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The aim of this paper is to investigate the impact of solar energy investment on carbon emissions. The STIRPAT model, a non-parametric additive regression model, and the vector autoregression model are built to investigate the comprehensive effect of solar energy investment on China’s carbon emissions. Solar energy investment and other factors related to carbon emissions are examined. The empirical study shows that it will take about 8 years for the solar energy investment to promote carbon emission reductions. The moderation analysis indicates that technological innovation has a moderating effect in the facilitation of carbon emission reduction by solar energy investment. The finding of this study has some meaningful policy implications. In order to achieve the goal of carbon emission reduction, China should keep solar energy investment continuous and steady and improve technological innovation.
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1 INTRODUCTION
A large number of greenhouse gas emissions from human activities are the main cause of global warming, and climate change concerns everyone in the world. The 26th UN Climate Change Conference (COP26) was held in Glasgow, United Kingdom in November 2021, which is the first climate conference since the implementation of the Paris Accord on climate. The report on the state of global climate in 2021 released at the conference showed that the global average temperature in 2021 was about 1.09°C higher than that from 1850 to 1900. In the summer of 2022, the world encountered another rare high temperature weather again, reflecting the urgency and importance of studying carbon emission reduction. All these indicate the urgency and importance of studying carbon emission reduction. Carbon dioxide covers the largest proportion in greenhouse gases with significant impact on economic growth and it is urgent and important to study carbon emission reduction (Sun et al., 2020).
As a typically large country, China also faces severe carbon emission problems. During recent years, China’s economy has developed rapidly, with its GDP ranking second in the world and less than that of the United States. With economic development, China’s energy consumption and carbon emissions are also growing. China urgently needs to find appropriate new energy sources as gradual substitute for the expensive and increasingly depleted fossil fuels to reduce the heavy dependence on them. The Chinese government is committed to climate protection and has clearly announced that it will strive to reach the peak of carbon dioxide emissions by 2030 and achieve carbon neutrality by 2060. In this context, the development of new energy industry has become one of the key tasks of the 14th Five-Year Plan (2021–2025) for national economic and social development and the long-run goals through the year 2035 in China. The size of solar energy industry, as a relatively mature industry in the new energy field, will be further expanded under the background of carbon emission reduction and the development of solar energy industry is an important guarantee for China to facilitate the successful transformation of energy structure.
It is widely believed that solar energy investment can reduce carbon emissions in a very short time. But this is contrary to the fact that carbon emissions are increasing while solar energy investments are increasing at the beginning years of the investments in China. Why this happens? What role on Earth does solar energy investment play in carbon emission reduction? The aim of this paper is to answer these questions and investigate the impact of solar energy investment on carbon emissions. Therefore, it is very important to study the roles of solar energy investment in the reduction of carbon emissions and China is a good case to be studied. However, there exist few studies on the role of China’s solar energy investment in carbon emissions mainly due to the less availability of the related data. The contribution of this paper is that the scattered solar energy investment data is collated into a consistent one on annual basis to solve the problem of lack of research data, the STIRPAT model is adopted to analyze the impact of solar energy investment, population, GDP per capita and urbanization level on carbon emissions in energy consumption by the ridge regression method and it is found that the inhibition of solar energy investment on carbon emissions has a long lag period (about 8 years), and the level of technological innovation has a moderating effect in the facilitation of carbon emission reduction by solar energy investment. The research results provide some policy implications for the facilitation of carbon emission reduction. China needs to keep solar energy investment continuous and steady and improve technological innovation to achieve the goal of carbon emission reduction. Moreover, this study is widely applicable and is of great significance for other developing countries who aim to reduce emissions to refer to.
This paper is organized as follows. Section 2 provides a literature review. In Section 3, we introduce the research methodology of this paper. Section 4 is the empirical analysis. Finally, Section 5 concludes the paper and offers policy implications.
2 LITERATURE REVIEW
Carbon emission reduction is the main way to slow down global warming. The studies of carbon emission reduction mainly involve the drivers of emission reduction, how to achieve the goal of emission reduction, and the role of renewable energy in the reduction. The research on the drivers of emission reduction found that technological progress, efficiency improvement and energy structure transformation are the main drivers of carbon emission reduction, but different views exist on the importance of the above three drivers. Many literatures assert that technological innovation and efficiency improvement play a key role in carbon emission reduction (Ang, 2005; Mizobuchi, 2008; Okushima and Tamura, 2010). The establishment of the trading market of carbon emission rights is an important exploration to achieve carbon emission reduction goals through the market mechanism (Wang et al., 2013). Some studies focus on the impact of policy direction on carbon emission reduction at the institutional level. For example, Sun et al. (2022) indicated that institutional quality matters in energy efficiency improvement and countries with good institutional framework has a positive effect on domestic energy efficiency. It is necessary to measure the quantities of emission reduction from different drivers. Kaya identity and Logarithmic Mean Division Index (LMDI) are commonly presented in the literature discussing the influencing factors of carbon emissions (Du et al., 2012).
A tremendous amount of work is about how to achieve carbon emission reduction and the role of renewable energy in emission reduction. Elzen et al. (2016) discussed whether China’s carbon emission reduction goals can be achieved. Umar et al. (2020) believed that all countries in the world need to effectively utilize energy resource endowment and technology for social justice to minimize the adverse effect on nature. However, only by gradually separating economic growth from the use of fossil fuels can global climate change be alleviated. Environmentally sound technology (EST) is considered to be the first concept proposed to cope with carbon emissions (Verhoosel, 1998). With the change of society, economy and environment, the original idea of green has been completely transformed into a new thinking of sustainable development. Economic growth has triggered a simultaneous rise in demand for traditional energy sources such as natural gas, coal and oil (Shah et al., 2020). However, Renewable energy (RE) is regarded as a strategic commodity for sustainable development. Renewable energies such as solar energy, wind energy, waste and biomass are considered cost-effective and eco-friendly, because they can reduce pollution, provide better security for energy, reduce harmful climate change, and ultimately provide low-cost power for remote areas (Tareen et al., 2018; Gielen et al., 2019). Renewable energy reduces the long-term estimated ecological footprint well, and the existence of the environmental Kuznets curve (EKC) was confirmed (Sharif et al., 2020a). Using the advanced quantile model, some scholars tried to analyze the relationship between the use of renewable energy (mainly the solar energy) and carbon emissions from 1990 to 2017 and certified that there is a two-way causal relationship between renewable energy use and carbon emissions (Sharif et al., 2020b).
Moreover, there are a lot of surveys on renewable energy, mainly involving the diffusion models of renewable energy technologies (Rao and Kishore, 2010; Chen and Lin, 2020), renewable energy structure (Burandt et al., 2019; Wang et al., 2019), cost-benefit analysis (Snyder and Kaiser, 2009; Johansson and Kriström, 2019; Huang et al., 2020) and economic performance on investment (Menegaki, 2008; Edenhofer et al., 2013; Zhao and Xie, 2019; Rasoulinezhad, 2022). These studies are mainly related to bioenergy, hydropower, wind energy and other types of renewable energy (Huang et al., 2017; Nian et al., 2019).
The number of studies on solar energy, one of the renewable energies, is increasing. Solar energy is considered to be one of the best options to facilitate carbon emission reduction. The installation cost of solar photovoltaic (PV) has dropped significantly by more than 80% since 2010 (Ilas et al., 2018). Therefore, the global solar energy investment has increased significantly, and the total installed capacity in the world had reached 399 GW by 2017 (Dudley, 2018). Nugent and Sovacool (2014) found that the life cycle of solar greenhouse gas emissions is far less than that of fossil energy. However, there is very little literature on China’s solar energy investment and its role in carbon emission reduction, which is inconsistent with the fact that China is currently the largest solar energy consumption market in the world (Xu et al., 2020). Therefore, this paper attempts to find out the role of China’s solar energy investment in carbon emission reduction.
Various macro-econometric models are used for empirical study of carbon emissions. Kalmaz and Kirikkaleli (2019) confirmed the long-term equilibrium relationship between carbon emissions, energy consumption and other macroeconomic variables by using the ARDL model. Some early studies used the Impact-Population-Affluence-Technology (IPAT) model to find that variables such as population, income and technology can also affect carbon emissions (Raskin, 1995; York et al., 2002). The theoretical foundation for the IPAT model is the relationship among income, population, technology and environmental impact. With further development, the IPAT model is extended to a random version, the STIRPAT model (York et al., 2003). The recent study which uses the STIRPAT model to examine the relationship between CO2 emissions, energy efficiency, green energy index (GEI), and green finance in the top ten economies is Rasoulinezhad and Taghizadeh-Hesary (2022). Hence the STIRPAT model is adopted in this paper to empirically analyze the impact of various factors on carbon emissions, especially the role of solar investment in carbon emission reduction. Due to the fact that there exist few studies on the role of solar energy investment in carbon emissions in China, this study will bridge the gap.
3 RESEARCH DESIGN
3.1 Models
The conceptual framework to show the methodological procedure is in Figure 1.
[image: Figure 1]FIGURE 1 | The conceptual framework.
3.1.1 The STIRPAT model
The STIRPAT model is used to examine the impact of population, GDP per capita, solar energy investment and the level of urbanization on carbon emissions generated by energy consumption. The formula of the STIRPAT model is
[image: image]
where [image: image] is environmental impact, [image: image] is population, [image: image] is affluence, [image: image] is technology, [image: image] is coefficient of the model, [image: image], [image: image], and [image: image] are exponents to be estimated, and [image: image] is stochastic error, respectively. The theoretical foundation for the IPAT model and the reason to choose the variables I, P, A, and T in Equation 1 is from York et al. (2003). After taking logarithms of both sides of Equation 1, the following equation can be got
[image: image]
In line with the reality of China, model (2) can be extended to the following model
[image: image]
where [image: image] is China’s total carbon emissions (in MtC), [image: image] is population (in ten thousand people), [image: image] is affluence (in GPD per capita), [image: image] is the amount of solar energy investment, i.e., the amount of photovoltaic construction investment, [image: image] is the level of urbanization measured by the ratio of urban population to total population (by referring to Shahbaz et al. (2015) and the fact that China is still in the process of urbanization), [image: image], [image: image], [image: image], and [image: image] are elasticities showing that the changes of [image: image] will be [image: image], [image: image], [image: image], and [image: image] as [image: image], [image: image], [image: image] and [image: image] change 1% respectively.
3.1.2 The vector autoregression model
The vector autoregression (VAR) model is a widely used econometric model and it is in the form of simultaneous multiple equations. The VAR model is a model for two or more time series where each variable is modeled as a linear function of past values of all variables, plus stochastic disturbances that have zero means given all past values of the observed variables. The mathematical expression for the VAR(p) model for k variables of time series is
[image: image]
where [image: image] is a k-dimensional column vector of the endogenous variables, [image: image] is the order of lags, [image: image] is the number of samples, [image: image] are [image: image] matrices respectively, and [image: image] is a k-dimensional column vector of stochastic disturbances with [image: image].
3.2 Data
The time series data of each variable in this paper is from two sources, Statistical Yearbook of the Chinese Investment in Fixed Assets (2003–2011) and China Electric Power Yearbook (2012–2020). The total carbon emissions, population, GDP per capita, solar energy investment and urbanization level were processed with the method of total sum normalization. The data shows that during the sample period, the amount of solar energy investment grows continually, while the carbon emissions also rises year by year.
4 EMPIRICAL ANALYSIS
4.1 The regression analysis based on the STIRPAT model
Let K = 0.240, and the results of ridge regression analysis of model (3) are illustrated in Table 1. The coefficient of determination is 0.923 which shows that solar energy investment, population, GDP per capita and urbanization level can explain 92.3% of the changes of total carbon emission in China. The model passes the test of significance and the equation after estimation will be
[image: image]
TABLE 1 | Regression results of Model (3)
[image: Table 1]All the coefficients of the regression are positive, which implies that the impacts of solar energy investment, population, GDP per capita and urbanization level are significantly positive.
Furthermore, another variable, [image: image], which stands for technological innovation level and is measured by the number of patents is introduced in the model to test whether technological innovation level has moderating effect on the impact of solar energy investment on carbon emissions. The results of the new ridge regression analysis are shown in Table 2. The model passes the test of significance and the equation after estimation is
[image: image]
TABLE 2 | Regression results of Model (3) with the variable lnR&D
[image: Table 2]All the coefficients of the regression are positive, which implies that the impacts of solar energy investment, population, GDP per capita, urbanization level and technological innovation level are significantly positive.
Due to the role of exogenous technological factors and renewable energy in carbon dioxide emission reduction (Edziah et al., 2022), the interaction term, [image: image] is put in the model in the next step to conduct moderation analysis. The results of the ridge regression analysis are presented in Table 3. The model passes the test of significance and the equation after estimation is
[image: image]
TABLE 3 | Regression results of Model (3) with the interaction term
[image: Table 3]We can understand the role of the product term lnT×lnR&D in Equation 7 from two perspectives. From the statistical perspective, the influence of the independent variable lnT on the dependent variable lnI will be moderated by another variable lnR&D, that is, lnR&D will affect the sign and the strength of the correlation between lnI and lnT. While from the perspective of economic implications, the level of technological innovation will affect both the direction and the intensity of the influence of solar energy investment on carbon emissions. It can be seen from the above empirical results that the coefficient of the interaction term is negative and technological innovation plays a moderating role in the process of solar energy investment affecting carbon emissions. This means that solar energy investment can play a role in curbing carbon emissions by improving the level of technological innovation.
4.2 The empirical analysis based on the vector autoregression model
In order to further explore the impact of solar energy investment on carbon emissions, a VAR model for impulse response analysis is built. First, the ADF unit root test and the maximum lag order test are performed. The natural logarithms of all the data show stationarity and are significant at the level of 5%, indicating that the variables are stationary. Similarly, according to the test results of the maximum lag order in Table 4, the maximum lag order of the VAR model should be 3.
TABLE 4 | Test of maximum order of lags
[image: Table 4]The results of Granger causality test in Table 5 show that there is a one-way Granger causality between solar energy investment and carbon emissions and carbon emissions are Granger caused by solar energy investment.
TABLE 5 | The test of Granger causality
[image: Table 5]Then the unit root test of VAR model is carried out and the results are displayed in Table 6. It can be seen that all the moduli of the inverse roots of the characteristic polynomial are less than 1. The VAR model passes the unit root test.
TABLE 6 | The unit root test of VAR model
[image: Table 6]The impulse response in Figure 2 shows that the impact of solar energy investment on carbon emissions will gradually have an adverse effect after the eighth phase, indicating that it will take at least eight years to promote the carbon emission reduction solely by the development of solar energy investment.
[image: Figure 2]FIGURE 2 | The impulse response of lnI to lnT.
To sum up, the empirical analysis of this paper illustrates that carbon emissions will be restrained long after the investment made to solar energy. It is necessary to make the moderating effect of technological innovation work to facilitate solar energy investment to reduce carbon emissions. To ensure the validation of empirical findings, we use the carbon emissions per capita in China to replace the total carbon emissions of China to conduct the robustness check. The empirical results are almost the same. Hence the empirical analysis in this study is reliable.
5 CONCLUSIONS AND POLICY IMPLICATIONS
Carbon emission reduction is a key measure to promote global climate governance and realize sustainable development. Solar energy, as a renewable energy, should play an important role in achieving carbon emission reduction goals. In order to study the effect of solar energy investment on carbon emission reduction, the STIRPAT model and the VAR model are employed for empirical analysis. It is found that the inhibition of solar energy investment on carbon emissions has a long lag period (about 8 years), and the level of technological innovation has a moderating effect in the facilitation of carbon emission reduction by solar energy investment. The finding of this study is somewhat like that of Saboori et al. (2022) on the effect of renewable energy consumption and economic growth on unemployment rate and is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The findings of this paper.
In the light of the conclusion, we make some policy implications to give full play to the positive role of solar energy investment in facilitating carbon emission reduction.
Investment in solar energy is required to continue and increase. As a renewable and clean energy, solar energy is an effective alternative to fossil fuels. It will take a long time (about eight years) for solar energy investment to form production capacity and play an alternative role to traditional energy. Therefore, it is necessary to continuously increase the investment in solar energy, increase the proportion of solar energy in energy consumption, and optimize the energy structure. To provide sufficient funds for the investment, diversifying channels of financing instead of just relying on bank loans is recommended. There exist some Green Financing solutions, such as green bonds, are more favorable (Taghizadeh-Hesary et al., 2022). In addition, FDI is also an effective source for investment funds and it is found that FDI can promote green growth in a country (Phung et al., 2022).
The level of technological innovation, especially the level of that in the field of solar energy should be constantly improved. The empirical analysis of this paper finds that technological innovation has a moderating effect on the promotion of solar energy investment to carbon emission reduction. Therefore, while increasing the investment in solar energy, it is also needed to constantly accelerate technological innovation and improve the level of technological innovation. In this way, twice as much can be accomplished with half the effort, the proportion of fossil fuels will be gradually reduced, the energy structure will be optimized, and the goal of carbon emission reduction is finally achieved.
There are some limitations to this study. First, the methodology of this paper cannot capture the overall effects of the solar energy investment. In the future, it is necessary to use the general equilibrium framework to evaluate impacts of solar energy investments on carbon emissions from the macroeconomic perspective (Yoshino et al., 2022). Second, the shock of COVID-19 pandemic on the relationship between solar energy investments and carbon emissions are not examined and it is a hot issue to be studied in the future.
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