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Environmental impairment has become one of the leading global concerns since the 1950s, and the drivers of increasing global CO2 emissions have begun to be explored extensively. This study investigates the short and long term effects of the shadow economy, life expectancy, education, and income on CO2 emissions in the BRICS countries during the 1993–2020 period, accounting for cross-sectional dependence and heterogeneity using second-generation cointegration tests, the augmented mean group (AMG) estimator, and causality tests. The results of the causality test reveal a unidirectional causality from the shadow economy, education, and income to CO2 emissions and a bidirectional causal nexus between life expectancy and CO2 emissions. The results of the AMG estimation show that the shadow economy, life expectancy, and income positively affect CO2 emissions in BRICS countries, while improvements in education negatively impact CO2 emissions. Therefore, institutional and legal arrangements to combat the shadow economy would be beneficial in decreasing CO2 emissions.
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1 INTRODUCTION
Environmental pollution has become a serious threat to the global community and has a negative impact on societies’ quality of life. In this context, environmental pollution can impact climate, labor productivity, industrial production, and economic development; decrease living standards; and cause health problems (Borhan et al., 2018; Pervaiz et al., 2021). Nowadays, increases in greenhouse gas emissions have become one of the crucial causes of global health problems through environmental degradation (Zhang et al., 2018). In this regard, CO2 emissions are the most dominant greenhouse gas that harms the environment and human health (Khan et al., 2018).
The prevalent economic and health implications of increasing global CO2 emissions have led countries and international institutions to prioritize reducing CO2 emissions. Furthermore, environmental sustainability is one of the major pillars of sustainable development in the scope of the 2030 Agenda for Sustainable Development, accepted by all United Nations (UN) Member States in 2015 (UN, 2024). In this context, unveiling the drivers of CO2 emissions has become critical for formulating policies aimed at reducing CO2 emissions. The associated empirical literature has documented numerous economic, social, and institutional factors, such as income, poverty, institutions, urbanization, population, energy use, renewable energy use, technological progress, tourism, trade openness, financial development, and foreign direct investments, as the drivers of CO2 emissions, as summarized in Table 1. The empirical results have usually documented a negative effect of institutional development, technological progress, and renewable energy use on CO2 emissions but a positive effect of poverty, energy use, and tourism on CO2 emissions. In this context, high costs, insufficient infrastructure, energy storage, recyclability, and environmental awareness are the major barriers to the renewable energy transition (Tvaronavičienė, 2024; Massoud et al., 2023). On the other hand, the effects of income, urbanization, trade, financial development, and foreign direct investments on CO2 emissions have varied depending on the socio-economic development levels of the countries.
TABLE 1 | Driving factors of CO2 emissions.
[image: Table 1]This empirical study investigates the effects of the shadow economy and human development indicators on CO2 emissions in the BRICS countries regarding the limited literature. Excessive tax burden and governmental business regulations are among the major factors underlying the shadow economy (Arsić et al., 2015). Therefore, some firms may shift to unregistered production to avoid the costs associated with environmental taxes, and in turn, increases in the shadow economy may negatively impact the environment (Chen et al., 2018). Furthermore, unregistered firms can also negatively affect the environment due to their tendencies toward non-compliance with environmental regulations (Biswas et al., 2011). However, unregistered companies usually operate on a small scale due to structural factors, including financial constraints and an unfavorable business environment (Elgin and Oztunali, 2014; Morrrisson and Mead, 1996). Therefore, unregistered companies are not expected to contribute to environmental impairment due to their small production scale and low capital intensity unlike formal companies (Antweiler et al., 2001). In conclusion, the influence of the shadow economy on CO2 emissions is unclear in theoretical terms.
In this research, human development is proxied by the Human Development Index (HDI), which is based on the life expectancy index (LIFI, a long and healthy life), education index (EDI, being knowledgeable), and the index of gross national income (GNI) per capita (standard of living) (UNDP, 2024a). In this regard, the HDI is an indicator reflecting progress in these key dimensions and highlights that people and their capabilities should be the primary measure for evaluating a country’s development rather than economic growth (Elgin and Oztunali, 2014). Therefore, this study investigates the effect of each main dimension of the HDI on CO2 emissions, differing from the extensive number of empirical studies that analyze the nexus between GDP per capita/HDI and CO2 emissions. On one hand, health and education are significant factors underlying human capital, one of the main determinants of the GNI. On the other hand, GNI is an indispensable requirement for both education and health (Kim et al., 2019).
Increases in life expectancy indicate that people affect the environment longer through consumption and production, and thus, the effect of life expectancy on the environment differs depending on countries’ socio-economic development levels. However, researchers have usually analyzed the influence of CO2 emissions on life expectancy (Matthew et al., 2020; Ibrahim, 2022), but the influence of increases in life expectancy on the environment has not been explored in the existing empirical literature.
On the other hand, education can also impact the environment because persons with relatively higher education levels usually have greater environmental awareness, are more compliant with environmental rules, and tend to adopt low-carbon lifestyles and business practices (Bano et al., 2018; Cui et al., 2024). Furthermore, education can contribute to the development of green technologies and renewable energy technologies by enhancing human capital (Teixeira and Queirós, 2016; Wang et al., 2021). Therefore, educational investments are crucial instruments in curbing CO2 emissions (Razzaq et al., 2021; Dong et al., 2024). Finally, the nexus between income and the environment has usually been examined in the context of the Environmental Kuznets Curve (EKC), which suggests that environmental impairment increases with income up to a certain threshold, after which further increases in income are associated with decreases in environmental impairment (Grossman and Krueger, 1995). Education can also affect CO2 emissions through economic growth and development in the context of the EKC hypothesis.
Based on the above view, this research aims to explore the following research questions:
Does the shadow economy increase or decrease CO2 emissions?
Does the life expectancy increase or decrease CO2 emissions?
Does education increase or decrease CO2 emissions?
Does GNI per capita increase or decrease CO2 emissions?
This research article intends to make two contributions to the associated literature. First, only a few researchers have analyzed the influence of the shadow economy on CO2 emissions, and the relationship between the shadow economy and the environment has remained inconclusive. For this reason, this research would contribute to the limited literature by investigating the nexus between two shadow economy indicators based on dynamic general equilibrium (DGE) and multiple indicators–multiple causes (MIMIC) approaches. The second contribution of this research is to examine the influence of life expectancy on CO2 emissions, in contrast to the extensive literature that focuses on the influence of environmental impairment on life expectancy.
In Section 2, the literature on the relationship between the shadow economy, human development, and CO2 emissions is outlined, and the methodological approach of the research is provided in Section 3. Section 4 includes the results of econometric tests, and discussions related to the results are introduced in Section 5.
2 LITERATURE REVIEW
The negative worldwide effects of environmental impairment have led researchers to investigate the drivers of increasing CO2 emissions. Therefore, this study examines the interaction between the shadow economy, human development, and CO2 emissions, considering the associated literature. In this context, there have been two main views on the environmental effects of the shadow economy. One view suggests that unregistered firms negatively impact the environment by avoiding the costs of environmental taxes and non-compliance with environmental regulations (Biswas et al., 2011; Elgin and Oztunali, 2014). The other view suggests that unregistered companies are not expected to contribute to environmental degradation due to their small production scale and low capital intensity (Shahbaz et al., 2013). The different findings of the associated empirical literature presented in Table 2 also support these theoretical considerations. On one hand, Biswas et al. (2011), Dada et al. (2021), Pang et al. (2021), Ahad and Imran (2023), and Ahmad and Hussain (2024) revealed a positive interaction between the shadow economy and CO2 emissions, while Nkengfack et al. (2021), Camara (2022), Yu et al. (2022), and Silva et al. (2023) revealed a negative effect of the shadow economy on CO2 emissions. In conclusion, more empirical studies are required to clarify the nexus between the shadow economy and the environment for countries with different socio-economic characteristics.
TABLE 2 | Summary of empirical studies on the nexus between the shadow economy and the environment.
[image: Table 2]Based on the theoretical considerations and the empirical results, the first hypothesis of this research is as follows:
H1. There is a significant relationship between the shadow economy size and CO2 emissions.
The second goal of this study is to analyze the interplay between human development and CO2 emissions. In the relevant literature, on one hand, some researchers have analyzed the relationship between the human development index of UNDP (2024a) and CO2 emissions. On the other hand, some researchers have focused on the relationship between the main components of the human development index, including life expectancy, education, income, and CO2 emissions, as stated below. This research investigates the relationship between each main subcomponent of the human development index and CO2 emissions to observe the effect of HDI’s main dimensions on CO2 emissions. In this context, only Minh and Ly (2023) and Çakır (2023) analyzed the effect of human development and life expectancy on CO2 emissions in Vietnam and E-7 countries, respectively. Minh and Ly (2023) unveiled a positive effect of human development on decreases in CO2 emissions, and Çakır (2023) disclosed a bidirectional causal nexus between life expectancy and CO2 emissions in E-7 countries. Therefore, our research would be one of the first studies investigating the short- and long-term relationship between life expectancy and CO2 emissions.
On the other hand, researchers have generally focused on the effect of environmental pollution on life expectancy, and studies such as those by Ibrahim (2022), Beyene and Kotosz (2021), Osabohien et al. (2021), Bayar et al. (2023), and Saidmamatov et al. (2024) on the nexus between life expectancy and the environment have mainly unveiled a negative effect of CO2 emissions on life expectancy, while Matthew et al. (2020) revealed a positive relationship between CO2 emissions and life expectancy. In this context, Ibrahim (UNDP, 2024a) explored the relationship between fossil fuels, carbon emissions, human capital, and healthy life expectancy in selected oil-abundant African economies during the 1980–2019 period through quantile regression, augmented mean group (AMG) estimators, and common correlated effect mean group (CCEMG) estimators and discovered a negative effect of carbon emissions on life expectancy. Beyene and Kotosz (2021) also examined the effect of environmental quality on life expectancy in African countries during the 2000–2016 period using ARDL and regression approaches and disclosed a negative effect of environmental impairment on life expectancy.
Osabohien et al. (2021) explored the association between CO2 emissions and life expectancy in Nigeria between 1980 and 2017 via the ARDL approach and revealed a negative influence of CO2 emissions on life expectancy. On the other hand, Bayar et al. (2023) analyzed the empirical relationship between greenhouse gas emissions and life expectancy in the transition economies of the EU for the 2000–2017 period via causality and cointegration tests. They revealed a one-way causal relationship from greenhouse gas emissions to population health, with a negative effect observed in Romania, Lithuania, Croatia, and Bulgaria. Saidmamatov et al. (2024) also researched the influence of CO2 emissions on life expectancy in the Aral Sea Basin for the 2002–2020 period through regression and discovered a negative effect of CO2 emissions on life expectancy in the region. Finally, Matthew et al. (2020) explored the nexus between CO2 emissions and life expectancy in West Africa for the 2000–2018 period using the regression approach and discovered a positive relationship between CO2 emissions and life expectancy.
Based on the theoretical considerations and the empirical results, the second hypothesis of this research is as follows:
H2. There is a significant relationship between life expectancy and CO2 emissions.
Education is the second main component of the human development index and has the potential to impact CO2 emissions through multiple channels, such as improving environmental awareness, increasing compliance with environmental regulations, and contributing to the development of green technologies. However, education can negatively affect CO2 emissions via economic growth and development in the context of the EKC hypothesis. The related empirical literature including Kim and Go (2020), Yao et al. (2020), Demircan Çakar et al. (2021), Liu et al. (2022), and Hondroyiannis et al. (2022) indicated that improvements in education decrease CO2 emissions, while Li and Zhou (2019) and Zafar et al. (2022) discovered a positive effect of education on CO2 emissions.
Kim and Go (2020) investigated the effect of human capital on environmental performance in a panel of 72 countries using a regression approach and revealed a positive effect of education on environmental performance. Yao et al. (2020) also explored the effect of human capital on CO2 emissions in OECD members for the 1870–2014 period using the STIRPAT model and disclosed a negative effect of improvements in human capital on CO2 emissions.
Demircan Çakar et al. (2021) also examined the association between environmental impairment and human capital in 21 EU members for the 1994–2018 period through panel smooth transition regression and disclosed a positive environmental effect of improvements in human capital. Liu et al. (2022) analyzed the influence of education on CO2 emissions in the BRICS economies for the 1991–2019 period using the NARDL approach and unveiled a negative effect of education on CO2 emissions.
Hondroyiannis et al. (2022) also examined the effect of governmental education expenditures on environmental impairment in OECD economies during the 1980–2019 period using quantile regression and revealed that increases in governmental education expenditures reduced CO2 emissions. Zafar et al. (2022) researched the drivers of CO2 emissions in 22 top remittance-receiving countries across the 1986–2017 period using the Westerlund and Edgerton cointegration test and revealed a positive effect of education on CO2 emissions. Finally, Sart et al. (2022) examined the causal nexus between economic freedom, education, and CO2 emissions in the EU member states and discovered a bidirectional causality between education and CO2 emissions at the panel level; a unidirectional causality from education to CO2 emissions in Italy, the Netherlands, Poland, Portugal, Spain, and Sweden; and a unilateral causality from CO2 emissions to education in Belgium, Denmark, Ireland, and Latvia.
Based on the theoretical considerations and the empirical findings, the third hypothesis of this research is as follows:
H3. There is a significant relationship between education and CO2 emissions.
The interplay between income and the environment in the context of the EKC hypothesis has been one of the most explored issues in environmental economics. However, the related empirical literature has remained inconclusive. Within this scope, Akbostancı et al. (2009) disclosed an inverted U interaction between income and the environment proxied by CO2 emissions for Türkiye. On the other hand, Awan and Azam (2022) revealed an N interaction between income and CO2 emissions for G20 countries. Moreover, Aslam et al. (2021) revealed that GDP per capita increased CO2 emissions in the long term in China. Similarly, Georgescu et al. (2024) also disclosed a positive effect of GDP per capita on CO2 emissions in European countries. Furthermore, Fei et al. (2011), Farhani et al. (2013), Lee and Brahmasrene (2013), Hepektan and Sertkaya (2016), Balado-Naves et al. (2018), and Chien et al. (2021) unveiled a positive effect of income on CO2 emissions.
Furthermore, Wang (2018) investigated the relationship between economic growth and CO2 emissions in the top 20 emitters in the world during the 1990–2015 period using cointegration and causality tests and revealed a unilateral causality from economic growth to CO2 emissions in the developed countries and a unilateral causality from CO2 emissions to economic growth in the developing countries. Wang et al. (2020) also analyzed the causal interplay between economic factors and CO2 emissions in China during the 1997–2015 period using the VAR model and discovered a unilateral causality from GDP per capita to CO2 emissions in central and eastern provinces and a unilateral causality from CO2 emissions to GDP per capita in western provinces. Balli et al. (2020) also disclosed a unidirectional causality from GDP per capita to CO2 emissions for Turkiye.
Based on the theoretical considerations and the empirical findings, the fourth hypothesis of this research is as follows:
H4. There is a significant relationship between income and CO2 emissions.
Some researchers, such as Pîrlogea (2012), Asongu and Odhiambo (2018), Akbar et al. (2021), and Adekoya et al. (2021), have investigated the effect of CO2 emissions on overall human development and usually revealed a negative effect of CO2 emissions on human development. However, Ezako (2024) revealed a positive effect of carbon emissions on human development.
Pîrlogea (2012) examined the interplay among renewable energy and fossil fuel use, human development, energy intensity, and carbon dioxide intensity in Romania, Bulgaria, Portugal, Poland, Ireland, and the Netherlands during the 1997–2008 period using the regression approach and found that the increases in carbon emissions decreased the human development in Romania, Bulgaria, and Poland. Asongu and Odhiambo (2018) also examined the effect of CO2 emissions on human development in Sub-Saharan African states for the 2000–2012 duration via Tobit regression and revealed a negative influence of CO2 emissions on human development.
Akbar et al. (2021) analyzed the relationship among health expenditures, CO2 emissions, and human development in 33 OECD economies during the 2006–2016 period using PVAR and found a negative relationship between CO2 and human development. Adekoya et al. (2021) also examined the effect of CO2 emissions on human development in 126 countries for the 2000–2014 period using the regression approach and found a positive relationship between CO2 emissions and human development. Finally, Ezako (2024) analyzed the nexus between CO2 emissions and human development in 56 developing countries across the 2005–2019 period using cross-sectionally augmented ARDL and the augmented mean group estimator and found a positive effect of CO2 emissions on human development.
Both theoretical views and empirical findings on the nexus between the shadow economy and CO2 emissions have already remained inconclusive. Therefore, the main motivation behind this study is to analyze the interplay between different indicators of the shadow economy and CO2 emissions in the BRICS countries, which have been key drivers of the global economy in recent years. On the other hand, the HDI, rather than GDP per capita, is a more comprehensive indicator of a country’s economic development. For this reason, we also include the main dimensions of the HDI (health, education, and GNI per capita) in the empirical analyses to analyze the interplay between human development and CO2 emissions.
3 DATA AND METHODOLOGY
This research explores the nexus between the shadow economy, human development indicators, including life expectancy, education, and gross national income per capita, and CO2 emissions in the BRICS countries. The variables of this empirical study are presented in Table 3. CO2 emissions (metric tons per capita) represent the dependent variable and are obtained from World Bank (2024). The explanatory variable of the shadow economy is proxied by the shadow economy size based on multiple indicators–multiple causes (MIMIC) and dynamic general equilibrium (DGE) approaches and calculated by Elgin et al. (2021) using the MIMIC method developed by Schneider et al. (2010). The MIMIC approach is based on structural equation models (SEMs) because SEM analyzes the relationships among unobserved variables with reference to the relationships among the observed variables using the covariance information of the observable variables (Schneider et al., 2010). In this context, the unobserved variable is associated with the observed indicator variables in a factor analytical model, and the relationships between the observed explanatory (causal) variables and the unobserved variable are determined using a structural model (Schneider et al., 2010). In summary, the MIMIC model verifies the relationships between the shadow economy (latent variable) and its causes and indicators, and the estimated parameters are then used to measure the size of the shadow economy. On the other hand, the DGE approach calculates the shadow economy size by examining how households optimize labor allocation between the formal and informal economies in every period and how this allocation varies over time (Elgin and Oztunali, 2012). Finally, human development is represented by the life expectancy index, education index, and index of GNI per capita, and the data are obtained from UNDP (2024a) [see UNDP (2024b) for methodological details] because many researchers, such as Asongu and Odhiambo (2018), Akbar et al. (2021), Adekoya et al. (2021), and Ezako (2024), have also used the human development index of UNDP (2024a) and its main components as proxies for human development.
TABLE 3 | Dataset of the research.
[image: Table 3]The influence of shadow economy indicators and components of human development on CO2 emissions is examined in the BRICS countries. The indicators of the shadow economy are available between 1993 and 2020. Therefore, econometric analyses are performed during the 1993–2020 period using STATA 17.0. Table 4 provides the summary statistics of the shadow economy and human development indicators. The arithmetic means of COE, SHADOW1, SHADOW2, LIFI, EDI, and GNI are 5.282 metric tons per capita, 26.592% of GDP, 29.088% of GDP, 0.738, 0.607, and 0.681 out of 1, respectively. However, shadow economy indicators and CO2 emissions show a remarkable variation among the BRICS countries.
TABLE 4 | Panel-level summary statistics in the BRICS countries (1993–2020).
[image: Table 4]The series of CO2 emissions, shadow economy, life expectancy, education, and GNI per capita are displayed in Figure 1. Figure 1 also shows a significant heterogeneity in the BRICS countries, especially in terms of CO2 emissions (metric tons per capita) and shadow economy size. In addition, the life expectancy indices of Brazil, China, India, and Russia appear to be converging, while the life expectancy index of South Africa is significantly lower than that of other BRICS countries. However, both the education index and the index of gross national income per capita of India exhibit a significant divergence from the remaining BRICS countries.
[image: Figure 1]FIGURE 1 | CO2 emissions, shadow economy, and human development indicators in the BRICS countries (1993–2020). (World Bank, 2024; Elgin et al., 2021; UNDP, 2024a)
The influence of the shadow economy and main components of human development on CO2 emissions in the BRICS countries is explored within the scope of the models introduced in Equations 1, 2, using the second-generation cointegration and causality tests. The related empirical literature has typically used econometric approaches based on regression, as depicted in the literature review section. However, this study uses causality and cointegration tests compatible with the panel dataset’s characteristics because the causality test enables us to perform a two-way analysis between variables and cointegration tests and allows us to observe whether the series under consideration move together or display a common long-term trend. Finally, the use of the AMG estimator by Eberhart and Bond (2009) allows for country-level analysis that differs from conventional regression methods. In the analyses, the explained variable is CO2 emissions per capita (COEs), and explanatory variables are shadow economy (SHADOW1 and SHADOW2) and human development indicators (LIFI, EDI, and GNI).
[image: image]
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where i proxies BRICS countries, while t represents the years between 1993 and 2020.
The methodological approach of the study is presented in Figure 2. In this regard, tests of cross-sectional dependence (CD) and homogeneity are first performed for the specification of the appropriate unit root, cointegration, and causality tests. CD refers to a situation in which a negative or positive shock in any of the BRICS countries impacts the other countries and may cause biased and inconsistent results (Sarafidis and Wansbeek, 2010). On the other hand, homogeneity or heterogeneity of slope coefficients is another important issue in panel econometrics because assuming that the slope coefficients are homogeneous can cause country-specific differences to be ignored (Gündüz, 2017).
[image: Figure 2]FIGURE 2 | Methodological approach of the study.
In this context, the stationarity of the series is analyzed using the CIPS test of Pesaran (2007) due to CD among the variables. Then, the cointegration relationship among indicators of the shadow economy, human development indicators, and CO2 emissions is examined using the LM cointegration test of Westerlund and Edgerton (2007). The LM cointegration test of Westerlund and Edgerton (2007) allows for dependence both between and within the cross-sections in the cointegration equation, and the test is proven to be efficient in small datasets (Westerlund and Edgerton, 2007). In conclusion, the LM cointegration test of Westerlund and Edgerton (2007) is selected considering the presence of CD and our dataset size. The test is derived from Equation 3.
[image: image]
where [image: image] and [image: image].
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In Equations 3, 4, i and t represent the BRICS countries and the years of the panel, respectively. [image: image] is the disturbance term. LM statistic of the cointegration test is obtained as follows:
[image: image]
In Equation 5, [image: image] is the partial total of [image: image], and [image: image] is the long-term variance of [image: image]. Both are derived from a cointegration model using fully modified ordinary least squares. The null hypothesis proposes the presence of a cointegration relationship among the variables under consideration. Asymptotic and bootstrap critical values are generated from normal distributions and bootstrapping, respectively, to test the hypotheses. Bootstrap P values are used if CD exists among the variables; otherwise, asymptotic P values are applied.
The AMG estimator, introduced by Eberhart and Bond (2009), is used to estimate the panel and cross-sections’ cointegration coefficients. This estimator accounts for CD and heterogeneity and provides coefficients for both the panel and individual BRICS economies. The estimation using the AMG method is implemented in two stages. In the first stage, the model is estimated using the first differences of the variables, as shown in Equation 6, because non-stationary series and unobservable factors can lead to biased results when using level values in regression analysis. Thus, time-dummy variables of [image: image] are obtained (Schneider et al., 2010).
[image: image]
where [image: image] and [image: image].
In the second stage, the model in Equation 6 is estimated. The time-dummy variable is incorporated in the regression of each country. AMG estimations are calculated as the average of each cross-section coefficient, as shown in Equation 7 (Eberhart and Bond, 2009).
[image: image]
where [image: image] and [image: image].
Finally, the causal nexus among CO2 emissions, indicators of the shadow economy, and human development indicators is analyzed using the Juodis–Karavias–Sarafidis (JKS) (Juodis et al., 2021) causality test. The JKS causality test considers heterogeneity and robustness under the subsistence of CD (Juodis et al., 2021). In addition, the JKS causality test benefits from the half-panel jackknife (HPJ) method by Dhaene and Jochmans (2015) to reduce Nickell Bias and, in turn, improves the robustness of test outcomes.
4 EMPIRICAL ANALYSIS AND DISCUSSION
In this section, CD and delta tilde tests in Tables 5, 6 are performed to reveal the availability of heterogeneity and CD. The availability of CD among the series in models 1 and 2 defined in Equations 1, 2 is explored using LMadj., LM CD, and LM tests, and the results of these tests are displayed in Table 5. The probability values of these tests are lower than 5%, and in turn, the null hypothesis of CD independence is not accepted for models 1 and 2. In conclusion, CD among these series in models 1 and 2 is revealed.
TABLE 5 | Results of LM, LM CD, and LMadj. tests.
[image: Table 5]TABLE 6 | Results of delta and adjusted delta tests.
[image: Table 6]The delta and adjusted delta tests are used to explore the availability of homogeneity in models 1 and 2, and the results of these tests are displayed in Table 6. The null hypothesis of homogeneity’s presence is rejected for models 1 and 2, and in turn, the availability of heterogeneity is specified in models 1 and 2.
The CIPS unit root test of Pesaran (2007) is performed to analyze the stationarity of COE, SHADOW1, SHADOW2, LIFI, EDI, and GNI, owing to the presence of CD in models 1 and 2, and the results of the CIPS test are exhibited in Table 7. The results in Table 7 indicate that COE, SHADOW1, SHADOW2, LIFI, EDI, and GNI are non-stationary, but the first-differenced values of these variables have become stationary. In conclusion, all series are found to be I(1). Therefore, the results of the unit root test are important for selecting the appropriate cointegration test, estimator, and causality test.
TABLE 7 | Results of the CIPS unit root test.
[image: Table 7]The cointegration relationship among shadow economy indicators, human development indicators, and CO2 emissions is investigated using the LM cointegration test of Westerlund and Edgerton (2007). Test statistics and bootstrap and asymptotic p-values of the cointegration test are presented in Table 8. Bootstrap p-values and asymptotic p-values are different because bootstrap p-values are generated through the bootstrapping process, while asymptotic p-values are derived from the standard normal distribution (Westerlund and Edgerton, 2007). The bootstrap p-values lead us to accept the null hypothesis, which posits the existence of a long-run association among shadow economy indicators, human development indicators, and CO2 emissions. Therefore, the results of the LM bootstrap cointegration test demonstrate that COE, SHADOW1, SHADOW2, LIFI, EDI, and GNI display a common long-term trend.
TABLE 8 | Results of the LM bootstrap cointegration test.
[image: Table 8]The AMG estimator is used to determine the long-term panel and countries’ coefficients, and these coefficients are provided in Table 9. The coefficients show that both indicators of the shadow economy positively impact CO2 emissions across the panel and in BRICS countries, except China. On the other hand, life expectancy positively influences CO2 emissions across the panel and in all BRICS countries, except Russia. Finally, income positively impacts CO2 emissions across the panel and in all BRICS countries, while the education index negatively affects CO2 emissions across the panel and in BRICS countries.
TABLE 9 | Cointegration coefficient using the AMG estimator.
[image: Table 9]The unregistered firms can increase CO2 emissions by avoiding the costs of environmental taxes and non-compliance with environmental regulations. However, unregistered firms may not cause environmental degradation if these firms have a small production scale and low capital intensity. Therefore, the effect of the shadow economy on CO2 emissions may vary across countries. Thus, Biswas et al. (2011), Dada et al. (2021), Pang et al. (2021), Ahad and Imran (2023), and Ahmad and Hussain (2024) revealed a positive effect of the shadow economy on CO2 emissions, but Nkengfack et al. (2021), Camara (2022), Yu et al. (2022), and Silva et al. (2023) discovered a negative effect of the shadow economy on CO2 emissions. Therefore, theoretical and empirical findings overlap. Our results indicate that the shadow economy has a positive effect on CO2 emissions in Brazil, India, Russia, and South Africa, and there is no significant difference in the size of the cointegration coefficients of Brazil, India, Russia, and South Africa. Our results are compatible with the theoretical views on the nexus between the shadow economy and CO2 emissions and the results of Biswas et al. (2011), Dada et al. (2021), Pang et al. (2021), Ahad and Imran (2023), and Ahmad and Hussain (2024). However, the shadow economy does not have a significant effect on CO2 emissions in China, which experienced a remarkable decrease in the size of the shadow economy across the 1993–2020 period compared with the other BRICS countries. Furthermore, the mean values of the Environmental Policy Stringency Index of the BRICS countries over the 1993–2020 period are Brazil (0.455), South Africa (0.616), Russia (0.695), China (1.233), and India (1.534), indicating that these countries have lax environmental regulations (OECD, 2025).
Life expectancy can affect CO2 emissions by boosting production and consumption activities resulting from its increases. However, the majority of the empirical studies have focused on the effect of environmental degradation on life expectancy. Only Minh and Ly (2023) and Çakır (2023) analyzed the effects of human development and life expectancy on CO2 emissions, respectively, and Minh and Ly (2023) unveiled a positive effect of human development on decreases in CO2 emissions, while Çakır (2023) revealed a bilateral causality between life expectancy and CO2 emissions. Our results indicate that life expectancy has a positive effect on CO2 emissions in Brazil, China, India, and South Africa, and the size of these countries’ cointegration coefficients are close to each other. Our results are consistent with the theoretical considerations, considering the highly lax environmental regulations and socio-economic development levels of the BRICS countries. Furthermore, life expectancy does not have a significant effect on CO2 emissions in Russia, whose life expectancy experienced a wavy course.
Education, another dimension of human development, can affect CO2 emissions through multiple channels, including greater environmental awareness, more compliance with environmental rules, lifestyles and business practices with low-carbon trends, development of green technologies and renewable energy technologies, and economic growth and development. The results of Kim and Go (2020), Yao et al. (2020), Demircan Çakar et al. (2021), Liu et al. (2022), and Hondroyiannis et al. (2022) indicated that improvements in education decrease CO2 emissions, but Li and Zhou (2019) and Zafar et al. (2022) discovered a positive effect of education on CO2 emissions. In conclusion, the negative effect of education on CO2 emissions found in most of the empirical studies implies that its positive environmental effects outweigh the negative environmental effects. Our findings indicate that education has a negative effect on CO2 emissions in all BRICS countries, and this negative effect is relatively stronger in Russia, China, and Brazil because China and Brazil have experienced noteworthy progress in education and Russia has the highest education level among the BRICS countries. Furthermore, the mean values of renewable energy consumption (% of total final energy consumption) (as a sign of green technology development via education) in Brazil, India, and China during the 1993–2020 period were 45.472%, 41.631%, and 19.882%, respectively (World Bank, 2025). In conclusion, our findings are consistent with the related empirical literature to a great extent.
Finally, the nexus between income and the environment differs depending on the economic development levels of the countries in the context of the EKC hypothesis. The associated empirical literature has also revealed mixed results, in line with theoretical considerations. Our findings indicate that real GDP per capita has a positive effect on CO2 emissions in the BRICS countries, and the sizes of countries’ cointegration coefficients are close to each other. In particular, China and India achieved significant increases in GNI per capita across the 1993–2020 period, and Brazil, Russia, and South Africa experienced relatively lower increases in GNI per capita. However, our results show that BRICS countries have not reached the threshold economic development level for a negative relationship between income and CO2 emissions, and they also followed lax environmental regulations during the study period. Furthermore, Fei et al. (2011), Fei et al. (2011), Lee and Brahmasrene (2013), Hepektan and Sertkaya (2016), Balado-Naves et al. (2018), Chien et al. (2021), Aslam et al. (2021), and Georgescu et al. (2024) also unveiled a positive effect of income on CO2 emissions.
The causal interplay among CO2 emissions, indicators of the shadow economy, and human development is analyzed using the JKS non-causality test, and its results are presented in Table 10 and Figure 3. The results reveal a unidirectional causality from the shadow economy based on MIMIC, education, and income to the CO2 emissions and a bidirectional causal nexus between life expectancy and CO2 emissions. In other words, the shadow economy, education, and income have a significant impact on CO2 emissions, and a feedback interplay exists between life expectancy and CO2 emissions.
TABLE 10 | JKS non-causality test outcomes.
[image: Table 10][image: Figure 3]FIGURE 3 | Results of the JKS causality test.
Our results show a significant effect of the shadow economy on CO2 emissions in accordance with the related theoretical views, but any comparison cannot be made due to the non-availability of studies investigating the causality between the shadow economy and CO2 emissions. On the other hand, a significant feedback between life expectancy and CO2 emissions in the BRICS countries is compatible with the result of Çakır (2023). In addition, our findings demonstrate that education has a significant effect on CO2 emissions, but the findings of Sart et al. (2022) indicated that the causality between education and CO2 emissions differed among the countries based on countries’ socio-economic characteristics. Finally, a significant effect of GNI per capita on CO2 emissions through the causality analysis is consistent with the results of Wang (2018), Wang et al. (2020), and Balli et al. (2020).
5 CONCLUSION
Global CO2 emissions have continued to increase despite environmental measures taken by international and regional institutions and countries. Therefore, priority should be globally given to curb the increases in CO2 emissions, given the negative health, economic, and social implications of CO2 emissions. This paper researches the long-term influence of the shadow economy, life expectancy, education, and income on CO2 emissions in the BRICS countries under the existence of CD and heterogeneity using the Westerlund and Edgerton’s LM cointegration test, the AMG estimator, and the JKS causality test because the BRICS countries have been drivers of the global economy in recent years, but these countries have also been among the top CO2 emitters in the world.
The limitations of this study are as follows:
The study sample includes only BRICS countries.
The study period is limited to the 1993–2020 period due to the availability of shadow economy data.
The study focused on the effect of the shadow economy and human development indicators on CO2 emissions and ignored the environmental effects of other economic, social, and political factors.
The outcomes of the causality test reveal a unidirectional causality from the shadow economy, education, and income to the CO2 emissions and a bidirectional causal nexus between life expectancy and CO2 emissions. On the other hand, the long-run coefficients by the AMG estimator demonstrate that shadow economy indicators, life expectancy, and income positively impact CO2 emissions, while the education index negatively affects CO2 emissions across the panel and in BRICS countries. Therefore, the results of causality and cointegration analyses support each other. The effect of the shadow economy on CO2 emissions is theoretically ambiguous. In this regard, the shadow economy can increase CO2 emissions through unregistered production activities and its tendency to disobey environmental rules. However, the environmental effects of the shadow economy can be negligible in the case of small-scale unregistered companies due to financial constraints and inappropriate business. In conclusion, the scale of unregistered companies and the stringency of environmental policies are key factors for the interplay between the shadow economy and CO2 emissions. Our results indicated that the shadow economy positively impacts CO2 emissions in the BRICS countries, except China, because these countries have a relatively high shadow economy and lax environmental regulations.
Based on our findings and the results of the associated literature, the following can be concluded:
The size of the shadow economy should be decreased considerably to overcome the negative environmental effects of the shadow economy using institutional and legal arrangements.
The stringency of the environmental policies and compliance of companies with environmental regulations should be improved using institutional, legal, and market-based environmental measures.
Education is found to be a significant tool to decrease CO2 emissions through improvements in environmental awareness and development of green technologies. Therefore, educational programs should be implemented to increase environmental awareness at the primary, secondary, and tertiary education levels. Furthermore, the use and development of energy-efficient and green energy technologies should be incentivized.
Our results and the related literature reveal that the scale of unregistered companies and the stringency of environmental policies are key factors for the nexus between the shadow economy and the environment. Therefore, future studies can explore the scale effects and environmental regulations on the nexus between the shadow economy and the environment.
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