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            Abstract
          
        

        
          The intensification of climate change has resulted in increased focus on the interconnectedness of various economic and social sectors in recent years. In particular, studies investigating the relationships between environment and various socio-economic factors have increased. These studies are similar to those pertaining to the environmental Kuznets curve (EKC) hypothesis, as well as 3E studies, which focus on the interconnections among economy, energy, and environment. This study aims to extend this 3E model by investigating the economic–energy–climate nexus in developing countries as well as the effects of climate cooperation and technological cooperation.

          Hence, we constructed a simultaneous equation model to analyze the causality among economic growth (Gross Domestic Product per capita), energy (renewable-energy consumption), and climate change (carbon emissions) in 127 developing countries from 2005 to 2019. We employed the System GMM method of dynamic panel analysis for an efficient estimation. The results were categorized into economic, energy, and climate models. The economic model shows that renewable-energy consumption promotes economic growth, whereas carbon emissions hinder it. The energy model indicates that both economic growth and carbon emissions adversely affect renewable-energy consumption. In the climate model, the EKC hypothesis for economic growth is validated, where renewable-energy consumption is shown to reduce carbon emissions. Furthermore, the interaction terms indicate that climate cooperation and technological cooperation positively affect economic growth and renewable-energy consumption, whereas they adversely affect carbon emissions, thus demonstrating the synergistic effects of these cooperations.
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      Ⅰ. Introduction
      Research on the nexus or the causal relationship between economic growth, renewable energy, and climate change recently has been actively conducted (Salari et al., 2021; Zhang et al., 2022). The Environmental Kuznets Curve (EKC), which is a representative theory for identifying the causality between the environment and economic growth, is still employed in many studies as part of the research on the environment-economy nexus, and has further expanded its scope to various fields such as food, health, and agriculture (Salari et al., 2021). This may be because the worsening of environmental problems such as climate change poses a major threat to the sustainable growth of countries, companies, and individuals and thus attempts are being made to identify their relationships with socioeconomic variables.

      Climate change is organically linked to energy consumption as well as the economy. The international community is actively seeking solutions to ensure energy sustainability and reduce greenhouse gas emissions as environmental pollution and climate change are accelerated (Zhang et al., 2022). Among the possible solutions, renewable energy is drawing attention as a key element of the carbon neutral strategy that can promote the structural transformation of energy, protect the Earth's ecosystem, and alleviate the climate crisis.

      Meanwhile, the dynamics among energy consumption, economic growth, technological development, and trade openness have been continuously discussed; in addition, the role of renewable energy as an alternative energy source to fossil fuels has been emphasized, and research on its impact on economic growth has also increased (Akizu-Gardoki et al., 2018; Alam and Murad, 2020). Traditionally, renewable energy has been recognized as having a negative impact on economic growth by increasing energy costs. However, recently, with technological advancements, the cost of renewable energy is approaching the level of fossil energy, and there is a growing opinion that the renewable energy industry and serve as a new economic growth engine (Kim, 2021).

      Response to climate change is a common task for both developed and developing countries, but the extent of damage and loss resulting therefrom is somewhat unbalanced. Since most developing countries have lower economic and social response capacities than developed countries, their capacity to reduce greenhouse gas emissions, the essential cause of climate change, or to adapt to climate change is likely to be limited. Above all, countries that have not yet achieved economic and social growth have no choice but to prioritize ‘development’ over environmental or climate change issues. In particular, the logic that the so-called large emerging countries (BRICs),1) such as China, Russia, and India, promote is intertwined with the need, and at the center of the logic is the fact that the countries that have caused the current climate crisis have achieved rapid development based on fossil fuels. This is the essential conflicting factor between developed and developing countries at the UNFCCC Conference of the Parties (COP). Therefore, in order to narrow the differences of opinion, it is necessary to closely analyze the economy-energy-climate nexus that is suitable for the situation of developing countries.

      The purpose of this study is to empirically verify the economy-energy-climate nexus, that is, the reciprocal causal relationship, focusing on developing countries that are the target of international development cooperation. In particular, this study aims to introduce climate-related development finance and technology cooperation finance to the economy-energy-climate nexus of developing countries in order to identify the impact of climate and technology finance on developing countries. To this end, we established a simultaneous equations model that considers the economy-energy-climate interconnections, and then estimated each simultaneous equation using the System Generalized Moment Method (System GMM), a dynamic panel model capable of producing efficient results by eliminating endogeneity between variables using instrumental variables. We expect that the present study will contribute to effectively setting the fiscal policy direction for ‘climate cooperation and technology cooperation’2) for developing countries.

    

    

  
    
      Ⅱ. Previous Studies and Distinctiveness of Present Study
      
        1. Economy-energy-climate nexus
        Economy, energy, and climate have a complicated nexus(Zhang et al., 2022). This can support the argument that climate change is a result of human activities, as industrialization and development to promote economic growth have contributed to increased fossil fuel consumption(Salari et al., 2021). Since the early 1990s, when the international community began to discuss climate issues in earnest, the need to reduce greenhouse gas emissions centered on carbon dioxide has become a major issue, along with the utilization of renewable energy, which is eco-friendly, clean, and non-depletable. Since renewable energy is a type of technological energy, developed countries are leading its development and production, and as large-scale research and development and investment are required, it has now been industrialized and marketed, becoming another factor in the national economy.

        Due to the unique relationship among economy, energy, and climate, various macroeconomic studies are being conducted. Conventionally, the relationship is constructed into the 3E (energy-environment-economy) model. However, the EU, the region most active in environmental issues, has developed the E3ME (energy-environment-economy global macro-economic) model, which is currently used for policy evaluation and economic forecasting for 61 countries including the EU. The overview of E3ME shown in <Figure 1> indicates that economy-emissions-energy affect each other bilaterally. Factors such as economic activity and prices cause changes in the amount of energy consumption, and increased energy consumption increases greenhouse gas emissions, which in turn affects the economy and economic activity in the form of carbon emission trading systems and environmental taxes.
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            E3ME model for EU Source: I2Am PARIS
          
          

          

        

      

      
        2. Climate cooperation and technology cooperation and economy-energy-climate nexus
        With worsening climate change, humankind is faced with the difficult task of implementing climate action and development simultaneously. Countries that have achieved a certain level of economic growth are exerting efforts to achieve sustainable development, while developing countries that prioritize economic growth over environmental issues are in a situation where it is difficult to accelerate development in the global climate cooperation trend. Developed countries that are responsible for causing climate change historically are responsible for not only reducing greenhouse gases but also providing financial and technological support to enable developing countries to cope with climate change and continue to grow. Accordingly, these nations are striving to strengthen the linkage between financial and technological mechanisms to accelerate climate action in developing countries (UNFCCC, 2016; Bose, 2019).

        In 2009, developed countries pledged climate finance of 100 billion dollars annually until 2020 to support climate action in developing countries. But due to their continued failure, the target period was extended to 2025 in the 2015 Paris Agreement, and the amount exceeded 100 billion dollars for the first time in 2022 (OECD, 2024). The international community is mobilizing various financial resources to supplement the insufficient climate finance, such as starting to establish a new climate finance target at COP26 in 2021. This suggests that climate finance through climate cooperation plays an important role in climate change mitigation and adaptation and socio-economic development in developing countries. Lee et al. (2022) investigated the impact of climate finance on carbon emissions in 133 developing countries between 2000 and 2018 and found that it contributed to reducing carbon emissions. This confirmed that the effect of climate change mitigation finance was more prominent than that of adaptation finance. Briera and Lefèvre (2024) employed IMACLIM-R(Multi-Regional Integrated Assessment Model) to conduct a macroeconometric analysis of the impact of climate finance on renewable energy transition in developing countries. The results showed that although the high capital costs serve as an obstacle to renewable energy transition, climate finance reduces the capital costs, thereby helping accelerate the renewable energy transition. In a similar vein, Njangang et al. (2024) attempted to assess the impact of climate finance on energy vulnerability in developing countries using the GMM model. The analytical results showed that climate finance has a positive impact on reducing energy vulnerability in developing countries, but the results were significant only in countries with high energy vulnerability.

        Along with climate finance, the importance of technological cooperation has been continuously emphasized in reducing greenhouse gas emissions and responding and adapting to the impacts of climate change (UNDP, 2011). Technology development and transfer to support national actions on climate change have been recognized as essential elements since the early stage of the establishment of the UNFCCC, and specific technology-related provisions were stipulated in the 1992 Convention (UNFCCC, 2016).3) In this context, it is necessary to focus on research on the impact of technological cooperation, and Mallett (2012) argued that technological cooperation could enhance the sustainability of the energy sector. Pandey et al. (2022) predicted that innovative cooperation, including technological cooperation, would lead to sustainable development in the energy and environment sectors of developing countries, effectively achieving economic development goals. In addition, technological cooperation related to renewable energy as a technological energy is expected to play a major role in the environment and energy sectors of developing countries. Usman and Balsalobre-Lorente (2022) argued that investment in clean energy such as renewable energy would reduce the ecological footprint of the top 10 countries that achieved industrialization between 1990 and 2019 and reduce the negative impacts of climate change.

        There are also studies that do not limit the scope of analysis to developing countries, in which cases climate finance can be applied in financial forms such as green bonds and environmental taxes, and technology finance as technological innovation. Mensah et al. (2019) conducted a study using STIRPAT (Stochastic Impacts by Regression on Population, Affluence, and Technology) and IPAT (Impact = Population × Affluence × Technology) models on the impact of technological innovation and environmental budgets and taxes on the economy and green growth between 2000 and 2014 in 28 OECD member countries, and the results showed that the relationship between technological innovation and green growth differed by region, and environmental budgets and taxes contributed to green growth in all regions. Zhang et al. (2022) performed a dynamic panel analysis on the impact of green bonds and technological innovation on the energy-environment-climate change by selecting countries from different regions. Regarding the moderating effect of green finance and technological innovation, the results showed that technological innovation has a positive effect on renewable energy consumption, which is strengthened by green finance, whereas when the level of green finance is high, technological innovation has the effect of reducing carbon emissions, thereby weakening the impact on climate change. In other words, it was confirmed that green finance moderates the relationship between innovation and energy-environment-climate change.

      

      
        3. Distinctiveness of present study
        As can be seen in previous studies, the scope of research on economy-energy-climate is expanding based on various endogenous and exogenous factors, while the results may differ to some extent depending on the analysis target and analysis period. When 3E model estimation is carried out based on the dynamic stochastic general equilibrium(DSGE) model, which has been the mainstream macroeconomic model since the 1980s, there are limitations in that the analytical results are highly sensitive to the selection of parameters and the analysis of multiple macroeconomic time-series of a country is difficult (Baek and Hwang, 2009). Therefore, the aim of the present study is to discuss the economy-energy-climate nexus in developing countries by establishing a simultaneous equations model (SEM) system, which is widely used as a macroeconomic model.

        Meanwhile, since climate change-related finance and technology are being packaged and intensively discussed as climate strategies, many countries are also making efforts to develop climate finance and climate technology (Li et al., 2018). Steadily increasing studies have been performed by using various terms such as green finance, climate finance, green financial resources, climate financial resources, climate technology, green technology, and technological innovation, but research dedicated to analyzing the influence on the 3E model of the simultaneous equations system is limited. In the case of developing countries, the government capacity is limited due to their economic, political, and social vulnerability, and thus there may be some limitations in identifying the impact of climate and technology-related factors utilized in previous studies. For this reason, the present study differs from previous studies in that the economy-energy-climate interrelationships of developing countries are examined together with moderating effects of climate cooperation and technological cooperation(Figure 2).
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            Theoretical framework
          
          

          

        

      

    

    

  
    
      III. Study Design and Analysis
      
        1. Analytical method
        In the present study, we focused on understanding the organic economy-energy-climate relationship in developing countries. Here, climate, economy, and energy may be considered as endogenous variables that are determined simultaneously. Due to the simultaneity or endogeneity between variables, when estimated with a simple regression analysis (ordinary least squares, OLS), even when the error term (εit) is removed, the correlation between the explanatory variables and the error term remains, which causes bias in the estimation. In order to obtain a consistent estimator, the equation can be estimated using appropriate instrumental variables, and exogenous variables of other equations are input as instrumental variables. The complicated economy-energy-climate relationships also cause endogeneity problems, and thus it is necessary to estimate the connectivity over time (Zhang et al., 2022). Therefore, in order to solve the unavoidable endogeneity problem, we considered a dynamic panel model capable of deriving efficient estimates when lagged variables are used as explanatory variables. The dynamic panel model includes lagged variables of the dependent variable in the explanatory variables, and the basic formula is as follows.
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        In Equation (1), yit-1, an endogenous explanatory variable, can be estimated using instrumental variables after being first differenced to alleviate endogeneity. However, the characteristic of the panel group unobserved through difference transformation, ui, is removed from the model represented by Equation (2), but the explanatory variables Δyit-1 and the error term are still correlated because cov(yit-1, εit-1) ≠ 0.
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        Therefore, the first difference Equation (2) still requires an instrumental variable estimation method, where Arellano and Bond (1991) derived the GMM estimator using lagged variables (yit-2, yit-3, ‧‧‧) of yit-1 as instrumental variables for Δyit-1(Min and Choi, 2019). Here, the instrumental variables (yit-2, yit-3, ‧‧‧) must satisfy two conditions, as shown in Equation (3): first, they must be correlated with the endogenous explanatory variables (Δyit-1), and second, they must not be correlated with the error term (Δεit).

        Meanwhile, panel GMM estimation is an analysis method suitable for cases where the number of instrumental variables is greater than the number of endogenous explanatory variables, that is, over-identified models, and is divided into a difference GMM and a system GMM. While the difference GMM has a problem of finite sample bias, the system GMM, which is created by combining the level equation and difference equation into one system by imposing an additional moment condition4) between instrumental variables and error terms, enables derivation of an estimator that is more efficient than the difference GMM (Arellano and Bover, 1995; Blundell and Bond, 1998). In other words, the system GMM selects Δyit-1 as instrumental variables of yit-1 in Equation (1), and since yit-1 is correlated with the error term ui, it becomes an endogenous explanatory variable. Therefore, the instrumental variable Δyit-1 enables verification of the correlation between endogenous explanatory variables yit-1(cov(Δyit-1, yit-1) ≠ 0). Next, there must be no correlation between the error term and the instrumental variable (cov(Δyit-1, ui) = 0) At that time, Δyit-1 is the difference between yit-1 and yit-2, each of which includes ui. Thus, ui is removed when they are differenced, and the correlation between Δyit-1 and ui is eliminated. Therefore, in the present study, we used the system GMM method with improved efficiency of the difference GMM estimators.

        In the system GMM, the additional moment condition is E[Δyit-1(ui + eit)] = 0, where ui + eit is an error term of the level equation represented by Equation (1). The system GMM estimators are obtained by minimizing the objective function that is formed by making the moment condition of the level equation and the difference equation into a system of equations, as shown in Equation (4). Here, Z1it is the instrumental variable vector of the difference equation, Z2it is the vector of the level equation, and the weight matrix W is constructed in consideration of the first-order autocorrelation problem in the difference equation (Min and Choi, 2019).
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        2. Variables and research model setup
        The main object of the present study is to expand the existing 3E model to identify the mutual relationships among economy (economic growth), energy (renewable energy consumption), and climate (carbon emissions) and analyze the impact of climate finance and technology finance, provided by developed countries to developing countries, on the economy-energy-climate nexus. The analytical targets were 127 developing countries, and we used the data from the World Development Indicators(WDI) of the World Bank, the Organization for Economic Cooperation and Development (OECD), and the Internationa Energy Agency (IEA), as published on their websites.

        The analysis period was set from 2005 to 2019, considering the data availability for key variables, and panel data was constructed. First, since the Rio Marker was officially introduced in 2002, the year 2005, which was some time later from 2002, was selected as the starting point to acquire more stable data. The reason for excluding the data from 2020 is because abnormal volatility was observed in some data such as GDP per capita, due to the COVID-19 pandemic, and data thereafter are not fully provided.

        The dependent variables were set as per capita GDP(lnGDPP), renewable energy consumption rate (REC), and per capita carbon emissions (CO2), and the explanatory variables were climate cooperation finance (lnCF) and technology cooperation grant (lnTEC), and the cross-term of climate cooperation finance and technology cooperation grants (lnCF × lnTEC) was added to confirm the moderating effect. In order to focus on identifying the influence of these factors, gross fixed capital formation (GFCF), labor force (lnLA), trade openness (TO), proportion of primary energy consumption (lnEC), proportion of industrialization(INDUS ) and urbanization (URBAN), proportion of foreign direct investment (FDI) (FDI), inflation rate(INFLAG), and total population (lnPOP) were analyzed. The operational definitions of the above-mentioned variables are shown in <Table 1>.

        
          Table 1.  
				
          

          
            Variables description
          
          

        

        
        

        As a statistical model, we employed a simultaneous equations system in which the dependent variable of one estimation equation is given as the explanatory variable of the other two estimation equations. In particular, in the case of economic equations, we constructed an extended production function, which is commonly used in the 3E model, taking into account the fact that energy consumption is regarded as a production factor within the 3E nexus based on the Cobb-Douglas production function, as represented by Equation (5).
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        Here, Y refers to GDP, A represents factors of production, K is capital stock, L is labor force, and E is energy consumption. The combination of capital and energy consumption determines factors of production, and labor force is input to produce goods (Berndt and Wood, 1975; Stern, 1993). In addition, in the growth model introduced by Ayres and Nair(1984), energy is considered the only growth factor because a considerable energy source is required in the production process. Thus, capital and labor force serve as parameters, and energy is required to operate them. Applying this logic, Abdollahi (2020) created a production function including labor force, capital, and energy, and the applied equation is as follows.
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        In addition, we constructed a climate equation based on the Environmental Kuznets Curve (EKC) theory, the basic formula for which is shown below.
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        Here, Y represents carbon emissions, G denotes income, and V represents other exogenous variables that may affect environmental quality, where the renewable energy consumption variable is added by applying the study by Dong et al. (2018):
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        Accordingly, the basic economic-energy-climate simultaneous equations model to be utilized in this study is as follows.
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        The GDP per capita (constant 2015), the proportion of renewable energy in total final energy consumption (%), and the carbon emissions per capita (metric tons) were input as the economy, energy, and climate variables, respectively, and the GDP per capita was transformed to a natural logarithm considering the balance with the entire data before use. Based on the above equations, we constructed a three-dimensional simultaneous equations framework including climate cooperation and technological cooperation as main variables in order to improve the model in accordance with the purpose of the present study. In addition, we added the interaction variables of climate cooperation and technological cooperation to examine the moderating effect more specifically, thereby exploring the essential roles of climate cooperation and technological cooperation in the economy-energy-climate nexus of developing countries. For climate cooperation, climate finance(constant 2015) including the Official Development Assistance(ODA) and bilateral and multilateral public and private climate-related finance were input by taking the natural logarithm, and data provided by OECD/Common Reporting Standard (CRS) through Rio Markers were utilized. For technical cooperation, data on technical cooperation grants (based on BoP) such as ODA, public and private finance, and Other Official Finance (OOF) were also utilized by taking the natural logarithm, and the data source is the same as for climate cooperation.

        To avoid bias of omitted variables and control for country specificity and to investigate the influence of key variables more closely, we added various control variables (trade openness, primary energy consumption, urbanization, industrialization, FDI, gross fixed capital formation, labor force, inflation, development cooperation finance, etc.) based on previous studies on economy, energy, and climate(environment). First, trade openness may contribute to economic and industrial growth and income increase in developing countries and help increase demand for climate-related technologies. However, there is also a possibility that some industries under lax climate and environmental regulations may enter the country, negatively affecting climate change and the environment (Antweiler et al., 2001; Copeland and Taylor, 2005; Feridun et al., 2006).

        ‘Primary energy’ in primary energy consumption refers to energy sources supplied from nature without being processed or modified, including crude oil, coal, natural gas, nuclear power, wood, and renewable energy. Excluding biomass and wood, fossil fuels account for more than 85% of primary energy demand, so and thus the correlation with industrialization and economic growth may be considered, while renewable energy can significantly reduce the use of the remaining types of primary energy (Soava et al., 2018; Abdollahi, 2020; Kandpal and Singh, 2022).

        Industrialization and urbanization are typical factors that are pointed out as causes and results of economic growth, carbon emissions, and energy consumption, but they were added as control variables because they may show conflicting results depending on the socioeconomic and geopolitical conditions of the analytical subjects (Donglan et al., 2010; Poumanyvong and Kaneko, 2010; Shahbaz and Lean, 2012; Abdollahi, 2020; Zhang et al., 2022).

        FDI can greatly contribute to the overall improvement of the economic level of developing countries (host countries), through, for example, technological diffusion and improvement of human capital capabilities. However, it also has the possibility of turning developing countries into ‘pollution havens’ as industries outside of the regulatory sphere enter the countries, relaxing the climate and environmental regulations(Sadorsky, 2010; Lee, 2013). Previous studies tended to focus on the economic effects of FDI, but with exacerbation of the climate crisis, research on its environmental effects has recently increased. In addition, studies are being conducted on its impact on energy consumption and carbon emissions as well as on its correlations with clean energy such as renewable energy (Mielnik and Goldemberg, 2002; Lee, 2013; Marton and Hagert, 2017).

        Gross fixed capital formation and labor force are variables corresponding to capital (K) and labor force (L) in the above-mentioned production function, and they are the two basic factors of production and have the closest relationship with economic growth (Menyah and Wolde-Rufael, 2010; Abollahi, 2020; Rezitis and Ahammad, 2015). The results from previous studies vary to some degree depending on the variables that were input together or the analysis subjects, but the two factors are generally reported to be effective for economic growth.

        The descriptive statistics for the above-mentioned variables are shown in <Table 2>. Based on the selected variables, we improved the basic economic-energy-climate simultaneous equations model, represented by Equations (9) to (11), to construct the final research model.
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            Descriptive statistics
          
          

        

        
        

      

      
        3. Test of analytical model and instrumental variable adequacy
        The key to system GMM estimation is instrumental variables, and hence it is necessary to test the adequacy of instrumental variables to improve the reliability of the estimator. Therefore, we conducted a two-step test to confirm the adequacy of the instrumental variables. The first step is a test for over-identifying restrictions, which verifies whether the instrumental variables satisfy the moment condition with the error term. In a dynamic panel analysis, the number of instrumental variables is greater than the number of endogenous variables, which leads to over-identifying estimation, and thus it is necessary to test the adequacy. Two types of tests may be performed to test over-identifying restrictions: the Sargan test and the Hansen-J test. The Sargan test is valid only when the error term satisfies independence, normality, and homoscedasticity (Independently and Identically Distributed, I.I.D.), while the Hansen-J test can be used even when the error term has heteroscedasticity. For a more precise test in this study, we conducted the Hansen-J test that considers heteroscedasticity. The null hypothesis (H0) for the above over-identifying restriction test is that ‘all adopted instrumental variables are not correlated with the error term,’ and when this null hypothesis is rejected, the over-identified model is determined to be inadequate (Min I.S. and Choi P.S, 2019). Second, it is necessary to test whether there is no serial correlation of the difference error term (Δεit). When there is no autocorrelation in the error term, it is determined that the explanatory variables of all time lags can be used as instrumental variables. From Equation(3) described above, it can be seen that the difference error term has a first-order autocorrelation. In this case, when there is a second-order autocorrelation, cov(yit-2, Δεit) ≠ 0, and therefore the reliability of the adequacy of the instrumental variable arises. When selecting an adequate instrumental variable, it is assumed that there is no second-order autocorrelation for the difference error term, and thus it is necessary to test whether there is a first-order autocorrelation or a second-order autocorrelation. The Arellano-Bond test is an applicable test method, and when the instrumental variable is adequate, the test result should be that there is a first-order autocorrelation (rejection of the AR(1) null hypothesis) and there should be no second-order autocorrelation(adoption of the AR(2) null hypothesis).

        We confirmed the adequacy of the instrumental variables in two steps by performing the Hansen-J test and the Arellano-Bond test. As a result, the null hypothesis was adopted for all of economy, energy, and climate in the Hansen-J test, and in the Arellano-Bond test, the AR(1) null hypothesis was rejected, and the AR(2) null hypothesis was not rejected.5) In other words, the variables adopted in the present study were determined to be adequate as instrumental variables, and thus the economy-energy-climate model was finally estimated using the system GMM method. <Figure 3> shows a flowchart of the above-described analysis.
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            Methodological framework
          
          

          

        

      

    

    

  
    
      Ⅳ. Analytical Results
      
        1. Results of estimation of economic equations
        The results of the estimation for the economic model showed that renewable energy consumption has a positive(+) effect on economic growth in developing countries, while carbon emissions have a negative (-) effect (Table 3). Although there is an argument that renewable energy consumption and economic growth show a dynamic relationship depending on the conditions of the country, most previous studies have shown that renewable energy consumption has a positive effect on economic growth (Pao et al., 2015; Singh et al., 2019; Shahbaz et al., 2020; Mohsin et al., 2021). This explains that policies that promote renewable energy consumption at the macroeconomic level can drive economic growth as well as climate response (Inglesi-Lotz, 2016). Regarding the negative impact of carbon emissions, Abdollahi (2020) argued that most developing countries' manufacturing sectors are not as developed as those of developed countries, and consequently the carbon emissions actually harm productivity in terms of GDP. In addition, many empirical analyses have shown that carbon emissions lower economic growth in developing countries(Yanqing and Mingsheng, 2012; Omri, 2013; Maalej and Cabagnols, 2020; Sharif and Tauqir, 2021).
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            Results of the economy models
          
          

        

        
        

        Climate finance and technology finance were found to have a positive impact on economic growth, which may be because the two types of finance are basically rooted in development finance that supports sustainable growth in developing countries (Steckel et al., 2017; Corsi et al., 2020; Abbasi et al., 2022; Bertheau and Lindner, 2022). In particular, technical assistance to developing countries can contribute to economic development as it serves as a driving force for the development of various types of infrastructure and industry (Kuroda et al., 2008; Gorelick and Walmsley, 2020). The cross term of climate finance and technology finance was been found to have a positive effect on economic growth. As the climate-resilient sustainable development trend is strengthened, climate finance and technology finance can mutually influence each other in terms of development cooperation and serve as a driving force for the economies of developing countries (Golombek and Hoel, 2011; Gu et al., 2022).

        Meanwhile, among the control variables added to the economic equation, gross fixed capital formation, labor force, trade openness, industrialization, and urbanization showed a significant positive relationship, and the inflation factor showed a significant negative relationship, and these results can be confirmed in many previous studies (Marton and Hagert, 2017; Abdollahi, 2020). Gross fixed capital formation is essentially a key driver of economic growth in all countries, and it promotes economic growth through various effects such as creation of job opportunities, development of advanced technologies, increase of productivity, and expansion of industries, and the results of gross fixed capital formation can be interpreted from this point of view(Rahman et al., 2019).

        Inflation rate was found to be a factor that hinders economic growth in developing countries, which also supports the results of most previous studies. However, depending on the analysis target, there are cases where the labor force and urbanization are not statistically significant, and in particular, the relationship of FDI with economic growth was not confirmed in the present study. However, since there are many reports that state that FDI is helpful, detailed country-by-country research is also required.

      

      
        2. Results of estimation of energy equations
        The energy equation estimation results for renewable energy consumption showed that both economic growth and carbon emissions in developing countries have a negative impact on renewable energy consumption, and these results are related to the EKC theory (Table 4). Most developing countries that receive financial climate and technical support are in their early stages of economic growth, and thus they tend to have low environmental sensitivity and focus only on industry and production. According to the EKC theory, this trend gradually worsens until a certain economic level is achieved (Shahbaz, 2021). Based on this, many empirical studies show that economic growth in developing countries reduces renewable energy consumption, while there are also arguments that the results vary across developing countries (Ahmed and Shimada, 2019; Prempeh, 2023; Athari, 2024). On the other hand, most studies on the negative impact of carbon emissions on renewable energy consumption have produced similar results (Pavlović et al., 2021; Ahmed et al., 2021; Zhang et al., 2022).
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            Results of the energy models
          
          

        

        
        

        Meanwhile, in the analysis of the energy equation, climate finance exhibited a significantly negative influence on renewable energy consumption. Considering that climate finance includes climate change mitigation finance such as support for clean energy including renewable energy, there is need for further discussion. There are two possible reasons for this result. First, climate finance for developing countries may have been mainly invested in reducing greenhouse gases from traditional energy sources rather than renewable energy, or the consistency of climate finance support may be lacking. Second, the effectiveness of energy policies in developing countries through climate finance may not be high. According to According to Shim (2023), climate finance other than the energy sector exhibited a negative impact on renewable energy generation, and climate finance on the energy sector also exhibited a minimal impact, and there results are similar to the results of the present study. In addition, according to an analysis by World Bank, renewable energy policies in developing countries through climate cooperation caused some adverse effects, suggesting that even though policies to promote the use of renewable energy were implemented, the proportion of renewable energy in the final energy mix decreased.6) On the other hand, it was found that technology finance has a positive effect on renewable energy consumption, because the core strategy for activating renewable energy consumption is technology development, and previous studies also support this result (Athari, 2024). The cross term of climate finance and technology finance also confirms a positive relationship with renewable energy consumption. Climate cooperation can affect investment in the development of clean energy technology such as renewable energy in technology cooperation, which can contribute to encouraging the supply and consumption of renewable energy (Zhang et al., 2022).

        Among the control variables added to the energy equation, gross fixed capital formation and population showed a negative relationship with renewable energy consumption, while trade openness, primary energy consumption, industrialization, and urbanization showed a positive effect. The relationship between gross fixed capital formation and renewable energy consumption can be predicted through the negative relationship between renewable energy consumption and economic growth. The results also differ depending on the on the analytical target, but studies such as Apergis and Payne (2012), Luqman et al. (2019), and Polycyn et al. (2021) support the results of the present study. The relationship between primary energy consumption and renewable energy consumption is similar to the results reported by previous studies (Polycyn et al., 2021). Although the proportion of fossil fuels in primary energy is high, the proportion of renewable energy has been gradually increasing since 2006, and thus an increase in primary energy consumption can lead to an increase of renewable energy consumption. Finally, the relationship of FDI with renewable energy consumption was not significant.

      

      
        3. Results of estimation of climate equations
        The climate equation estimation results showed that GDP per capita and GDP2 per capita exhibited significant positive and negative relationships, respectively, supporting the EKC theory (Table 5). Although the validity of the EKC theory is still controversial, many studies have already confirmed that an inverted U-shaped pattern is derived (Hassan et al., 2020; Husnain et al., 2021). However, recently, many studies have been conducted to extend the traditional EKC hypothesis by further inputting lnGDP3, and when statistically significant, an N-shaped or inverted N-shaped pattern is derived (Allard et al., 2018; Numan et al., 2022; Shouwu et al., 2024). The close relationship between renewable energy consumption and carbon emissions has also been emphasized in previous EKC-related studies. The analytical results of the present study confirmed that renewable energy consumption has a negative impact on carbon emissions, which is similar to most previous studies (Dong et al., 2017; Akram et al., 2020; Brini, 2021; Huang et al., 2021; Zhang et al., 2022). Furthermore, many studies have been conducted on the Renewable energy Kuznets Curve (RKC), which estimates the time-series relationship between renewable energy and income. An RKC study also showed that renewable energy can not only contribute to reducing carbon emissions but also bring forward the income threshold earlier than the EKC (Yao et al., 2019; Naqvi et al., 2021).
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        Meanwhile, climate finance and technology finance showed an opposite relationship with carbon emissions. When examined in conjunction with the results of the energy equation, it is presumed that climate finance is still being used to limit traditional energy sources centered on fossil fuels rather than to promote renewable energy consumption (Sim, 2023; Lee et al., 2020). Technology finance is invested in not only climate technology or green technology such as renewable energy, but also for various advanced technologies with the goal of improving the overall technological level and capacity of developing countries(Dodgson, 2018; Shahsavari and Akbari, 2018; Eriksen et al., 2021). Above all, since the fundamental nature of technology finance is development finance, carbon emissions may increase when it is invested in the development of infrastructure and industry in developing countries. Studies have shown similar cases where supporting technological innovation or technology-related R&D can actually lower environmental quality by increasing carbon emissions in developing countries (Newell and Henderson, 2011; Kivyiro and Arminen, 2014; Pan et al., 2019; Acheampong et al., 2020; Chen and Lee, 2020). On the other hand, it was confirmed that the interaction term between climate finance and tech nology finance reduces carbon emissions. When climate finance is invested in climate technology in relation to climate change mitigation, it can ultimately cause technology finance to be provided to promote technological development and improve technological levels, which is interpreted as having a positive impact on reducing carbon emissions(Rio, 2009; Haque and Rashid, 2023).

        Among the control variables added in relation to the climate equation, trade openness, primary energy consumption, industrialization, and urbanization were found to have a positive impact on carbon emissions. In particular, when companies of developed countries under strict climate regulations relocate their factories to developing countries where the regulations are loose, the trade openness of developing countries may be considered positively. For this reason, the results on trade openness support the so-called ‘pollution haven’ hypothesis, which states that trade openness increases not only economic growth but also carbon emissions in developing countries (Rana and Sharma, 2019; Gill et al., 2018). Primary energy consumption was found to have a positive effect on renewable energy consumption, but in reality, the proportion of fossil fuels is much higher, and thus an increase in carbon emissions is unavoidable (Lee et al., 2020). Meanwhile, the absence of a significant impact of gross fixed capital formation and FDI on carbon emissions was confirmed.

      

    

    

  
    
      Ⅴ. Conclusions and Implications
      In the present study, an analysis of the economy-energy-climate nexus was conducted with 126 developing countries in order to examine the interrelationships among economic growth, renewable energy consumption, and carbon emissions in developing countries due to the exacerbation of climate change. The analytical results confirmed that all three factors have bidirectional causality, except for the difference between positive and negative effects (Table 6). Renewable energy consumption can promote economic growth, while carbon emissions can serve as a factor that reduces economic growth. Economic growth and carbon emissions have a negative effect on renewable energy consumption, while renewable energy consumption can help reduce carbon emissions, confirming the EKC hypothesis for carbon emissions.
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      Meanwhile, in order to differentiate this work from previous studies, the present study investigated the influence of climate cooperation and technology cooperation on the economy-energy-climate nexus. Climate cooperation and technology cooperation have emerged as key strategies for responding to climate change, and the international community is looking forward to seeing their synergistic effect, especially in terms of climate change mitigation. In previous studies that analyze developed countries, green bonds and technological innovation indexes are usually input as main explanatory variables using a combination of green finance and green technology or technological innovation. However, since the present study was conducted with developing countries as subjects, climate finance and technological cooperation finance, which are rooted in development finance, were used as proxy variables for climate cooperation and technological cooperation.

      The analytical results showed that both climate finance and technology finance had a significant positive relationship with economic growth, and the cross-term of climate finance and technology finance also had a positive influence. This is reasonable in the sense that both types of finance are part of development finance that promotes growth in developing countries. Next, climate finance exhibited a negative influence on renewable energy consumption, and this can be interpreted as a tendency of climate finance to be focused more on reducing consumption of other fossil fuelbased energy than on developing renewable energy, and that policies related to renewable energy are somewhat inconsistent. It was found that technology finance has a positive impact on renewable energy consumption, which can be understood from the viewpoint that renewable energy is a typically technology-based energy source. The cross term of the two types of finance was found to be able to contribute to renewable energy consumption, suggesting that technology cooperation finance invested in clean energy development has increased as the importance of climate technology is emphasized in climate cooperation. Finally, climate finance showed a negative relationship with carbon emissions, while technology finance showed a positive relationship, indicating that climate finance can contribute to reducing carbon emissions, while technology finance can increase carbon emissions. Considering that climate finance was invested only for the purpose of climate change mitigation in 2002 when the Rio marker was introduced, this result confirms the effectiveness of climate finance. Technology finance supports all technological developments to support the development and growth of developing countries, including climate technology. The result thus shows that technology finance is closely related to the promotion of urban and infrastructure development, industrialization, and the like. The cross term of climate finance and technology finance confirms the effect of reducing carbon emissions, which is also inferred to be the result of the same interactive influence as renewable energy consumption.

      Through the above-described analytical results, we herein suggest two policy implications. First, it is necessary to improve financial policies more strategically and in a more balanced manner in consideration of the synergistic effects of climate cooperation and technology cooperation for developing countries. Climate finance is still exhibiting low effectiveness and systemicity in renewable energy support policies, and it is believed that improvements can be made through technology cooperation. Second, rapid climate mainstreaming work is required in technology cooperation. Since technology plays a core role in responding to climate change, climate cooperation should be promoted focusing on the development of green technology and climate technology aimed at responding to climate change in order to build a society that can enable low-carbon and carbon-free energy utilization. In particular, considering the analytical results that the influence of technology cooperation subsidies on the economy, energy, and climate is significant, a stage of advancing technology cooperation with developing countries should be prepared in the future. The present study has derived meaningful policy implications by identifying the connectivity between economy-energy-climate in developing countries and analyzing the impact of climate cooperation and technological cooperation, but has limitations in that the results may differ by country due to the complex causal relationships between economy, energy, and climate (Polcyn et al., 2021). Therefore, further studies may need to be conducted to expand the research by considering the homogeneity of countries.

    

    

  
    
      Notes
      
        Note 1. Indonesia, which has recently experienced rapid economic growth and has the world's fourth largest population, has become the first ASEAN country to officially join BRICS as the 10th member.
      

      
        Note 2. In this paper, climate cooperation and technological cooperation refer to development cooperation in the climate and technological fields between developed and developing countries, and climate-related development finance and technical cooperation grants refer to financial support for climate cooperation and technological cooperation, respectively.
      

      
        Note 3. (Article 4, Paragraph 1) ...All Parties shall promote and cooperate in the transfer, development, application and diffusion of technologies for regulating, reducing and preventing anthropogenic emissions of greenhouse gases. (Article 4, Paragraph 5) Developed country Parties ... shall take all practicable measures to promote the transfer of environmentally friendly technologies and knowhow to developing countries.
      

      
        Note 4. It uses the moment condition that the covariance between the instrumental variable and the error term is zero.
      

      
        Note 5. The test results are provided in the panel analysis result table.
      

      
        Note 6. ‘Is the Gap Widening? Assessing the Current Renewable Energy Policies in Developing Countries’ (World Bank Blogs, June 1, 2023).
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