The role of renewable energy and TFP in reducing CO2 emissions in RECAI Countries. Fresh insights from a new theoretical framework coupled with advanced panel methods.
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Overview

CO2 emissions have been recognized globally threat for the humanity. To curb emissions, global and country-specific programs have been launched, such as the Kyoto protocol, the Paris agreement, and United Nation (UN) Sustainable Development Goals. Given its global importance, examining driving forces of CO2 is very crucial for any economy and the Renewable Energy Country Attractiveness Index (RECAI) countries are no exception.
We use the theoretical framework developed by Hasanov et al. (2021) in this study as it links CO2 emissions to total factor productivity (TFP), renewable energy consumption (REC), alongside income, exports, and imports. There are at least two reasons for preferring this new theoretical framework to the traditional ones: (i) it offers a broader framework in informing decision-making process since it theoretically validates TFP and REC as determinants of CO2, in addition to income and international trade, (ii) these determinants have other practicality in policy considerations. TFP has long been considered the main factor of economic growth (Solow, 1957). Its two main elements, i.e., technological progress and efficiency gains, offer comprehensive opportunities not only for economic prosperity but also CO2 reduction (see e.g., Huang et al., 2020). Besides, international agencies, such as International Energy Agency, International Renewable Energy Agency, and UN environmental programs consider renewable energy among key drivers in achieving energy security, pollution reduction, and sustainable economic growth-the three important issues of the nations (e.g., UN SDG, 2015; IEA G20, 2019). Amid this international deliberation, governments all over the globe investigate options to switch from fossil fuels-based energy to renewable-based energy sources. Given the background above, the objective of this research is to investigate the CO2 impacts of REC and TFP, alongside income and international trade to propose insights that would be useful for carbon emissions reduction policies in RECAI countries. 
Data & Methods
We used panel annual time series data spanning between 1990 to 2018 for 20 RECAI countries for the following variables. Consumption-based CO2 emissions (CO2). This is territory-based CO2 emissions excluding CO2 emissions embodied in exports and including CO2 emissions embodied in imports. This is our dependent variable and is measured in million tones and taken from Global Carbon Atlas (2019). Renewable energy consumption (REC). This is the consumption of the energy obtained from renewable sources as the percentage share of total energy consumption. The values of the variable were gathered from World Development Indicators database, WDI (2020). Total Factor Productivity (TFP). This is total factor productivity index collected from the Penn World Table 10.0 database. Income (GDP). This is the final value of goods and services that are produced within the boundaries of RECAI countries at a specific time. It was measured in constant 2010 US dollars and adjusted for purchasing power parity. Exports (EX). This is the exports of goods and services at constant 2010 US dollars as the percentage share of GDP. Imports (IM). This is the imports of goods and services at constant 2010 US dollars as the percentage share of GDP. GDP, EX, and IM are collected from WDI (2020). The countries are Australia, Brazil, Canada, Chile, China, Denmark, Egypt, France, Germany, India, Ireland, Israel, Italy, Japan, Morocco, Netherlands, Spain, Sweden, UK, and USA.
We first perform Pesaran (2015) test and it showed that the variables have strong cross-sectional dependency (CD) effect. Hence, we used the second-generation panel methods: Pesaran (2007) test for unit root, Westerlund (2007) test for cointegration, Pesaran (2006) common correlated effect mean group estimator (CCEMGE) and Eberhardt and Teal (2010) the augmented mean group estimator (AUGMGE) for long-run estimations. The imperative advantage of the latter three methods is that they produce cointegration test and estimation results for each individual country alongside the aggregate panel results. Just for comparison purpose, we also used first-generation methods of the fixed effect estimator (FEE) and random effect estimator (REE).
Results
Pesaran (2015a) test showed that the variables have the CD effect and Pesaran (2006) unit root test indicated that they are non-stationary in their log levels and stationary in their growth rates. Westerlund (2007) cointegration test confirmed that CO2 establishes a long run relationship with the above listed explanatory variables (the test results are not reported here due to the space limitation but can be obtained from the authors). To this end, we estimated the parameters of long-run relationship for CO2. Table 1 documents the results.
Table 1. Long-run estimation and test results.

	
	
	AUGMGE
	CCEMGE
	FEE
	REE

	rec
	
	-0.277*** (0.000)
	-0.135*** (0.000)
	-0.215*** (0.000)
	-0.213*** 0.000)

	tfp
	
	-0.350* (0.053)
	-0.370 (0.167)
	-0.673*** (0.000)
	-0.636*** 0.000)

	ex
	
	-0.275*** (0.001)
	-0.267*** (0.003)
	-0.331*** (0.000)
	-0.337*** 0.000)

	im
	
	 0.288*** (0.000)
	 0.240*** (0.006)
	 0.370*** (0.000)
	 0.372*** (0.000)

	gdp
	
	 0.819*** (0.000)
	 0.724*** (0.000)
	 0.836*** (0.000)
	 0.821*** (0.000)

	CADF 
	C&T
	-8.711 (0.000)
	-14.559 (0.000)
	-1.516 (0.065)
	-1.516 (0.065)

	
	C
	-11.399 (0.000)
	-16.636 (0.000)
	 1.645 (0.950)
	 1.569 (0.942)

	Notes: The dependent variable is co2; Lower-case letters denote the natural logarithmic transformation of the variables listed in the previous section. p-values are in parentheses; ***, * mean statistical significance at the 1% and 10%, respectively. Deterministic terms are not reported for simplicity; time series observations=29; countries=20; CCEMGE and AUGMGE are run with the option of robust standard errors; CADF is the Pesaran (2007)’ cross-sectionally augmented Dickey-Fuller unit root test (the test equation was run in two options: (i) with constant and trend (C&T) and (ii) with constant only (C), and both with zero lag as it turned out to be the most relevant lag order for residuals).


AUGMGE results showed that, holding other factors constant, a 1% increase (decrease) in RE, TFP, and EX leads to a reduction (rise) in CO2 by 0.3%, 0.4%, and 0.3%, respectively in the long run. Also, in ceteris paribus, CO2 can be decreased (increased) by 0.3% and 0.8%, respectively if IM and GDP decrease (increase) by a 1%.
Conclusions

A finding of a strong CD effect implies that there are country-wise dependence and/or unobserved common factors that affect all 20 RECAI countries. These factors may include, but not limited to, technology transfers, global energy and financial shocks, institutional memberships, regional and international trade organizations. The unit root test results concluded that shocks could create permanent changes in the log level of the variables, but they could create only temporary changes in the growth rates of them. The cointegration test results concluded that stochastic development trends in the CO2 and its determinants can cancel out each other making deviations from the long-run equilibrium relationship of CO2 temporary not permanent.
A couple of conclusions from the long-run estimations in Table 1 are worth considering. First, CO2 is negatively related to RE, TFP, EX and positively associated with IM and GDP in the long run regardless of whether we account for the common unobserved factors or not. In the case of the CCEMGER and AUGMGER methods, this finding originates from the individual country estimates: RE and TFP exert a negative impact on CO2 in 17 and 14 countries, respectively out of 20 countries. EX, IM, and GDP have their theoretically expected negative, positive and positive impacts in 16, 17, and 16 countries, respectively (the results are available from the authors). Second, the size of the impact of RE, EX, IM, and GDP on CO2 does not change largely and are around -0.2, -0.3, 0.3, and 0.8, respectively across the four methods. This implies that not accounting for the common unobserved factors does not change the impact size considerably in the RECAI countries. When it comes to TFP impact size, one can conclude that TFP and unobserved factors that are common for these RECAI countries are associated. This is probably because there are factors that are common for the countries and are part of TFP at the same time such as theological progress, efficiency gains. 
The main policy implication of the findings is that authorities should implement measures to boost TFP and RE as they are mostly driven by the factors, such as technological progress, innovations, efficiency gains, which can reduce CO2 emissions and promote long-run economic growth at the same time.   
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