	(0.2517)
	
	2.9162
	2.5091**
	(0.0121)
	
	2.5284
	1.6500*
	(0.0989)

	EM ↛ ER
	5.9563
	5.9344***
	(0.0000)
	
	3.0558
	2.8915***
	(0.0038)
	
	3.7251
	5.3868***
	(0.0000)

	ER ↛ EM
	2.8055
	1.2083
	(0.2269)
	
	4.4804
	6.7927***
	(0.0000)
	
	4.0939
	6.5381***
	(0.0000)

	FDI ↛ ER
	2.8538
	1.2807
	(0.2003)
	
	2.5343
	1.4632
	(0.1434)
	
	3.1415
	3.5643***
	(0.0004)

	ER ↛ FDI
	5.1655
	4.7483***
	(0.0000)
	
	3.3022
	3.5661***
	(0.0004)
	
	3.1987
	3.7429***
	(0.0002)


Note: p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%. Lags: 2.
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Table 8 Robustness check results
	ARDL-PMG (2, 2, 2, 2, 2, 2, 2, 2, 2)

	
	Emerging economies
	
	Developed economies

	
	(1)
	(2)
	(3)
	(4)
	(5)
	
	(6)
	(7)
	(8)
	(9)
	(10)

	Dependent variable: CO2 emissions from IPCC 2006 Energy sector (in 10 Mt of CO2 equivalent)
	
	
	
	
	
	

	Long-run equation
	
	
	
	
	
	
	
	
	
	
	

	                FDI
	0.0154
	0.2000***
	0.1655**
	0.0059***
	0.0153
	
	-0.0661**
	-0.0067
	0.0778***
	0.0931***
	0.1126***

	
	(0.5414)
	(0.0015)
	(0.0201)
	(0.8499)
	(0.6937)
	
	(0.0236)
	(0.2074)
	(0.0001)
	(0.0000)
	(0.0000)

	ER
	139.6809***
	91.5167***
	106.2411***
	58.5081***
	47.3238**
	
	-61.1200***
	-56.1003***
	-58.5985***
	-70.1259***
	-65.7762***

	
	(0.0000)
	(0.0000)
	(0.0002)
	(0.0077)
	(0.0151)
	
	(0.0025)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	        GDP
	74.4397***
	125.753***
	115.2644***
	76.5903***
	100.0627***
	
	65.2679***
	23.3323***
	33.0350***
	33.1376***
	36.4774***

	
	(0.0003)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	(0.0015)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	                GDP2
	-6.8353***
	-8.0581***
	-7.9637***
	-8.5525***
	-11.8679***
	
	-0.9707***
	-02802***
	-0.3859***
	-0.2795***
	-0.3166***

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	(0.0022)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	RD
	0.0865**
	
	
	0.1266***
	0.2153***
	
	-0.0395***
	
	
	-0.0232***
	-0.0288

	
	(0.0181)
	
	
	(0.0000)
	(0.0000)
	
	(0.0097)
	
	
	(0.0002)
	(0.0001)

	RE
	
	25.5902***
	36.8149***
	30.0416***
	40.1950***
	
	
	-0.8866
	-3.2996***
	-3.7153***
	-3.8044***

	
	
	(0.0058)
	(0.0004)
	(0.0018)
	(0.0000)
	
	
	(0.4495)
	(0.0082)
	(0.0013)
	(0.0015)

	IND
	
	
	
	
	2.2997
	
	
	
	
	
	-0.4721***

	
	
	
	
	
	(0.1087)
	
	
	
	
	
	(0.6106)

	              ER*FDI 
	
	
	0.0159
	0.2905***
	0.2817***
	
	
	
	-0.0783***
	-0.0818***
	-01082***

	
	
	
	(0.8310)
	(0.0000)
	(0.0000)
	
	
	
	(0.0000)
	(0.0000)
	(0.0000)

	                constant
	10.1515**
	-2.2800
	-1.3581
	12.3099
	-2.8587**
	
	-3.9448*
	2.6198
	0.6661
	0.4533
	0.3418

	
	(0.2049)
	(0.6868)
	(0.8127)
	(0.2552)
	(0.6379)
	
	(0.0844)
	(0.5330)
	(0.8127)
	(0.8155)
	(0.8611)

	                 N
	259
	259
	259
	259
	259
	
	859
	859
	859
	859
	859

	Dependent variable: Total consumption from non-renewable energy resources (in 0.1 quad Btu)
Long-run equation

	FDI
	0.0569*
	0.0926**
	-0.0600
	0.0236
	0.0588*
	
	-0.0005***
	0.0007
	-0.0069**
	-0.0132***
	0.0025

	
	(0.0696)
	(0.0435)
	(0.1545)
	(0.5734)
	(0.0946)
	
	(0.0042)
	(0.1084)
	(0.0113)
	(0.0011)
	(0.6752)

	ER
	75.0152***
	31.4656
	14.3442
	38.7685**
	48.8816***
	
	-0.0204***
	-0.9554**
	-9.3851***
	-14.2014***
	-12.4109***

	
	(0.0000)
	(0.1309)
	(0.5128)
	(0.0374)
	(0.0018)
	
	(0.0012)
	(0.0327)
	(0.0000)
	(0.0002)
	(0.0000)

	GDP
	62.5295***
	160.5849***
	204.3009***
	86.2803***
	89.7358***
	
	3.1484***
	-1.7757***
	1.8206***
	3.5759***
	5.0362***

	
	(0.0002)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	(0.0001)
	(0.0000)
	(0.0002)
	(0.0001)
	(0.0000)

	GDP2
	-5.2670***
	-8.2460***
	-10.8435***
	-6.4835***
	-6.9184***
	
	-0.0789***
	0.0133***
	-0.0146***
	-0.0333***
	-0.0360***

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	(0.0001)
	(0.0000)
	(0.0028)
	(0.0002)
	(0.0000)

	RD
	0.0930**
	
	
	0.0831***
	0.0836***
	
	-0.0032***
	
	
	0.0045***
	0.0008

	
	(0.0108)
	
	
	(0.0000)
	(0.0000)
	
	(0.0000)
	
	
	(0.0027)
	(0.6039)

	RE
	
	8.5267
	-0.4556
	-0.3365
	2.6222
	
	
	-0.9741***
	-1.7304***
	-3.3541***
	-4.9615***

	
	
	(0.2767)
	(0.9382)
	(0.9534)
	(0.6580)
	
	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	IND
	
	
	
	
	-0.6212
	
	
	
	
	
	-2.3621***

	
	
	
	
	
	(0.5980)
	
	
	
	
	
	(0.0001)

	ER*FDI 
	
	
	0.1243***
	0.1314***
	0.1112***
	
	
	
	0.0023**
	0.0033***
	-0.0047**

	
	
	
	(0.0009)
	(0.0044)
	(0.0036)
	
	
	
	(0.0110)
	(0.0092)
	(0.0734)

	constant
	8.5319**
	1.7786
	5.1990
	11.0058**
	10.6462**
	
	2.5146*
	7.3420*
	1.7972*
	1.1901
	2.6197

	        
	(0.0427)
	(0.7449)
	(0.3234)
	(0.0169)
	(0.0342)
	
	(0.0664)
	(0.0503)
	(0.0809)
	(0.3012)
	(0.1426)

	N
	261
	261
	261
	261
	261
	
	870
	870
	870
	870
	870


Note: AIC (Akaike Information Criterion) is used for lag selection. p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%.
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Table 9 Dumitrescu Hurlin (2012) panel Granger causality tests for control variables
	Null hypothesis
	Emerging economies
	
	Developed economies
	
	Full sample

	
	W-stat.
	Z-stat.
	
	
	W-stat.
	Z-stat.
	
	
	W-stat.
	Z-stat.
	

	EM ↛ GDP
	5.5412
	5.3118***
	(0.0000)
	
	2.7048
	1.9302*
	(0.0536)
	
	3.3594
	4.2447***
	(0.0000)

	GDP ↛ EM
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	EM ↛ RD
	10.5032
	12.7548***
	(0.0000)
	
	2.7608
	2.0837**
	(0.0372)
	
	4.5475
	7.9547***
	(0.0000)

	RD ↛ EM
	4.2001
	3.3001***
	(0.0010)
	
	5.0079
	8.2375***
	(0.0000)
	
	4.8215
	8.8101***
	(0.0000)

	EM ↛ IND
	4.6807
	4.0211***
	(0.0001)
	
	2.9212
	2.5228**
	(0.0116)
	
	3.3272
	4.1443***
	(0.0000)

	IND ↛ EM
	2.7051
	1.0577
	(0.2902)
	
	3.5772
	4.3194***
	(0.0000)
	
	3.3760
	4.2965***
	(0.0000)

	EM ↛ RE
	3.9968
	2.9952***
	(0.0027)
	
	3.3359
	3.6586***
	(0.0003)
	
	3.4884
	4.6476***
	(0.0000)

	RE ↛ EM
	3.5503
	2.3255**
	(0.0200)
	
	3.5605
	4.2737***
	(0.0000)
	
	3.5582
	4.8654***
	(0.0000)

	FDI ↛ GDP
	1.2992
	-1.0512
	(0.2932)
	
	2.6184
	1.6935*
	(0.0904)
	
	2.3140
	0.9803
	(0.3269)

	GDP ↛ FDI
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	FDI ↛ RD
	2.4390
	0.6585
	(0.5102)
	
	3.1112
	3.0431***
	(0.0023)
	
	2.9561
	2.9853***
	(0.0028)

	RD ↛ FDI
	3.1348
	1.7022*
	(0.0887)
	
	2.7845
	2.1484**
	(0.0317)
	
	2.8653
	2.7020***
	(0.0069)

	FDI ↛ IND
	1.8048
	-0.2927
	(0.7697)
	
	3.1307
	3.0965***
	(0.0020)
	
	2.8247
	2.5752***
	(0.0100)

	IND ↛ FDI
	5.3962
	5.0944***
	(0.0000)
	
	2.1000
	0.2738
	(0.7842)
	
	2.8607
	2.6874***
	(0.0072)

	FDI ↛ RE
	2.6778
	1.0167
	(0.3093)
	
	3.1780
	3.2262***
	(0.0013)
	
	3.0626
	3.3180***
	(0.0009)

	RE ↛ FDI
	4.9788
	4.4682***
	(0.0000)
	
	2.5538
	1.5166
	(0.1294)
	
	3.1134
	3.4767***
	(0.0005)

	ER ↛ GDP
	3.2314
	1.8471*
	(0.0647)
	
	2.8768
	2.4011**
	(0.0163)
	
	2.9586
	2.9932***
	(0.0028)

	GDP ↛ ER
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	ER ↛ RD
	8.6835
	10.0253***
	(0.0000)
	
	5.1066
	8.5078***
	(0.0000)
	
	5.9321
	12.2778***
	(0.0000)

	RD ↛ ER
	2.8278
	1.2418
	(0.2143)
	
	3.8768
	5.1399***
	(0.0000)
	
	3.6347
	5.1045***
	(0.0000)

	ER ↛ IND
	3.4803
	2.2205**
	(0.0264)
	
	4.1874
	5.9905***
	(0.0000)
	
	4.0242
	6.3207***
	(0.0000)

	IND ↛ ER
	4.1961
	3.2941***
	(0.0010)
	
	3.8710
	5.1239***
	(0.0000)
	
	3.9460
	6.0764***
	(0.0000)

	ER ↛ RE
	4.8893
	4.3339***
	(0.0000)
	
	4.6744
	7.3242***
	(0.0000)
	
	4.7240
	8.5057***
	(0.0000)

	RE ↛ ER
	2.9470
	1.4205
	(0.1555)
	
	2.2916
	0.7986
	(0.4245)
	
	2.4429
	1.3828
	(0.1667)

	GDP ↛ RD
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	RD ↛ GDP
	6.2591
	6.3886***
	(0.0000)
	
	3.7649
	4.8334***
	(0.0000)
	
	4.3405
	7.3082***
	(0.0000)

	GDP ↛ IND
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	IND ↛ GDP
	4.1870
	3.2806***
	(0.0010)
	
	4.6211
	7.1781***
	(0.0000)
	
	4.5209
	7.8715***
	(0.0000)

	GDP ↛ RE
	-
	-
	-
	
	-
	-
	-
	
	-
	-
	-

	RE ↛ GDP
	2.5049
	0.7573
	(0.4489)
	
	4.3794
	6.5163***
	(0.0000)
	
	3.9468
	6.0790***
	(0.0000)

	RD ↛ IND
	4.7434
	4.1150***
	(0.0000)
	
	3.7460
	4.7816***
	(0.0000)
	
	3.9761
	6.1705***
	(0.0000)

	IND ↛ RD
	3.1671
	1.7506*
	(0.0800)
	
	4.3872
	6.5375***
	(0.0000)
	
	4.1056
	6.5748***
	(0.0000)

	RD ↛ RE
	4.3025
	3.4538***
	(0.0006)
	
	6.7933
	13.1270***
	(0.0000)
	
	6.2185
	13.1723***
	(0.0000)

	RE ↛ RD
	2.5706
	0.8560
	(0.3920)
	
	2.4887
	1.3383
	(0.1808)
	
	2.5076
	1.5849
	(0.1130)

	RE ↛ IND
	3.0122
	1.5184
	(0.1289)
	
	2.7020
	1.9224*
	(0.0546)
	
	2.7736
	2.4155**
	(0.0157)

	IND ↛ RE
	3.3262
	1.9893**
	(0.0467)
	
	4.5060
	6.8629***
	(0.0000)
	
	4.2337
	6.9748***
	(0.0000)


Note: p values are in the parenthesis, *** significant at 1%, ** significant at 5%, * significant at 10%. Lags: 2.





Table 10 Heterogeneous (quantile) effects of environmental regulation (ER) on CO2 emissions
	Emerging economies

	Quantile 
	10%
	20%
	30%
	40%
	50%
	60%
	70%
	80%
	90%

	Coefficient 
	-2.382
	9.338
	17.744
	35.101
	78.418***
	95.010***
	121.754
	312.195**
	305.308***

	Std. Error
	4.596
	8.178
	12.296
	27.596
	21.659
	25.421
	87.745
	102.652
	58.472

	p-value
	0.605
	0.255
	0.150
	0.204
	0.000
	0.000
	0.166
	0.003
	0.000

	95% CI
	[-11.391, 6.627]
	[-6.691, 25.367]
	[-6.357, 41.845]
	[-18.987, 89.188]
	[35.966, 120.870]
	[45.185, 144.835]
	[-50.227, 293.734]
	[110.997, 513.393]
	[190.703, 419.913]

	Observations
	279
	279
	279
	279
	279
	279
	279
	279
	279

	Developed economies

	Quantile
	10%
	20%
	30%
	40%
	50%
	60%
	70%
	80%
	90%

	Coefficient
	-0.017
	0.801***
	0.590
	0.380
	-0.124
	0.922
	0.474
	0.264
	-5.371

	Standard Error
	0.164
	0.149
	0.346
	0.422
	0.771
	1.385
	1.333
	0.947
	8.569

	p-value
	0.917
	0.000
	0.088
	0.368
	0.872
	0.506
	0.722
	0.780
	0.531

	95% CI
	[-0.339, 0.305]
	[0.509, 1.093]
	[-0.087, 1.267]
	[-0.447, 1.207]
	[-1.636, 1.387]
	[-1.793, 3.636]
	[-2.139, 3.086]
	[-1.593, 2.121]
	[-22.166, 11.423]

	Observations
	930
	930
	930
	930
	930
	930
	930
	930
	930


Note: The dependent variable is CO2 emissions. ER denotes the EPS index. Control variables include FDI, GDP, GDP2, RD, RE, IND, and ER×FDI. *** p < 0.01, ** p < 0.05, * p < 0.10. 

Table 11 Heterogeneous (quantile) effects of environmental regulation (ER) on CO2 emissions (with fixed effects)
	Emerging economies

	Quantile 
	10%
	20%
	30%
	40%
	50%
	60%
	70%
	80%
	90%

	Coefficient 
	-3.701
	-8.244
	-5.640
	12.904
	7.366
	30.442
	74.495*
	79.321**
	86.196**

	Std. Error
	13.692
	17.342
	20.437
	22.917
	24.138
	28.636
	29.576
	27.723
	27.680

	p-value
	0.787
	0.635
	0.783
	0.574
	0.761
	0.289
	0.012
	0.005
	0.002

	95% CI
	[-30.536, 23.135]
	[-42.234, 25.745]
	[-45.697, 34.417]
	[-32.014, 57.821]
	[-39.944, 54.676]
	[-25.683, 86.568]
	[16.526, 132.463]
	[24.984, 133.658]
	[31.944, 140.449]

	Entity Fixed
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Time Fixed
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Observations
	279
	279
	279
	279
	279
	279
	279
	279
	279

	Developed economies

	Quantile
	10%
	20%
	30%
	40%
	50%
	60%
	70%
	80%
	90%

	Coefficient
	-0.212
	-0.292*
	-0.271*
	-0.284*
	-0.338*
	-0.263*
	-0.299*
	-0.344**
	-0.335**

	Standard Error
	0.121
	0.125
	0.128
	0.137
	0.136
	0.129
	0.136
	0.126
	0.128

	p-value
	0.081
	0.019
	0.034
	0.038
	0.013
	0.042
	0.028
	0.006
	0.009

	95% CI
	[-0.449, 0.026]
	[-0.536, -0.048]
	[-0.521, -0.021]
	[-0.553, -0.016]
	[-0.604, -0.072]
	[-0.516, -0.009]
	[-0.565, -0.032]
	[-0.591, -0.097]
	[-0.585, -0.085]

	Entity Fixed
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Time Fixed
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes

	Observations
	930
	930
	930
	930
	930
	930
	930
	930
	930


Note: Same as Table 10, additionally including country and year fixed effects.


Appendix I Details on the calculation of the composite OECD EPS composite index (OECD 2022)
	Instrument
	Definition
	Unit
	Weight in the overall index

	Non-market-based instrument
	
	
	

	Emission limit value for NOx
	Maximum concentration of nitrogen dioxide emissions permitted for a large, newly built coal-fired power plant.
	mg/m3
	8.25%

	
	
	
	

	Emission limit value for SOx
	The maximum concentration of sulphur dioxide emissions permitted for a large, newly built coal-fired power plant.
	mg/m3
	8.25%

	
	
	
	

	Emission limit value for PM
	The maximum concentration of particulate matter (PM) emissions permitted for a large, newly built coal-fired power plant.
	mg/m3
	8.25%

	
	
	
	

	Sulphur content limit for diesel
	The maximum concentration of sulphur permitted in diesel for automobiles.
	parts per million (ppm)
	8.25%

	Market-based instrument
	
	
	

	CO2 certificate
	The cap on the total amount of CO2 emissions that can be emitted.
	USD/tonne CO2
	5.5%

	
	
	
	

	Renewable energy certificates
	The system for trade in renewable energy certificates based on the obligation to source a mandated percentage of electricity from green sources. The higher this percentage the more stringent the policy.
	%
	5.5%

	
	
	
	

	CO2 taxes
	The tax rate for CO2 emissions.
	USD/tonne CO2
	5.5%

	
	
	
	

	NOx taxes
	The tax rate for NOx emissions.
	USD/tonne CO2
	5.5%

	
	
	
	

	SOx taxes
	The tax rate for SOx emissions.
	USD/tonne CO2
	5.5%

	
	
	
	

	Fuel taxes (diesel)
	The tax for a litre of diesel fuel used in transport for industry as a share of the pre-tax diesel price, calculated by dividing the tax on diesel by the national pre-tax price paid by industry for diesel.
	USD/Litre
	5.5%

	Technology support
	
	
	

	R&D expenditure
	The amount spent by the government for R&D on low-carbon energy technologies relative to the size of the country's nominal GDP. Calculated by dividing a country’s public R&D expenditure by its nominal GDP. The value is multiplied by 1000 for readability.
	%
	16.5%

	
	
	
	

	Adoption support solar
	The level of the price support for solar energy technologies from feed-in tariffs (FIT) and renewable energy auctions, relative to the global levelized cost of electricity.
	ratio of the price support (in USD/kWh) to the LCOE (in USD/kWh)
	8.25%

	
	
	
	

	Adoption support wind
	The level of the price support for wind energy technologies from feed-in tariffs (FIT) and renewable energy auctions, relative to the global levelized cost of electricity.
	ratio of the price support (in USD/kWh) to the LCOE (in USD/kWh)
	8.25%


Note: The table shows the weighting structure of the EPS index for the OECD and the non-OECD economies covered in this study (Brazil, China, India, Indonesia, Russia, South Africa). Details are provided by OECD (2022). 
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