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Abstract

:

The electric sector is one of the main emitters of greenhouse gases that lead to exacerbating global warming. There is a lack of consensus in the literature regarding renewable energy (RE) determinants and their impacts on the power sector. Using a panel fully modified OLS model, we examine the effect of research and development, the human development index, technological innovation, and other factors on the share of RE sources in electricity generation in six Association of Southeast Asian Nations (ASEAN) member countries from 2000 to 2018. We find that research and development, the human development index, and technological innovation have different effects on different RE sources. The human development index and research and development, for example, modify the composition of RE by shifting resources from conventional RE sources such as hydropower to newer, more technology-intensive ones such as solar, wind, and bioenergy sources. Our findings show that technological innovation, captured by a number of patent filings, has nonsignificant effects on RE sources deployment. Population growth and energy consumption increase the adoption of more advanced RE sources, and higher levels of CO2 emissions are associated with more deployment of solar and wind technologies but less adoption of hydropower and geothermal energy. Our results provide fresh insights for policymakers enacting RE policies worldwide, especially in the ASEAN region.
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1. Introduction


Global warming is one of the most pressing issues worldwide, as the amount of greenhouse gas (GHG) emissions is increasing exponentially. It has become a hot political topic and has drawn considerable attention from scholars in various fields including environmental and natural resource economics. According to Griffiths [1], CO2 emissions (the main type of GHG emissions) have increased by nearly 45% in the past 130 years, reaching 415 ppm, an all-time high in human history. In addition, Chen and Lei [2] predict that CO2 emissions will increase by 40–110% from 2017 to 2030.



Concern for the environment, coupled with socioeconomic concerns and technology-driven cost reduction, has made renewable energy (RE) technologies such as geothermal, solar, hydropower, wind, biofuel, and biomass much more appealing in both developed and developing economies. In addition to reducing GHG emissions by replacing fossil fuels, RE technologies can provide energy to people with limited energy access in rural and remote areas, thereby buttressing the energy security of developing economies with such geographical conditions. Diversifying energy sources and reducing production costs could improve production efficiency and spur product development, in turn expanding the use of RE. That would help to decarbonize the economy and further boost the world’s appetite for RE and other clean energy sources [3]. Last, RE technologies are supported by the public [4,5], have the potential to create clean employment opportunities and provide social benefits [6,7], and assist countries to achieve their climate mitigation goals [8,9,10].



The existing empirical literature shows that various factors can affect the development of RE, including political, socioeconomic, country-specific, and technological innovation factors [11]. In theory, environmental innovation is the outcome of continuous investment in R&D [12,13], and it helps shift the economy to integrate RE sources [14]. Meanwhile, human capital can influence both the demand and supply sides of clean energy. It can affect technological progress [15,16] and reduce dirty energy consumption [17]. With advanced human capital and modern technologies, countries can transition toward more sustainable energy sources [18]. Regarding another factor, economic growth, there is no strong evidence that it influences the adoption of RE sources. Studies mainly find a positive relationship, though there are several studies that find either a negative or nonsignificant impact [19,20]. The idea is that countries with higher economic growth can afford RE deployment costs and provide incentives for so doing [19]. Likewise, there is no consensus on the impact of GHG emissions on RE. Some studies conclude that the level of GHG emissions—represented by CO2 emissions—could play an important role in pushing policymakers to promote RE, whereas others find the exact opposite. For example, some researchers claim that high CO2 emissions are a major factor in the adoption and consumption of RE sources [21,22,23,24] and drive innovation in RE technology [25], therefore encouraging countries to adopt RE sources. In contrast, others demonstrate that increased CO2 emissions limit the production of RE [19,26].



As pointed out by Aguirre and Ibikunle [19], most of the literature investigating the effect of technological development and other determinants on RE deployment is qualitative and less decisive. Further, most of the literature assesses the impact of determinants on RE in its aggregated form rather than dissecting it from its various sources [10]. Since different RE sources have different characteristics, such aggregation might lead to biased and incorrect results. Last, most of the literature examines the effects in developed countries.



Given the importance of the issue and the lack of consensus in the literature, the main objective of this paper is to examine the effects of economic and socioeconomic variables on the adoption of various electricity generation RE sources in six of the Association of Southeast Asian Nations (ASEAN) countries: Malaysia, Singapore, Thailand, Indonesia, Vietnam, and the Philippines. Our main research question, therefore, becomes what the impacts of selected economic and socioeconomic variables on RE sources in the power sector of ASEAN states are and whether these impacts differ by RE source. To answer these research questions, we use the newly developed statistical method known as the panel fully modified ordinary least square (FMOLS) model on ASEAN data from 2000 to 2018. Our findings demonstrate that R&D, the Human Development Index (HDI), and technological innovation (captured by the number of patent applications) have different effects on different RE sources. The HDI and R&D, for example, transform the composition of RE by shifting resources from conventional RE sources (e.g., hydropower) to newer ones (e.g., solar, wind, and bioenergy). Our findings show that technological innovation has nonsignificant effects on RE source installations. Energy usage and population growth increase the adoption of more advanced RE sources. Similar to HDI and R&D findings, we find that higher CO2 emissions are correlated with more utilization of wind and solar energy but less deployment of hydropower and geothermal energy.



We make several contributions to the literature on RE. First, this study is the first to review the factors contributing to power generation RE sources. Because RE sources may respond differently to the different factors, we separately consider all five major sources of RE electricity generation: solar, hydropower, wind, geothermal, and bioenergy. Aggregating the RE sources, as other studies do, may mask the dynamic relationships among the sources and yield misleading results. Second, the existing literature focuses mainly on economic and socioeconomic factors influencing the adoption of RE sources [11,19,25,27]. We broaden the focus to include, in addition to R&D, other dimensions of technological development, including the number of patent filings and the HDI. Previous studies only considered these factors implicitly in the country-specific component of their models. Finally, by using the newly developed statistical method known as FMOLS, we are able to address the bias and inconsistency of simple OLS models when applied to cointegrated panels, thereby providing more robust results.



The paper proceeds as follows: Section 2 provides a brief introduction to ASEAN countries’ power sectors and reviews the literature; Section 3 describes our data and methodology; Section 4 provides and discusses the empirical results; Section 5 reviews our findings and presents policy implications.




2. Literature Review


2.1. Study Area: ASEAN Countries


In recent decades, the ASEAN has experienced economic growth of about 4% per year, among the fastest in the world. Rising incomes, along with population growth and urbanization, have led to increased energy consumption there. Energy consumption nearly doubled from 1995 to 2017, reflecting a 3.4% annual growth rate. Having observed this trend, the ten ASEAN member states aim to increase the ratio of RE to the total primary energy supply to 23% by 2025 [28], as established in the ASEAN Plan of Action for Energy Cooperation. In addition, The ASEAN countries are targeting a 35% share in installed generation nameplate capacity and a 32% energy intensity reduction from 2005 levels by 2025. As reported by the ASEAN Centre for Energy these countries were 1.5% shy of achieving the 35% by 2025 capacity goal in 2020 (Link: https://aseanenergy.org/asean-power-updates-2021/ (accessed on 6 June 2022)). Most recently, most of the ASEAN countries (besides the Philippines) aspire for net-zero emissions by 2050 to counter global warming (source: HIS Markit. Link: https://cleanenergynews.ihsmarkit.com/research-analysis/southeast-asia-to-renew-efforts-to-boost-renewable-capacity-in.html (accessed 6 on June 2022)).



In 2019, more than 78% of ASEAN countries’ electricity portfolio mix came from fossil fuel sources such as coal (43%), natural gas (33.6%), and oil (1.6%) (Figure 1). The remaining 22% was sourced from renewable energy sources, primarily hydropower (14.4%). Figure 1 depicts the ASEAN electricity mix in 2019.



Each of the six countries has individual RE targets by a certain timeline. Their RE targets are either percentage-based or based on nameplate capacity. Indonesia, Malaysia, Thailand, and Vietnam have percentage-based targets, whereas the Philippines and Singapore have nameplate capacity-based goals. Table 1 summarizes these countries’ RE targets by their deadlines, as well as their Kyoto Protocol ratification status.




2.2. Studies on the Effect of Determinants on RE


The energy literature on the factors of RE development is vast and continues to grow [30,31,32,33,34]. Most studies consider different economic and socioeconomic factors [11,19,22,25,33,35,36,37]. For the dependent variable, various measures and dimensions of RE have been considered, such as the share of RE capacity in total electricity supply, the share of RE in electricity production, installed wind capacity, and the aggregate newly installed capacity of different RE sources, to name a few.



The choice of explanatory variables is more diverse. Some researchers include a binary variable for the endorsement of the Kyoto Protocol and proxies for policies advocating RE development such as incentive taxes, investment incentives, and R&D incentive programs as explanatory variables. Others include price indexes of oil, coal, and natural gas; CO2 emissions; net energy imports; energy consumption; income (GDP per capita or GDP growth); primary energy intensity; foreign direct investment; education level; HDI; and number of patents filings.



Brunnschweiler [38] finds a positive impact of commercial bank credit on RE sources, particularly solar, wind, biomass, and geothermal. Marques et al. [37] discover that high energy consumption per capita increases RE deployment in all quantiles in the European Union countries. In contrast, Aguirre and Ibikunle [19] conclude that energy use is negatively correlated with RE use in their sample of 38 countries (i.e., the European Union countries, OECD countries, and BRICS countries), suggesting that countries might consume more fossil fuels and less RE under high pressure to ensure sufficient energy supply, as it would be more cost-effective at current prices. Different panels of countries, variables, and methodological approaches are identified as the reason for the divergence in the former two papers’ findings.



Valdés Lucas et al. [36] demonstrate that environmental sustainability (represented by signing the Kyoto Protocol), carbon intensity, energy intensity, the security of the energy supply (represented by net energy imports), electricity diversification, and energy source diversification contribute to the development of RE sources. They also demonstrate the importance of competitiveness (represented by the prices of natural gas, coal, and oil) and GDP per capita to RE development. Surprisingly, per capita income hampers RE development. Meanwhile, energy consumption per capita increases the production of energy from renewable resources.



Paramati et al. [39] report that foreign direct investment could provide the required capital for RE investment. In the same vein, Ang et al. [40] find that domestic finance to the private sector plays a critical role in financing decisions concerning RE-based power generation.



Papież et al. [33] apply the least-angle regression method to EU countries from 1995 to 2014 to identify factors that determine RE policy. They find that countries poor in nonrenewable resources were most likely to develop RE sources. They report that GDP per capita, the costs of consuming energy generated from nonrenewable resources, and the concentration of the energy supply also promoted RE sources. Da Silva et al. [11] suggest that economic development (represented by GDP per capita and energy consumption) led to RE development in sub-Saharan Africa, whereas population growth impeded it.



Amri [41] discusses the relationships of trade with nonrenewable and RE consumption using data from seventy-two countries and finds that trade and energy consumption have a “mutually reinforcing linear relationship” for both renewable and nonrenewable resources.



Belaïd and Zrelli [42] employ a PMG-panel ARDL model and investigate the causal linkages between nonrenewable and renewable electricity consumption, carbon emissions, and GDP for a panel of Mediterranean countries. The results reveal short-term bidirectional causality between both nonrenewable and renewable electricity consumption, CO2 emissions, and GDP.



Lin and Zhu [24] examine the factors driving RE innovation in China by using provincial data from 2000 to 2015. Exploiting significant differences in innovation across the provinces, they find that intensive CO2 emissions promoted RE innovation, implying that innovation responded to climate change concerns. They also show that both public and private R&D investments increased innovation. However, they observe no significant effect of the energy price on RE innovation. Assi et al. [26] conclude that CO2 emissions, real GDP per capita, and economic freedom led to reduced RE consumption in the ASEAN+3 group, whereas innovation led to increased RE consumption.



Przychodzen and Przychodzen [25] study the determinants of RE production for a panel of twenty-seven transitional economies. They find that rising government debt, unemployment, and economic growth stimulated RE generation. They also demonstrate that the implementation of the Kyoto Protocol caused a significant increase in the use of RE sources.



Koengkan [35] tests the effects of capital stock from the public, private, and public-private-partnership sources on investment in RE for eighteen Latin American and Caribbean countries from 1990 to 2016. Using the quantile moments method, they find that only the public-private and public capital stock increased installed RE capacity.



The review of the energy economics literature reveals that most of the existing literature is on advanced economies of developed countries, and little is known about emerging countries such as those of the ASEAN. Further, the lack of consensus in the literature surrounding the effect of the determinants on individual RE sources furthers the justification for this article. This article seeks to fill these shortcomings in the literature.





3. Materials and Methods


This study covers six ASEAN countries—Singapore, Thailand, Indonesia, the Philippines, Malaysia, and Vietnam—from 2000 to 2018. The choices of countries and the time period were dictated to a large extent by data limitations.



As mentioned in Section 2, many factors impact RE production and development. Early studies considered revenue and prices as the main determinants of RE consumption [21,34,38,43,44,45]. Later, researchers introduced environmental variables to examine the relationship between RE consumption and economic development. For example, Valdés Lucas et al. [36] identified energy consumption as the main factor affecting RE production and development. Lu [23] argued that CO2 emissions were one of the main factors pushing countries toward RE deployment. Nyiwul [44] added population to the determinants, Yao et al. [17] included human capital, and Johnstone et al. [46] integrated the number of patents. Following Marques et al. [22], Aguirre and Ibikunle [19], Valdés Lucas et al. [36], da Silva et al. [11], Papież et al. [33], Przychodzen and Przychodzen [25], and Johnstone et al. [46], we include some of the main drivers of RE diffusion as our explanatory variables: CO2 emissions (  ln C  O  2 i t    ), total population (  ln P O  P  i t    ), energy use (  ln E N  U  i t    ), average OPEC oil price (  ln O I  P  i t   )  , R&D expenditures (  ln R  D  i t   )  , HDI (  ln H D  I  i t   )  , number of patent applications (  ln I N  O  i t    ) as a proxy for technological innovation, and the implementation of the Kyoto Protocol (    KYO   i t    ). All variables except for     KYO   i t    , which is a dummy variable, are transformed to logarithmic form, so the estimated coefficients represent elasticities.



The panel models employed in this study are given in Equations (1)–(4). For a robustness check, we consider, in addition to Model 1 (the base model), three specifications in which we add new explanatory variables: R&D expenditures (  ln R D )   in Model 2, HDI     ln H D I     in Model 3, and the technological innovation     ln I N O     in Model 4. Because collinearity between these three variables is probable, we did not incorporate all of them into a single model. The models are:


  ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  ε  i t    



(1)






  ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln R  D  i t   +  ε  i t    



(2)






  ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln H D  I  i t   +  ε  i t    



(3)






  ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln I N  O  i t   +  ε  i t    



(4)







Here,   i = 1 ,   2 ,   .   .   .   ,    N    and   t = 1 ,   2 ,   .   .   .   ,    T    represent the ASEAN member country and year, respectively.    β j     is the parameter to be estimated, and    ε  i t     is the error term. When applied to cointegrated panels, the OLS estimator is inconsistent and biased [47,48]. This realization led researchers to develop the panel FMOLS estimator, which provides asymptotically unbiased estimators. The FMOLS estimator has the advantage of generating consistent estimates of  β  in relatively small samples while controlling for the possible endogeneity of the regressors and their consequent serial correlation, thereby permitting the fixed effects and the short-run dynamics to be heterogeneous among the panel members.



The FMOLS approach is a useful and empirically accepted method for hypothesis testing in the presence of cointegrating vectors within dynamic time series panels. The FMOLS methodology enables estimation wherein one can correct for considerable heterogeneity across individual subjects of the panel. This offers considerable advantages: (1) FMOLS enables the selective pooling of long-run information while (2) allowing for short-run dynamics and fixed-effects to remain heterogeneous throughout the individual subjects of the panel. Thus, with respect to potential spurious regression and cointegration in dynamic heterogeneous panels, the FMOLS approach provides asymptotically unbiased estimators as well as nuisance parameter free standard normal distributions. To that end, we must first consider the underlying assumptions of an unmodified OLS model and the necessary corrections to obtain the desired nonspurious asymptotic properties of a cointegrated system for a panel OLS from the FMOLS approach. Following Pedroni [47], let us consider a cointegrated system for a panel of countries i = 1,…, N with stationary vector error process    ξ  i t   =      μ  i t   ,  ε  i t      ’   that has asymptotic covariance matrix    Ω i     that follows.


       y  i t   =  α i  + β  x  i t   +  μ  i t          x  i t   =  x  i t − 1   +  ε  i t        



(5)




here    x i  ,  y i     are assumed to cointegrate for each panel country with  β  as the cointegrating vector if    y  i t      is integrated of order one, and    α i    enables the cointegration nexus to contain country specific fixed effects. As well, we generalize    x i     to be a k-dimension vector of independent variables not cointegrated with one another, and so separate    ξ  i t   =    μ  i t   ,  ε  i t  ’      where the first and second element consist of a scalar series and an k-dimension vector of the differences in independents,    ε  i t   =  x  i t   −  x  i t − 1   = Δ  x  i t    , respectively. By this, we can then construct the asymptotic covariance matrix,


   Ω i  =        Ω  11 i          Ω ’    21 i          Ω  21 i        Ω  22 i          



(6)




where,    Ω  11 i     is the scalar LR variance of the residual    μ  i t    ,    Ω  21 i     is a (k × 1) vector that provides LR covariance between the residual    μ  i t     and of each of the    ε  i t    , and    Ω  22 i      is the (k x k) LR covariance among    ε  i t    . To establish asymptotic properties of estimators in both larger cross-sectional (N) and time-series (T) dimensions, we assume the invariance principle and the cross-sectional independence hypotheses that discuss the degree of dependency across both N, T dimensions, explained by Pedroni [47]. Finally, with this framework we can employ the FMOLS estimator for the coefficient β of a cointegrated panel given by,


    β ^   N T  *  =       ∑   i = 1  N    L ^   22 i   − 2     ∑   t = 1  T    (  x  i t   −   x ¯  i  )  2      − 1     ∑   i = 1  N    L ^   11 i   − 1     L ^   22 i   − 1       ∑   t = 1  T  (  x  i t   −   x ¯  i  )  y  i t  *  − T   γ ^  i     



(7)




here,    y  i t  *  =    y  i t   −   y ¯  i    −      L ^    21 i       L ^   22 i     Δ  x  i t   +     L ^   11 i   −   L ^   22 i       L ^   22 i     β    x  i t   −   x ¯  i     ,      γ ^  i  ≡    Γ ^    21 i   +    Ω ^    21 i  o  −     L ^   21 i       L ^   22 i          Γ ^    22 i   ,    Ω ^    22 i  o     , and     L ^  i    is a lower triangular decomposition of      Ω ^   i     as previously described and with the invariance and cross-sectional independence assumptions.



Data


Table 2 presents the definitions of the variables and sources of data. Our data primarily comes from five sources: World Development Indicators (WDI), United Nations Economic and Social Commission for Asia and the Pacific (ESCAP), United Nation Development Programme (UNDP), Organization of the Petroleum Exporting Countries (OPEC), and United Nations Framework Convention on Climate Change (UNFCCC). It is worth noting that HDI is a continuous variable that ranges from 0 to 1, and KYO is a dummy variable that takes the value of 1 for when country i has ratified the protocol before August of year t and zero otherwise.
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Table 2. Variables definition and data sources.






Table 2. Variables definition and data sources.





	Variable
	Definition
	Source





	   ln   R E + 1     
	  R E   = Share of renewable energy in electricity generation (%)
	WDI



	   ln   H Y D + 1     
	  H Y D =  Share of hydropower energy in electricity generation (%)
	SDG



	   ln   S O L + 1     
	  S O L =  Share of solar energy in electricity generation (%)
	SDG



	   ln   W I N + 1     
	  W I N =  Share of wind energy in electricity generation (%)
	SDG



	   ln   B I O + 1     
	  B I O   = Share of bioenergy energy in electricity generation (%)
	SDG



	   ln   G E O + 1     
	  G E O   = Share of geothermal energy in electricity generation (%)
	SDG



	   ln C  O 2    
	    CO  2  =  CO2 emissions (metric tons per capita)
	WDI



	   ln P O P   
	  P O P =  Total population (count)
	WDI



	   ln E N U   
	  E N U =  Energy use (kg of oil equivalent per capita)
	WDI



	   ln O I P   
	  O I P =  Average OPEC oil price (US dollars)
	OPEC



	   ln R D   
	  R D =  R&D expenditures (% of GDP)
	WDI



	   ln H D I   
	  H D I =  Human Development Index (index value–continuous)
	UNDP



	   ln I N O   
	  I N O =  Number of patent applications (count)
	WDI



	KYO
	KYO = Ratification of the Kyoto Protocol (dummy variable)
	UNFCCC







WDI: World Development Indicator; https://datacatalog.worldbank.org/dataset/world-development-indicators (accessed on 6 June 2022). UNFCCC: United Nations Framework Convention on Climate Change; http://unfccc.int (accessed on 6 June 2022). UNDP: United Nation Development Program; http://hdr.undp.org/en/composite/HDI (accessed on 6 June 2022). OPEC: Organization of the Petroleum Exporting Countries. https://www.opec.org/basket/basketDayArchives.xml (accessed on 6 June 2022). SDG: Asia-Pacific Sustainable Development Goals (SDG) Gateway of United Nations Economic and Social Commission for Asia and the Pacific (UNESCAP); https://data.unescap.org/ (accessed on 6 June 2022).











Table 3 summarizes descriptive statistics of the variables used in our analyses for the sample countries from 2000 to 2018. HYD, POP, OIP, and INO have median values greater than their average values, indicating negatively skewed distributions. The opposite holds for the remaining variables (i.e., positively skewed distributions).





4. Empirical Results and Discussions


Given the sample size and the asymptotic properties of the tests, we employed a variety of diagnostic tests, including the Levin–Lin–Chu (LLC) test, the Fisher–ADF test, and the Im–Pesaran–Shin (IPS) test, to investigate the stationarity of the variables. The unit root test results are shown in Table 4; they indicate that all variables are integrated of order one.



Table 5 reports the results of Kao’s cointegration test, which investigates long-term cointegration. As can be seen, there is a strong cointegration between the variables in all the models. Table 5 also presents the long-run effects of the explanatory variables on RE production as obtained by the panel cointegrating estimators of FMOLS. We present findings both for RE as an aggregate of all electricity generation RE sources and for RE components: hydropower (HE), solar (SE), wind (WE), biofuels (BIO), and geothermal (GEO).



The results of Model 1 show that oil price     l n O I P     has a significant negative impact on the share of RE in total electricity generation, contrary to our expectation. This implies that higher oil prices have not incentivized the countries under study to replace oil with clean energy sources. This finding is in line with some other studies. For example, Marques et al. [22] find a negative association between coal prices and the use of RE for non–European Union countries. da Silva et al. [11] present a similar result for sub-Saharan Africa. Two explanations have been put forward for the negative effect. First, according to Chang et al. [20], only high-income countries are capable of responding to high energy prices by bearing the high costs of RE technologies. In other words, an increase in energy prices spurs RE production only in countries that are rich enough. Second, van Ruijven & van Vuuren [49] argue that the lack of environmental regulations in developing and emerging economies could explain the negative effect because there are no environmental authorities pushing for a transition toward clean energy.



We should be cautious in interpreting the oil price effect for a few reasons. First, the price index records annual average prices, and therefore it could mask variations in the price within a given year. Second, coal (not oil) is the main source for electricity generation; therefore, a coal price index might have the expected sign. Third, the countries under study may have faced challenges in transitioning to RE sources because of (i) heavy irreversible investment in non-RE sources, (ii) the financial burden of transitioning to RE, and (iii) the limited room for responding to oil price changes in the short run.



The variables representing the demand side—population and energy consumption—show a positive and statistically significant sign. Growth of population and energy use seems to have forced the countries under study to plan to fulfill growing energy requirements through developing various resources, including clean energy sources.



The level of CO2 emissions has a negative and statistically significant sign, which is in line with the findings of da Silva et al. [11] and Marques et al. [22], and in contrast to those of Wang et al. [10]. This implies that greater pollution (represented by CO2 emissions) has not pushed the countries under study to act to diversify electricity generation energy sources and move toward cleaner energy. Part of the explanation may be that the share of clean energy in electricity production is still insignificant (see Figure 1). The effects of CO2 emissions on hydropower and geothermal energy in particular are also negative and significant, but the effects on solar and wind energy are positive and significant. This implies that higher levels of CO2 emissions in the assessed ASEAN countries have encouraged the adoption of newer RE technologies such as solar and wind rather than the older RE technologies (i.e., hydropower and geothermal).



A negative effect of adopting the Kyoto Protocol can be interpreted to mean that the adoption did not push the countries under study toward cleaner technologies. According to Table 5, the adoption of the Kyoto Protocol only significantly decreased the shares of hydropower energy and the aggregate RE in electricity generation. This can be partially explained by the high share of hydropower energy in total RE (nearly 66%). Solar energy, wind energy, bioenergy, and geothermal energy contributed approximately 5%, 2.3%, 15%, and 10% of electricity production in 2019 (see Figure 1).



The R&D, technological innovation, and HDI show nonsignificant and mixed results on aggregate RE in all models. The story changes when we assess these variables on dissected RE components. R&D significantly promoted newer clean energy sources, including solar, wind, and biofuels, but had the opposite (and significant) effect on conventional RE technologies such as hydropower and geothermal energy. This result is justifiable as geothermal and hydropower technologies are well-established, whereas the technology of solar and wind are still evolving. We find comparable results for the HDI variable. Our results show that higher HDI is associated with higher wind energy and bioenergy deployment and lower installation of hydropower. The HDI coefficients are nonsignificant for other sources of RE. The technological innovation seems to not spur or discourage the deployment of any of the RE sources in the ASEAN countries. The effects of R&D and technological innovation on aggregate RE may be nonsignificant because these variables correspond to the overall economy, not RE specifically. It may also be because the countries under study are consumers rather than producers of RE technologies.




5. Conclusions


Using a new data set and a newly developed statistical method (FMOLS), we analyzed the determinants of the share of RE in electricity generation in six ASEAN countries. Rather than only assessing the aggregated RE, one of the objectives of this study was to examine various RE technologies, including hydropower, wind, solar, biomass, and geothermal to answer our research questions. We found that CO2 emissions per capita reduced the share of RE in power generation but favored newer clean energy technologies such as solar and wind energy. Not to mention, air pollution from the power sector causes premature mortality and morbidity [7,50]. Thence, ASEAN countries are encouraged to adopt newer RE sources to combat climate change by mitigating CO2 emissions. Population growth and energy usage encouraged the adoption of RE for electricity generation in our panel of countries.



Rising oil prices discouraged the use of RE, a result that is in line with other studies on developing economies but in conflict with our theoretical prediction. The conflict could be explained by the inelasticity of demand for fossil fuels in the short term, in which case rising oil prices will spur the development of RE infrastructure in the long run. In the short term, the price increase only reduces the financial resources available to invest in RE sources in oil-importing countries.



The results on technological innovations (proxied by patent applications) and R&D are mixed, but R&D did boost solar, wind, and bioenergy resources. The results are not conclusive for many variables in the model in which all RE sources were combined. The independent variables show different impacts on different RE components. This also proves the point that RE sources should be disaggregated and assessed individually rather than aggregated into a single variable.



Our findings indicate that higher CO2 emissions, R&D, and HDI have only served to replace hydropower and geothermal energy with newer RE sources, including wind, solar, and bioenergy, rather than serving to develop all types of RE by replacing fossil fuels. This presents a policy challenge. Replacing one form of RE with another is redistributing the share of RE sources in the energy mix. Redistribution of the share of RE sources that are emission-free will have no impact on emission reduction. A global consensus and meaningful action are needed to replace fossil fuels with RE. The insignificant effect of innovation on some components of RE indicates the lack of scientific focus of countries and the proper management of the research sector to expand this type of energy. Only the R&D sector, which is more closely linked to the manufacturing sector, has probably moved to replace different types of RE due to possible economic benefits.



Our results show that various factors have different effects on different RE sources. The implications are that the one size fits all model can be misleading and that each RE source needs to be studied separately, corroborating one of the objectives of the current study.



One limitation of this research is the lack of energy prices such as coal and natural gas prices, two sources that produce more than three-quarters of ASEAN countries’ electricity (see Figure 1), in our analysis. Looking ahead to future research, including natural gas and coal price variations (as opposed to price levels) and exploiting data with a longer time horizon would likely better explain the effects of the selected determinants on the share of RE and its various sources in electricity generation. Future research can also bundle RE sources by their characteristics (such as whether RE sources have cooling technology or not [51]), incorporate spatial and time heterogeneity in the analyses [9,10,52,53], and include more related variables such as energy policy (mandatory versus voluntary), different types of emissions (e.g., SO2, NOx, CH4), ecological footprint, and foreign direct investment, among other variables.
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Figure 1. ASEAN electricity generation mix in 2019. Note that numbers might not add up to 100% due to rounding. Source: International Energy Agency. 
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Table 1. Renewable energy goals and Kyoto Protocol (KP) ratification status by ASEAN states.






Table 1. Renewable energy goals and Kyoto Protocol (KP) ratification status by ASEAN states.





	
Target Type

	
Country

	
Renewable Energy Goal *

	
KP **






	
Nameplate capacity

	
Philippines

	
15.3 gigawatts RE installed capacity by 2030

	
20 November 2003




	
Singapore

	
350 megawatts of solar capacity by 2020 and at least 2 gigawatts RE by 2030

	
12 April 2006




	
Percentage

	
Indonesia

	
23% RE share in the electricity mix by 2025

	
3 December 2004




	
Malaysia

	
31% RE share in the electricity mix by 2025, 40% in 2035

	
4 September 2002




	
Thailand

	
30% RE share in total final energy

	
28 August 2002




	
Vietnam

	
32% RE share in the electricity mix by 2030 and 43% by 2050

	
25 September 2002








* Source: Table 1 of Handayani et al. [29]. ** Source: ASEAN Secretariat, Table 2 of the “Climate Change Action of ASEAN Member Countries” report. The report can be found at link: https://www.parliament.go.th/ewtadmin/ewt/ac/download/article/article_20201125134322.pdf (accessed 6 June 2022).













[image: Table] 





Table 3. Variables summary statistics from 2000 to 2018.






Table 3. Variables summary statistics from 2000 to 2018.





	Variable
	Mean
	Median
	Max
	Min
	Std Dev
	Obs





	   ln   R E + 1     
	2.511
	2.429
	4.103
	0.573
	0.959
	114



	   ln   H Y D + 1     
	2.075
	2.129
	4.071
	0.000
	1.161
	114



	   ln   S O L + 1     
	0.159
	0.015
	1.787
	0.000
	0.358
	114



	   ln   W I N + 1     
	0.103
	0.000
	1.213
	0.000
	0.244
	114



	   ln   B I O + 1     
	0.868
	0.868
	1.690
	0.055
	0.391
	114



	   ln   G E O + 1     
	0.625
	0.000
	3.088
	0.000
	0.983
	114



	   ln C  O 2    
	1.072
	1.000
	2.499
	−0.399
	0.868
	114



	   ln P O P   
	17.741
	18.114
	19.405
	15.209
	1.235
	114



	   ln E N U   
	6.863
	6.726
	8.024
	5.885
	0.621
	114



	   ln O I P   
	4.014
	4.109
	4.695
	3.141
	0.506
	114



	   ln R D   
	−0.957
	−1.253
	0.956
	−3.046
	1.115
	114



	   ln H D I   
	−0.332
	−0.359
	−0.067
	−0.548
	0.120
	114



	   ln I N O   
	8.514
	8.585
	9.380
	6.750
	0.555
	114







All variables are as defined in Table 2. Source: Author’s own estimations.
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Table 4. Unit root test results.






Table 4. Unit root test results.





	

	

	
Level

	
First Difference




	

	
Method

	
Statistic

	
p-Values

	
Statistic

	
p-Values






	
   ln   R E + 1     

	
LLC

	
1.517

	
0.935

	
−0.927

	
0.177




	
IPS

	
0.143

	
0.557

	
−3.488 *

	
0.000




	
Fisher–ADF

	
14.814

	
0.252

	
34.423 *

	
0.001




	
   ln C  O 2    

	
LLC

	
−1.759 **

	
0.039

	
−5.605 *

	
0.000




	
IPS

	
0.730

	
0.767

	
−4.216 *

	
0.000




	
Fisher–ADF

	
10.813

	
0.545

	
41.628 *

	
0.000




	
   ln P O P   

	
LLC

	
−0.323

	
0.373

	
−1.765 *

	
0.039




	
IPS

	
1.790

	
0.963

	
−1.068

	
0.143




	
Fisher–ADF

	
9.412

	
0.667

	
23.254 *

	
0.026




	
   ln E N U   

	
LLC

	
−3.527 *

	
0.000

	
−4.203 *

	
0.000




	
IPS

	
0.095

	
0.538

	
−3.545 *

	
0.000




	
Fisher–ADF

	
12.011

	
0.445

	
34.927 *

	
0.001




	
   ln O I P   

	
LLC

	
−3.101 *

	
0.001

	
−4.489 *

	
0.000




	
IPS

	
−1.697 **

	
0.045

	
−2.709 *

	
0.003




	
Fisher–ADF

	
18.399 **

	
0.104

	
26.280 *

	
0.010




	
   ln R D   

	
LLC

	
1.407

	
0.920

	
−5.666 *

	
0.000




	
IPS

	
3.012

	
0.999

	
−5.856 *

	
0.000




	
Fisher–ADF

	
9.661

	
0.646

	
56.337 *

	
0.000




	
   ln H D I   

	
LLC

	
−5.085 *

	
0.000

	
−2.327 *

	
0.010




	
IPS

	
−1.124

	
0.131

	
−2.571 *

	
0.005




	
Fisher–ADF

	
18.498

	
0.101

	
26.712 *

	
0.009




	
   ln I N O   

	
LLC

	
−0.306

	
0.380

	
−11.484 *

	
0.000




	
IPS

	
0.736

	
0.769

	
−7.521 *

	
0.000




	
Fisher–ADF

	
9.450

	
0.664

	
73.573 *

	
0.000








Note: *, **, and *** indicate significance at 1%, 5%, and 10% levels. LLC is the Levin–Lin–Chu test and IPS is the Im–Pesaran–Shin (IPS) test. All variables are as defined in Table 2. Source: Author’s own estimations.
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Table 5. Long-run estimation results for equations 1–4 for different RE sources as dependent variables using panel FMOLS model, along with panel cointegrating test results by equation and RE source.
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Dependent Variable




	

	
Variable

	
Estimation 1

	
Estimation 2

	
Estimation 3

	
Estimation 4

	
Estimation 5

	
Estimation 6




	
       l n    R E + 1      

	
     l n    H Y D + 1      

	
     l n    S O L + 1      

	
     l n    W I N + 1      

	
     l n    B I O + 1      

	
     l n    G E O + 1      




	
Coefficient

	
p-Values

	
Coefficient

	
p-Values

	
Coefficient

	
p-Values

	
Coefficient

	
p-Values

	
Coefficient

	
p-Values

	
Coefficient

	
p-Values






	
Equation (1)

	
   KYO   

	
−0.207 **

	
0.016

	
−0.247 *

	
0.007

	
0.159

	
0.399

	
0.155

	
0.187

	
0.138

	
0.358

	
−0.011

	
0.240




	
   ln C  O 2    

	
−0.441 *

	
0.001

	
−0.391 *

	
0.006

	
0.575*

	
0.055

	
0.664 *

	
0.001

	
0.325

	
0.169

	
−0.053 *

	
0.000




	
   ln P O P   

	
1.405 *

	
0.000

	
1.107 *

	
0.004

	
1.332***

	
0.100

	
0.167

	
0.738

	
−0.079

	
0.901

	
−0.028

	
0.465




	
   ln E N U   

	
0.831 *

	
0.001

	
0.149

	
0.549

	
0.270

	
0.607

	
−0.343

	
0.294

	
−0.651

	
0.120

	
0.096*

	
0.000




	
   ln O I P   

	
−0.115 ***

	
0.061

	
−0.008

	
0.902

	
−0.340 **

	
0.014

	
−0.146 ***

	
0.086

	
−0.008

	
0.943

	
0.001

	
0.837




	
    R 2    

	
0.984

	

	
0.987

	

	
0.495

	

	
0.561

	

	
0.721

	

	
0.990

	




	
Kao

	
−4.154 *

	
0.000

	
−4.160 *

	
0.000

	
−4.253 *

	
0.000

	
−4.221 *

	
0.000

	
−4.173*

	
0.000

	
−4.145 *

	
0.000




	
Equation (2)

	
   KYO   

	
−0.183 **

	
0.030

	
−0.210 **

	
0.014

	
0.082

	
0.649

	
0.087

	
0.409

	
0.093

	
0.525

	
−0.007

	
0.427




	
   ln C  O 2    

	
−0.414 *

	
0.002

	
−0.358 *

	
0.008

	
0.505 ***

	
0.075

	
0.594 *

	
0.001

	
0.285

	
0.215

	
−0.049 *

	
0.001




	
   ln P O P   

	
1.527 *

	
0.000

	
1.325 *

	
0.001

	
0.789

	
0.336

	
−0.356

	
0.462

	
−0.437

	
0.512

	
−0.005

	
0.905




	
   ln E N U   

	
0.837 *

	
0.001

	
0.315

	
0.206

	
−0.094

	
0.858

	
−0.524 ***

	
0.094

	
−0.880 **

	
0.043

	
0.103 *

	
0.000




	
   ln O I P   

	
−0.130 **

	
0.034

	
−0.041

	
0.506

	
−0.270 **

	
0.040

	
−0.093

	
0.226

	
0.034

	
0.749

	
−0.001

	
0.837




	
   ln R D   

	
−0.065

	
0.298

	
−0.123 ***

	
0.052

	
0.291 **

	
0.031

	
0.261 *

	
0.001

	
0.185 ***

	
0.090

	
−0.012 ***

	
0.066




	
    R 2    

	
0.984

	

	
0.988

	

	
0.529

	

	
0.612

	

	
0.731

	

	
0.990

	




	
Kao

	
−3.985 *

	
0.000

	
−3.993 *

	
0.000

	
−4.087 *

	
0.000

	
−4.061 *

	
0.000

	
−3.978 *

	
0.000

	
−3.975 *

	
0.000




	
Equation (3)

	
   KYO   

	
−0.187 **

	
0.026

	
−0.181 **

	
0.027

	
0.105

	
0.576

	
0.098

	
0.388

	
0.058

	
0.691

	
−0.010

	
0.277




	
   ln C  O 2    

	
−0.424 *

	
0.001

	
−0.332 *

	
0.009

	
0.528 ***

	
0.075

	
0.614 *

	
0.001

	
0.254

	
0.264

	
−0.052 *

	
0.000




	
   ln P O P   

	
1.788 *

	
0.003

	
2.536 *

	
0.000

	
0.120

	
0.927

	
−0.998

	
0.212

	
−1.834 ***

	
0.074

	
−0.011

	
0.866




	
   ln E N U   

	
1.012 *

	
0.004

	
0.896 *

	
0.008

	
−0.373

	
0.630

	
−0.941 **

	
0.047

	
−1.587*

	
0.009

	
0.105 *

	
0.006




	
   ln O I P   

	
−0.115 ***

	
0.056

	
0.005

	
0.929

	
−0.353 *

	
0.010

	
−0.155 ***

	
0.060

	
−0.027

	
0.797

	
0.001

	
0.827




	
   ln H D I   

	
−1.333

	
0.411

	
−5.195 *

	
0.001

	
4.422

	
0.231

	
4.216 ***

	
0.060

	
6.444 **

	
0.025

	
−0.060

	
0.739




	
    R 2    

	
0.984

	

	
0.989

	

	
0.502

	

	
0.587

	

	
0.733

	

	
0.990

	




	
Kao

	
−4.072 *

	
0.000

	
−4.081*

	
0.000

	
−4.034 *

	
0.000

	
−4.022 *

	
0.000

	
−4.073 *

	
0.000

	
−4.061 *

	
0.000




	
Equation (4)

	
   KYO   

	
−0.194 **

	
0.024

	
−0.260 *

	
0.005

	
0.194

	
0.304

	
0.144

	
0.227

	
0.195

	
0.180

	
−0.011

	
0.222




	
   ln C  O 2    

	
−0.412 *

	
0.003

	
−0.419 *

	
0.004

	
0.652 **

	
0.030

	
0.640*

	
0.001

	
0.446 **

	
0.053

	
−0.054 *

	
0.000




	
   ln P O P   

	
1.453 *

	
0.000

	
1.076 *

	
0.006

	
1.442 ***

	
0.074

	
0.145

	
0.774

	
0.086

	
0.889

	
−0.030

	
0.444




	
   ln E N U   

	
0.903 *

	
0.000

	
0.121

	
0.637

	
0.434

	
0.415

	
−0.352

	
0.295

	
−0.472

	
0.249

	
0.092 *

	
0.001




	
   ln O I P   

	
−0.122 **

	
0.045

	
−0.003

	
0.962

	
−0.359 *

	
0.009

	
−0.143 ***

	
0.094

	
−0.029

	
0.779

	
0.002

	
0.772




	
   ln I N O   

	
−0.090

	
0.204

	
0.055

	
0.470

	
−0.219

	
0.165

	
0.035

	
0.721

	
−0.282

	
0.211

	
0.005

	
0.537




	
    R 2    

	
0.984

	

	
0.987

	

	
0.491

	

	
0.565

	

	
0.727

	

	
0.990

	




	
Kao

	
−4.159 *

	
0.000

	
−4.161 *

	
0.000

	
−4.254 *

	
0.000

	
−4.214 *

	
0.000

	
−4.152*

	
0.000

	
−4.140*

	
0.000








Note: *, **, and *** indicate significance at 1%, 5%, and 10% levels. We use the panel cointegrating test by Kao (1999), as it allows for a residual cointegration test. The null hypothesis is no cointegration, whereas the alternative is a homogeneous autoregressive parameter. Below are the four equations for when the aggregated RE variable is the dependent variable (Estimation 1). Equation (1):   ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  ε  i t    .    Equation     2  :    ln    R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln R  D  i t   +  ε  i t   .     Equation     3  :   ln   R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln H D  I  i t   +  ε  i t   .     Equation     4  :    ln    R  E  i t   + 1   =  α i  +  β  1 i     KYO   i t   +  β  2 i   ln C  O  2 i t   +  β  3 i   ln P O  P  i t   +  β  4 i   ln E N  U  i t   +  β  5 i   ln O I  P  i t   +  β  6 i   ln I N  O  i t   +  ε  i t   .   All variables are as defined in Table 2. Source: Author’s own estimations.
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