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Economic activities based on primary industrial operations and fossil fuel energy cause environmental pollution by releasing carbon dioxide that is harmful to the environment. Green technological innovation and institutional quality are considered important tools to reduce environmental emission levels and promote economic growth. However, there are few studies that explore the role of technological innovation and institutional quality in exacerbating environmental pollution from the perspective of emerging Asian countries. Thus, this study unveils the influence of green technology innovation, institutional quality, renewable energy use and non-renewable energy use on per capita carbon emissions and per capita economic growth in emerging Asian countries from 1995 to 2022. The current study uses second-generation augmented mean group and common correlated effects mean group panel methods, taking into account residual cross-sectional dependence and heterogeneity to reveal long term relationship between dynamics. The analysis results emphasize that every 1% expansion of technological innovation can strongly reduce per capita carbon dioxide emissions by 0.329%, while effectively boosting per capita economic growth by 0.397%. However, every 1% improvement in institutional quality can effectively promote per capita carbon dioxide emissions and per capita economic growth by 0.243% and 0.362% respectively. Moreover, renewable energy strongly reduces environmental emissions and promotes economic enhancement, while non-renewable energy considerably stimulates environmental pollution and economic progress. Based on the revealed exploration, this study recommends that emerging markets in Asia should strengthen their respective institutional quality to focus on investing in green technology innovation and renewable energy projects to achieve sustainable development goals.
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1 INTRODUCTION
In recent years, global warming, climate change and ecological hazards have become the most pressing economic issues. Global warming and climate change are primarily driven by greenhouse gas emissions. On the other hand, carbon dioxide (CO2) emissions, as the core element of greenhouse gases, have attracted widespread attention in the environmental literature (Gur, 2022). The expansion of fossil fuel energy use has triggered a surge in carbon dioxide (CO2) emissions, necessitating an immediate shift to compressing CO2 emissions to achieve sustainable development goals (IEA, 2024). Also, there is an urgent need for sustainable growth, affordable clean energy, sustainable production, technological innovation and sustainable consumption, which are all elements of the Sustainable Development Goals (such as SDGs 7, 8, 9, 12 and 13) set by the United Nations to address climate change (United Nations, 2015). Thus, on a global scale, mitigating carbon emissions is considered a major issue of concern to many countries. The introduction of green technological innovation is one of the key indicators to reduce carbon emissions, while improving green productivity, energy efficiency, growth rate, and promoting the transformation of the world’s economic development model (Dong et al., 2022; Lin and Ma, 2022). Green technology innovation is the latest technological innovation that limits the use of fossil fuel energy, reduces pollutant emissions, promotes the development of green economy, and ultimately improves environmental quality (Obobisa et al., 2022). Green technology innovation produces clean energy that can replace fossil fuel energy and is less harmful to the environment than fossil fuels, while the application of green technology can produce green products that reduce energy use and environmental pollution (Jaiswal et al., 2022). In addition, green technology innovation contributes to the development of renewable energy and helps economies optimize the use of renewable energy (Fang, 2023). The green technology innovation and renewable energy development encountered in recent years are important measures for emerging economies to reduce environmental emissions and achieve long-term economic growth and environmental sustainability (Fang et al., 2022). Thus, a potential remedy to condense environmental pollution and make productive economic activities in developing economies more sustainable is to invest in green technological innovations.
In addition to developing green technological innovations, quality system construction also helps formulate environmental protection measures and improve environmental quality by reducing carbon dioxide emission levels (Obobisa et al., 2022). Countries are recently making efforts to combat exploitation, strengthen financial management and develop environmental context by establishing sound and effective institutional frameworks. An effective and sound system in a country can significantly control environmental pollution (Ren et al., 2023). However, as some researchers acknowledge, developing economies need more effective institutions to curb greenhouse gas emissions by implementing strong strategies and clear directives (Fekete et al., 2021; Hassan et al., 2020). The positive impacts of high-quality institutions have been documented to outweigh their negative impacts, particularly in curbing crime and corruption in emerging economies, but research shows that their impact and consequences on the environment are limited. Thus, revealing the environmental impact of green technology innovation and institutional quality in developing Asian economies is the main purpose of this study.
There are several reasons for choosing emerging countries in Asia for this study. First, emerging countries in Asia (China, India, Thailand, Philippine, Viet Nam, Malaysia, and Indonesia) have experienced strong economic trends, rapid technological progress, and globalization over the past decade. However, such large-scale economic development also comes with environmental impacts (Zaidi et al., 2019). With the improvement of productivity levels in developing countries in Asia, environmental pollution problems are becoming increasingly serious, as shown in Figure 1. According to the Asian Development Bank (2023), greenhouse gas emissions in emerging Asia have grown much faster than the global average since the 1980s. Emerging Asia’s share of global emissions doubled from 22% in 1990 to 44% in 2019 and is more likely to remain at the same level by mid-century if current strategies continue. Secondly, Asia’s emerging economies account for more than half of the world’s population and consume more than half of the world’s primary energy. Demographic changes over the past 30 years have been critical to the region’s ability to translate its economic goals into accelerated growth. But this strong growth momentum is not without challenges. As emerging Asia’s economies prosper, its emissions burden is also soaring. The region currently accounts for 51% of global carbon emissions and is the main contributor to annual greenhouse gas emissions (World Economic Forum, 2023b).
[image: Figure 1]FIGURE 1 | CO2 emission (kt) and GDP (Constant 2015 US$) in Asian emerging countries from 2000 to 2023. Sources: Source: Authors’ calculation from Development Indicators (WDI) database.
From a global perspective, emerging economies in Asia have leading non-fossil energy resources, but are still plagued by energy shortages, destructive externalities of climate change, technological backwardness, and institutional fragility (World Economic Forum, 2023a). In addition, Asia’s emerging economies tend to be far away from the technological frontier, reflecting a huge technological innovation gap. As a result, inventors in emerging Asian countries do not have the ability to patent their inventions, and due to insufficient investment in R&D, the level of innovation has not yet reached expectations (Park and Kim, 2022). It has been noted that Asian emerging countries pay less attention to the contribution effects of institutional panic and technological innovation to the environment and growth. Technological backwardness and weak institutions in Asia’s emerging economies have been blamed on rising carbon dioxide emissions caused by the use of fossil fuel energy in production processes (Wang M. et al., 2023). Thus, the environmental and growth performance of emerging Asian countries may be affected by future advances in institutional and technological innovation. In this context, it is crucial to reveal how high-quality institutions and green technology innovation affect economic growth and the environment in emerging Asian countries.
However, the impact of institutional quality and green technology innovation on the environment and growth has not been fully studied in the context of emerging Asian countries. First, in theory, the more environmentally relevant technologies and effective institutions there are, the greater the chances of boosting growth and lowering emissions levels (Haque and Ntim, 2018), but there are few empirical studies in emerging Asian countries to support this. Second, most past studies have focused on the relationship between technological innovation and carbon emissions, considering developed economies rather than developing economies, because innovation in less developed or developing economies is not enough to affect environmental pollution. Technological innovation in emerging Asian countries is worthy of study due to the increase in knowledge spillovers from global exchanges. Hence, this study aims to reveal the impact of institutional quality and green technology innovation on environmental hazards and economic growth in emerging Asian countries. Third, institutional quality and environmentally relevant technological advances can pave the way for achieving the goals of improving environmental quality through increased energy efficiency and enhanced green growth (Amin et al., 2023; Calar and Askin, 2023). The goals of achieving sustainable environment and green growth through the adoption of environment-related technologies and institutional quality are highly consistent with the Sustainable Development Goals (SDGs). Thus, this study can explore innovative ideas and breakthrough impacts to effectively adapt the way to ensure the Sustainable Development Goals (SDGs) such as SDG-7 (Use of Renewable Energy), SDG-8 (Sustainable Growth), SDG-9 (Sustainable Environment-Growth), SDG-12 (Sustainable Consumption) and SDG-13 (Nurturing Environmental Values). Fourth, the current study employs heterogeneous techniques to account for cross-sectional dependence and slope heterogeneity for a more robust analysis, unlike past studies that ignored these issues. The results of this study can be considered helpful in formulating mandatory strategies and guiding emerging economies to familiarize themselves with factors that may be important in promoting economic growth and mitigating environmental pollution.
2 LITERATURE REVIEW
2.1 Green technological innovation and environmental degradation nexus
The focus on green technology innovation has become mainstream as environmental scientists and policymakers debate whether technological innovation is the right way to reduce environmental pollution. Environmental and energy-related challenges can be addressed through green technology innovation as one of the specific strategies and tools (Ahmed Z. et al., 2022). In addition, green technology innovation can also reduce carbon dioxide emissions by empowering countries to optimize and upgrade the use of renewable resources (Edziah et al., 2022). Nonetheless, researchers remain controversial as they provide different results on the bilateral link between green technology innovation and environmental pollution levels. Such as, Aydin and Degirmenci (2024) used the AMG estimator to conclude that green technology innovation and technology diffusion are two key factors promoting environmental quality in EU countries during the period 1990–2018. Aneja et al. (2024) reveal that clean energy and green technology innovations can significantly sustain the environmental status of G-20 countries using CS-ARDL from 1992 to 2018. Chien (2024) used the CUP-BC and CUP-FM methods to conclude that there is a progressive relationship between technological innovation, carbon finance, renewable energy utilization and carbon neutrality in E7 countries from 2006 to 2020. Meirun et al. (2021) using the (BARDL) method report that from 1990 to 2018, both short- and long-term green technology innovations can significantly compress Singapore’s carbon emissions and promote economic growth. However, other studies are based on the premise that the expansion of green technology innovation can stimulate CO2 emissions. Such as, Adebayo and Kirikkaleli (2021) used wavelet tools from the first quarter of 1990 to the fourth quarter of 2015 and argued that globalization and technological innovation have worsened environmental quality, while the use of renewable energy has alleviated environmental pollution in Japan. Lin and Ma (2022) reported that green technology innovation could not directly reduce carbon dioxide emissions in 264 prefecture-level cities in China from 2006 to 2017. Similarly, Khattak et al. (2020) empirically concluded that from 1980 to 2016, using the CCEMG method, green technology innovation failed to compress carbon emission levels, while the use of renewable energy can significantly reduce carbon emissions in China, India, Russia, South Africa. Du etal. (2019) used a fixed effects model of 71 economies during the period 1996–2012 to prove that green technology innovation can significantly promote carbon dioxide emissions in low-income countries, while green technology innovation can compress carbon dioxide emissions for high-income countries.
The green technology innovations in the above literature review do not show consistency in compressing carbon dioxide emissions. Thus, the impact of green technology innovation on carbon emissions in the empirical literature is inconclusive and needs further research. Moreover, the impact of green technology innovation on environmental pollution is not widespread in the context of emerging economies in Asia, so this study focuses on emerging economies in Asia.
2.2 Green technological innovation and economic growth nexus
The most important alternative policy for sustainable development is green growth, and the fundamental role in determining green growth is the adoption of green technological innovations or environment-related technologies (Mahmood et al., 2022; Danish and Ulucak, 2020; Ali et al., 2024) used advanced panel data estimation techniques to conclude that environment-related technologies make a significant and positive contribution to green growth in BRICS countries. Using the CS-ARDL model covering 1992 to 2018, Aneja et al. (2024) determined that promoting clean energy and green technologies can promote economic growth and environmental protection in G-20 countries. Meirun et al. (2021) report that green technology innovation can significantly boost Singapore’s economic growth and reduce CO2 emissions in both the short and long term from 1990 to 2018 using the novel bootstrapped autoregressive distributed lag (BARDL) technique. Using VECM during 2001–2016, Pradhan et al. (2020) also pointed out that entrepreneurship and technological innovation can powerfully promote the long-term economic growth of Euro countries. Jiang et al. (2024) used a novel panel approach over the period 1989–2021 and concluded that the use of environmentally relevant technologies and renewable energy sources helps mitigate CO2 emissions and promote economic growth in advanced economies. Koseoglu et al. (2022) also concluded that environmentally relevant technologies can significantly reduce the ecological footprint while promoting economic growth in the top 20 green innovative countries. Likewise, Chen and Tanchangya (2022) used the ARDL model to reveal the significant contribution of environmental technology to China’s short-term and long-term green economic growth.
Nonetheless, the above literature clearly shows that environmental technologies play a fundamental role in promoting green growth. However, further investigation is needed to understand whether and how technological innovation affects green growth in emerging Asian countries.
2.3 Institutional quality and environmental hazards nexus
There is growing interest in the recent literature on the importance of institutional quality for environmental sustainability. Government institutions play an important role in determining a country’s environmental quality, as countries with less efficient environmental regulations experience increased pollution regardless of their GDP levels (Egbetokun et al., 2020; Le and Ozturk, 2020). Countries with good institutional quality can shift their use of fossil fuel energy to renewable energy to achieve a sustainable environment and sustainable economic growth (Saadaoui and Chtourou, 2023; Abbass et al., 2022; Abbass et al., 2024). This argument is supported by many researchers, such as Khan and Rana (2021), who reported that better economic institutions and financial development helped 41 Asian countries reduce environmental pollution from 1996 to 2015 using the panel VECM method. Using AMG and CCEMG estimators for the period 1995–2017, Haldar and Sethi (2021) conclude that institutional quality moderates the use of renewable energy, thereby reducing environmental harm in developing countries. Likewise, Jahanger et al. (2022) reveal that renewable energy and democracy using the FMOLS approach robustly overcame environmental hazards in 69 developing countries from 1990 to 2018. However, there are studies, which have demonstrated progressive effect of institutional quality on carbon dioxide emission. However, some studies have shown that institutional quality has a progressive effect on carbon dioxide emissions. For instance, Obobisa et al. (2022) used AMG and CCEMG methods to derive the positive effects of institutional quality, fossil fuel energy use, and economic growth on CO2 emissions in 25 African countries during the period 2000–2018. Yang et al. (2022) use Driscoll Kraay regression for 1984–2016 to identify significant contributions of energy use, institutional quality and industrialization expansion to CO2 emissions in all models for 42 developing countries. Using AMG and CCEMG methods covering 1990 to 2014, Le and Ozturk (2020) demonstrate that energy use, globalization, financial development, and institutional quality contribute to CO2 emissions in 47 emerging and developing economies.
Institutional quality in the above literature review also does not show consistency in compressing CO2 emissions. Thus, the influence of institutional quality on carbon emissions in the empirical literature is inconclusive and needs further research. Moreover, the influence of institutional quality on environmental pollution is not universal in the context of emerging economies in Asia, so this study focuses on emerging economies in Asia.
2.4 Institutional quality and economic growth nexus
Institutional Quality is fundamental to achieving Sustainable Development Goal (SDG) 16, which aims to build sunny, productive and accountable institutions, maintain peaceful and inclusive societies, and provide opportunities for integrity. Only countries that uphold strong institutions and the rule of law can develop economic growth, fight corruption, and defend human rights (Uddin et al., 2023). Akinlo (2024) used a two-step GMM method to reveal that only corruption control and rule of law are institutional quality indicators that can stimulate economic growth in sub-Saharan African (SSA) countries from 1998 to 2018. Ahmed F. et al. (2022) used FMOLS and DOLS methods from 2000 to 2018 to reveal that institutional quality and financial development are the driving factors that promote green economic growth in South Asian economies in the long run. Likewise, Shikur (2024) concluded that institutional quality significantly contributed to long-term green growth in African countries during 1996–2021. Shahzad et al. (2022) used FMOLS and DOLS methods to conclude that institutional quality strongly contributed to economic growth in 28 OECD countries during the period 1990–2019. Omoke et al. (2020) also empirically report that institutional quality can reduce the negative long-term impact of import trade on Nigeria’s economic growth from 1984 to 2017 using the ARDL approach. The dividends of trade openness can be easily translated into growth-enhancing activities through the adoption of high-quality institutions and good governance.
In summary, there is currently a lack of literature that simultaneously considers the environmental and economic growth sustainability of emerging economies in Asia from the perspectives of institutional quality and green technology innovation. Hence, this study contributes to the existing literature by considering green technology innovation and institutional quality to examine their impact on economic growth and environmental degradation in Asian emerging countries.
3 MODEL CONSTRUCTION, VARIABLE MEASUREMENT, AND THEIR DATA SOURCES AND METHODS
3.1 Theoretical framework and model construction
Research supports the adverse impact of green technology innovation on environmental harm (Edziah et al., 2022; Aydin and Degirmenci, 2024; Chien, 2024; Aneja et al., 2024), and the incremental effects of green technology innovation on green growth (Mahmood et al., 2022; Danish and Ulucak, 2020; Aneja et al., 2024; Jiang et al., 2024). Likewise, the literature supports the adverse effects of institutional quality on environmental hazards (Egbetokun et al., 2020; Le and Ozturk, 2020; Khan and Rana, 2021; Jahanger et al., 2022), and the positive effects of institutional quality on economic growth (Uddin et al., 2023; Akinlo, 2024; Ahmed F. et al., 2022; Shikur, 2024; Shahzad et al., 2022). This study follows the above literature to reveal the impact of green technology innovation and institutional quality on environmental hazards and economic growth. The study also included renewable and non-renewable energy consumption in the model as additional explanatory controls for a more robust and thorough analysis. The proposed econometric models can be derived as:
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PCO2 reflects per capita carbon dioxide emissions, PGDP, denotes Per Capita Gross Domestic Product; TI, IQ, RE and NRE signify technological innovation, institutional quality, renewable energy and non-renewable energy respectively. Where, α, i, t, and ε stands for coefficients of the variable, time period, countries and random error terms respectively.
3.2 Measurements of panel variables and their data sources for retrieval
This study aims to explore the impact of green technology innovation, institutional quality, non-renewable energy use and renewable energy use on per capita carbon dioxide emissions and per capita GDP in emerging Asian countries. In empirical research, the most commonly used proxy indicator of environmental pollution among various pollutants is carbon dioxide (CO2) emissions. Carbon dioxide emissions have long been considered the dominant greenhouse gas, accounting for more than 70% of annual global emissions and exacerbating climate change (Lamb et al., 2021). Thus, CO2 emissions can be used as a proxy for environmental pollution in the current study due to their large contribution to global greenhouse gas reserves. Per capita CO2 emissions can be measured in metric tons per capita (Li et al., 2021). Researchers use different indicators to measure green technology innovation and institutional quality (Sun et al., 2019; Obobisa et al., 2022). Currently, many researchers use the patent index to measure green technology innovation (Maasoumi et al., 2021; Lv et al., 2021), while rules and laws have been used to measure institutional quality (Samadi and Alipourian, 2021; Khan et al., 2022). This study continues previous research by using patent index and law and order as proxies for green technology innovation and institutional quality respectively. The use of non-renewable energy (also called fossil fuel energy) and renewable energy can be measured as a percentage of total final energy use. Per capita Gross Domestic Product (GDP) is used as proxy for per capita economic growth and can be measured in constant 2015 US$ (Zhu et al., 2024; Ali et al., 2023). Data for all the variables mentioned above from 1995 to 2022 can be retrieved from the OECD database and the World Bank World Development Indicators (WDI) and Worldwide Governance Indicators (WGI), as shown in Table 1.
TABLE 1 | Depiction, measurement, and retrieval sources of panel variable data.
[image: Table 1]3.3 Econometric techniques for estimation
Cross-sectional dependence and slope heterogeneity are two key issues that need to be addressed before conducting panel data analysis, and ignoring them may lead us to perform spurious regression analyses (Ali et al., 2022; Cheng and Yao, 2021). Thus, in the panel data of this study, cross-sectional correlation can be tested using Pesaran (2015) CD test, Pesaran et al. (2008a) scaled LM method, and Breusch and Pagan (1980) LM approach in the first stage. After confirming the cross-sectional dependence and slope heterogeneity in the panel data, the stationarity of each variable in the second stage can be revealed by following the Pesaran (2007) cross-sectional Im, Pesaran and Shin (CIPS) unit root test. Cointegration between panel heterogeneous variables can be revealed in the third stage using Westerlund (2007) cointegration tests. In the final stage of research analysis, the second-generation robust augmented mean group estimation (AMG) method of Bond and Eberhardt (2013) and the common correlated effects mean group (CCEMG) method of Pesaran (2006) can be used for long-term coefficient estimations. The AMG and CCEMG methods are more robust to long-term coefficient estimates based on taking into account cross-sectional correlations and slope heterogeneity.
3.3.1 Cross sectional correlation test
Due to the unceasing upgrading of trade openness, economic integration and globalization, panel data are more prone to cross-sectional dependence (CD). Thus, in order to improve the accuracy and strength of estimates, it becomes crucial to eliminate the problem of cross-sectional dependence of panel data. This study follows Pesaran (2015) CD test, Pesaran et al. (2008) scaled LM method, and Breusch and Pagan (1980) LM method to disclose cross-sectional dependence in panel data. The above methods of checking cross-sectional correlation can be measured by Equations 3–6.
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3.3.2 Slope heterogeneity test
Although slope homogenity dynamics are assumed to be uniform, panel data estimation results may be misleading or spurious due to the existence of heterogeneity. Thus, in a panel data cross-section, slope homogeneity or slope heterogeneity can be found using the Pesaran and Yamagata (2008b) slope heterogeneity (SH) test. The slope heterogeneity test was first initiated by Swamy (1970) and later updated by Pesaran and Yamagata (2008b). Pesaran and Yamagata heterogeneity test measurements can be represented by the following Equations 7, 8.
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Š is the Swamy test statistic highlighted in the equation above, and K represents the number of independent variables. [image: image] SH and [image: image] ASH in the above equations represent the null hypothesis homogeneous slope coefficient and the alternative hypothesis heterogeneous slope coefficient respectively.
3.3.3 Panel unit root tests
Finding the unit root properties of each panel variable after detecting cross-sectional dependence and slope heterogeneity is crucial for robust analysis. Panel data with cross-sectional dependence may lead us to obtain spurious results using first-generation unit root tests (Ali and Xiangyu, 2023; Sun et al., 2023). Thus, Pesaran (2007) proposed the second-generation CIPS unit root test and the covariate-augmented Dickey Fuller (CADF) test, which are more suitable for detecting unit roots in panel data with cross-sectional dependence. These tests explain the dynamics by revealing the use of mean hysteresis cross sections and unified first-order differential cross sections. Important features of the covariate-augmented Dickey Fuller (CADF) test have been shown in Equations 9, 10:
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Where [image: image] denotes the mean value of cross-sectional time (t).
The CIPS unit root test equations highlighted below rely heavily on the CADF statistic.
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3.3.4 Westerlund Co-integration Test
It is critical to explore cointegration among panel dynamics in the series after elucidating the unit root properties of each panel variable in the series. The most appropriate cointegration test for panel data with cross-sectional dependence and slope heterogeneity is the second generation Westerlund (2007) cointegration test (Ali et al., 2023; Liu et al., 2023). The cointegration test of Westerlund (2007) can solve the problem of cross-sectional dependence and slope heterogeneity of panel data, so this study can use this test. The error correction mechanism (ECM) related to the Westerlund cointegration test have been expressed in Equation 11:
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where, [image: image] = (1, t)’ and [image: image] = ([image: image]) in the above equation are the intercept and the deterministic trend respectively. i represents the entire cross section and t denotes the time period. The expression for the Group Westerlund test statistic is highlighted in Equations 12, 13.
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The expression for the panel Westerlund test statistic is highlighted in Equations 14, 15:
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Where [image: image] indicates the adjustment speed to recover from short-term shocks in the long term.
3.3.5 Methods for estimating long-term panel variable coefficients
The common correlated effects mean group (CCEMG) evaluator introduced by Pesaran (2006) and the augmented mean group (AMG) estimator suggested by Bond and Eberhardt (2013) are robust methods for estimating long-run panel variable coefficients. The robustness of the AMG and CCEMG methods is based on these tests, accounting for cross-sectional dependence and slope heterogeneity issues. There are two main stages associated with the AMG estimator. The model proposed in the first stage of this study is shown in Equations 1 and 2 is estimated in difference form (first differential) by the following panel regression model of Equations 16, 17 using T-1 dummy variables:
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where Δ [image: image] signifies first difference time dummy variable with T − 1, [image: image] is the coefficient of time dummy variable (Δ [image: image]) [image: image] is the intercept, and [image: image],…, [image: image] are the difference parameter estimates.
The parameter [image: image] is converted to [image: image], i.e., [image: image] = [image: image], and expressed as follows in the general dynamic process, following the second stage of the AMG estimation method as shown in Equations 18, 19:
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Where, lnΔ [image: image] - + [image: image] ([image: image] = [image: image] + [image: image] ln [image: image] + [image: image] lnΔ [image: image] + [image: image] ln [image: image] + [image: image] ln [image: image] + [image: image] is the general dynamic process, and [image: image] is the estimated coefficient of each dummy variable.
It can be inferred that country-specific average parameter estimates are examined after adjustment for the ηt cross-sectional panel model specified in Equation 19 above. Thus, the individual independent variable parameters specified in the proposed research model can be estimated based on the following relationships in Equation 20.
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where [image: image] as mentioned in the above equation is AMG estimator.
Likewise, the CCEMG method also takes into account cross-sectional correlation and slope heterogeneity. Cross-sectional dependence in the CCEMG method is modeled taking into account the average value of the cross-sectional independent factors. Explicitly, unobserved common factors can be accounted for by averaging across cross sections. The CCEMG statistics of the model variables proposed in this study can be expressed in Equations 21, 22:
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where [image: image] = [image: image] with [image: image] is the coefficient to be estimated, [image: image], [image: image] and [image: image] reflect independent factor vectors, intercept, cross-section coefficients and random error term. The slope coefficient of Equations 21 and 22 is actually the panel average cross-section proposed by Pesaran (2006), thus, in order to estimate the coefficient (βi), the following CCEMG relationship in Equation 23 can be followed.([image: image]), the following CCEMG relationship can be followed.
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4 INTERPRETATION OF ESTIMATION RESULTS
In the initial stage of analysis, it is crucial to find out the issues of cross-sectional correlation and homogeneity of slope parameters, so from the panel cross-section correlation method, it can be seen that the panel variables of the entire model are significant, as shown in Table 2. The significance of the panel variable parameters allows us to reject the null hypothesis of no cross-section, thereby confirming that there is a cross-sectional correlation problem with the panel variables. The issue of slope homogeneity in panel data can be tested using the delta ([image: image]) and adjusted delta ([image: image] adj) statistics from the method of Pesaran and Yamagata (2008b). The homogeneity slope results in Table 3 also establish the significance of the Delta (Δ ̌) and adjusted Delta (Δ ̌adj) statistics for both models. The significance statistics reflect the rejection of the null hypothesis of homogeneous slopes and the acceptance that the model dynamic slopes are heterogeneous and vary across countries.
TABLE 2 | Unveiling cross-sectional dependencies in panel data.
[image: Table 2]TABLE 3 | Unveiling slope homogeneity in panel data via Pesaran and Yamagata test.
[image: Table 3]After identifying the cross-sectional correlation and slope heterogeneity problems in panel data, it is also an important step to test the unit root properties of each panel variable through the panel unit root tests. Thus, for panel data with problems of cross-sectional correlation and slope heterogeneity, using the second-generation CADF and CIPS unit root tests is the most appropriate method recommended by the literature. The first generation LLC, MW, and IPS unit root tests do not account for cross-sectional correlation and slope heterogeneity issues, so using these tests in panel data may lead to spurious regression analyses. CIPS and CADF unit root tests consider cross-sectional correlation and slope heterogeneity and can be used in this study, and the results are shown in Table 4. The entire set of variables in the model encounters unit root problems at the I(0) level, whereas these dynamics transform to stationary levels after the first differentiation I(1).
TABLE 4 | Uncovering unit root problems in panel data with CIPS and CADF unit root tests.
[image: Table 4]Table 5 highlights the results of panel variable correlation and multi-collinearity issues, showing that per capita carbon dioxide emissions are negatively related to green technology innovation, institutional quality and renewable energy, but positively related to per capita GDP and non-renewable energy use. More explicitly, per capita carbon dioxide emissions trend downward as institutional quality, green technology innovation, and renewable energy use increase, while per capita carbon dioxide emissions boost as per capita GDP and non-renewable energy use expand. GDP per capita is increasingly correlated with green technology innovation, institutional quality, and the use of renewable and non-renewable energy. The multicollinearity problem was checked through VIF and tolerance check. The results highlight that the values of each explanatory factor of VIF are all lower than 5, and the values of each explanatory factor of tolerance check are all higher than 0.2, proving that there is no multicollinearity in the model variables.
TABLE 5 | Correlation and multicollinearity results in model panel dynamics.
[image: Table 5]Another critical step after examining the unit roots of each panel dynamics is to explore cointegrating relationships among the panel variables. Thus, the Westerlund cointegration test is applied to achieve this goal. The results in Table 6 show a strong evidence of cointegration among panel variables in both models based on the significance of panel and group statistics with 100 bootstrap replications.
TABLE 6 | Estimating long-run cointegration via Westerlund (2007) cointegration test.
[image: Table 6]Establishing long-run cointegration relationships among panel variables opens the way to determining long-run coefficient estimates. Thus, this study uses AMG and CCEMG estimators to reveal the impact of technological innovation, institutional quality, renewable and non-renewable energy consumption on per capita carbon emissions and economic growth. The AMG and CCEMG estimators are more robust and efficient based on treating undiscovered mutual factors as common dynamic processes and taking into account cross-sectional dependence and slope heterogeneity issues in panel data. Thus, this study follows the results of the AMG and CCEMG processes.
It can be seen from the results of the AMG method established in Table 7 that with the improvement of technological innovation, per capita carbon emissions have been significantly compressed, and per capita economic growth has been greatly promoted. The technological innovation coefficients calculated by AMG and CCEMG are −0.329 and −0.238 respectively, which means that for every 1% expansion of technological innovation, the per capita carbon dioxide emissions can be reduced by 0.329% for AMG and 0.238% for CCEMG respectively, thereby cultivating environmental worth of Asian emerging economies. If the AMG method is adopted, every 1% increase in technological innovation can significantly increase per capita economic growth by 0.397%; if the CCEMG method is adopted, per capita economic growth can be promoted by 0.319%. The result of the negative impact of technological innovation on per capita carbon dioxide emissions is in good agreement with Edziah et al. (2022); Degirmenci (2024); Aneja et al. (2024); Meirun et al. (2021), while contradicting Lin and Ma (2022); Khattak et al. (2020); Du et al. (2019). The finding of the gradual impact of technological innovation on per capita economic growth is very consistent with the views of Mahmood et al. (2022), Danish and Ulucak (2020), Aneja et al. (2024), Meirun et al. (2021), Pradhan et al. (2020), and Jiang et al. (2024). It can be seen that green technology innovation will contribute to every additional carbon emission reduction and will also help the economic and industrial structures of emerging Asian countries to transform into a more sustainable and dynamic direction. However, most emerging Asian economies tend to be further away from the technological frontier, leaving a huge technology gap. In addition, most investors in emerging Asian countries are unable to transfer technology, have insufficient investment in R&D, and the level of innovation has not yet reached expectations. Thus, with the advancement of green technology innovation, the environmental quality of emerging economies in Asia can be improved in the near future.
TABLE 7 | Estimating long-term variable coefficients by AMG and CCEMG methods.
[image: Table 7]The coefficients of institutional quality on environmental harm and economic growth are progressive and significant, which means that institutional quality has a large contribution to per capita carbon emissions and economic growth in emerging economies in Asia. The institutional quality coefficients calculated by AMG and CCEMG are 0.24 and 0.29 respectively, which means that for every 1% expansion of institutional quality, the per capita carbon dioxide emissions can be promoted by 0.243% for AMG and 0.298% for CCEMG respectively, thereby damaging the environmental quality of Asian emerging economies. Likewise, If the AMG method is adopted, every 1% increase in institutional quality can significantly increase per capita economic growth by 0.362%; if the CCEMG method is adopted, per capita economic growth can be promoted by 0.297%. The result of the gradual impact of institutional quality on per capita carbon dioxide emissions is in good agreement with Obobisa et al. (2022), Yang et al. (2022), and Le and Ozturk (2020), while contradicting Egbetokun et al. (2020), Le and Ozturk (2020), Saadaoui and Chtourou (2023), and Khan and Rana (2021). The finding of the asymptotic impact of institutional quality on per capita economic growth is very consistent with the views of Uddin et al. (2023), Akinlo (2024), Shikur (2024), Shahzad et al. (2022), and Omoke et al. (2020). The results clearly reflect the weaker institutional quality in Asian emerging economies in supporting environment-related technologies to sustain environment and growth. However, the existing institutional quality support in emerging economies in Asia is based on the use of non-renewable energy to increase productivity levels, which on the one hand promotes economic growth, but on the other hand pollutes the environment.
Furthermore, renewable energy has been shown to have a significant adverse impact on per capita CO2 emissions. More precisely, a 1% increase in renewable energy use reduces CO2 emissions per capita by 0.305% and 0.199% respectively. This result authenticates the latest research results of Ali et al. (2022), Ali and Xiangyu (2023), Liu et al. (2023), and Zhong et al. (2024). The renewable energy utilization coefficient is significantly positive for per capita economic growth, reflecting the significant role of renewable energy in promoting per capita economic growth in emerging Asian countries. More specifically, when renewable energy use increases by 1%, the per capita economic growth considered by the AMG method significantly augmented by 0.413%, and the per capita economic growth considered by the CCEMG method significantly promoted by 0.259%. Emerging Asian countries have few of the world’s largest reserves of solar, wind and hydro renewable energy, and many still use solar power despite its potential to generate geothermal and hydroelectric energy. Furthermore, few Asian emerging countries have recently committed to pursuing renewable energy as an alternative to traditional fossil fuels to address the ongoing challenges of sustainable energy supply and pollution reduction, and to achieve desirable environmental quality. Thus, emerging countries in Asia urgently need to improve environmental quality by supporting the continued development of modern sustainable energy innovations such as renewable energy. In addition, in the long term, the environmental performance of emerging Asian countries could be improved through regulations that encourage a shift from fossil fuels to renewable energy.
Furthermore, non-renewable energy sources have a significant and progressive impact on per capita CO2 emissions and per capita economic growth. Specifically, for every 1% increase in non-renewable energy in emerging Asian countries, per capita carbon emissions can significantly increase by 0.311% and 0.396%. Likewise, a 1% upsurge in the use of non-renewable energy can also considerably promote per capita economic growth by 0.398% and 0.416%. These results are in line with Ali et al. (2023), Zhang et al. (2023), Wang Q. et al. (2023), and Ali et al. (2022). Economic activities, infrastructure and various economic projects in emerging Asian countries rely heavily on fossil fuel energy, leading to a surge in carbon emissions and environmental pollution. The results thus serve as a wake-up call for environmental scientists and policymakers to accelerate Asia’s transition to renewable energy by halting the use of climate-altering fossil fuels.
5 CONCLUDING REMARKS AND POLICY IMPLICATION
Strong interdependence among countries and growing economic activity lead to the pursuit of social and economic progress. These economic activities based on primary industrial operations and fossil fuel energy cause environmental pollution by releasing carbon dioxide that is harmful to the environment. Asia’s emerging economies aim to promote economic progress by focusing on strategies and economic activities based on fossil fuel energy that poses a threat to a sustainable environment. An effective mechanism to consolidate emission reduction levels and promote growth is to improve institutional quality and develop green technological innovation. To this end, this study reveals the impact of institutional quality and technological innovation as well as control factors, renewable and non-renewable energy use on per capita carbon dioxide emissions and per capita economic growth for seven emerging countries in Asia during the period 1995–2022. The current study uses AMG and CCEMG methods as dynamic heterogeneous processes with potential residual cross-section dependence and occurrence of heterogeneity.
This empirical study contributes to the environment and growth literature by summarizing the role of technological innovation and institutional quality in reducing CO2 emissions, promoting economic growth, and achieving sustainable environment and growth. Furthermore, the study provides necessary policy recommendations for the Sustainable Development Goals (SDGs 7, 8, 9, 12 and 13) based on interesting empirical results. The long-term estimation results of the AMG and CCEMG methods show that with the innovation of green technologies and the use of renewable energy, per capita carbon dioxide emissions have been significantly reduced and per capita economic growth has been significantly improved. Additionally, as fossil fuel energy use and institutional quality improve, per capita CO2 emissions and economic growth also increase significantly. It is crucial to extrapolate from the above important results that CO2 emissions from emerging Asia will continue to increase as economic growth relies heavily on the use of fossil fuel energy. In addition, emerging Asian countries are expected to face harsh environmental conditions as their economic development relies more on cheap, dirty energy sources such as fossil fuels. Thus, by developing technological innovation and transitioning from fossil fuel energy to renewable energy, environmental hazards in emerging Asian countries can be condensed and the goal of carbon neutrality can be achieved.
Sustainable development is widely considered to be the reduction of carbon emissions through the use of renewable energy and green technology innovation. Comprehensive investment in renewable energy and green technology innovation, coupled with prudent management of economic activity, can help emerging countries in Asia compress environmental emission levels. In this regard, emerging Asian governments should prioritize investments in green technology innovation and promote the use of renewable energy at the commercial and household levels by providing incentives such as renewable energy price subsidies to address environmental degradation. In addition, industries should recognize the environmental impact of their activities and promote a sustainable environment and growth through the use of renewable energy and enhanced development of technological innovation. At present, the quality of institutions for reducing carbon dioxide emissions in emerging Asian countries is weak. Thus, if emerging countries in Asia want to reduce environmental emissions and achieve climate goals, it is crucial to carry out institutional reforms. In addition, policymakers should strengthen institutional quality and develop effective strategies to promote sustainable development and growth by condensing the negative environmental impacts of institutional quality in emerging Asian countries.
This study focuses on technological innovation as a key factor in compressing environmental emission levels. However, environment-related technologies is another important factor that can also be tested in future studies to reduce carbon emissions in emerging Asian countries. Furthermore, this study could be extended by considering developed or developing countries on other continents and extending the sample data period.
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