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The economy of Pakistan has constantly been plunged due to its severe electricity shortages over the last 2 decades and persistently faces challenges in revamping its electricity supply network. The purpose of this research was to assess the causal relationship between carbon dioxide emissions (CO2), combustible renewable and waste (CRW), electric power consumption (EC), electricity production from coal (EPC), hydroelectric (EPH) and natural gas (EPN) sources, energy use (EU) and gross domestic product (GDP). The scope of this research included Pakistan’s annual time series data from 1971 to 2014. This study employed Autoregressive Distributed Lag (ARDL) bound testing analysis to determine the long-term and short-term correlations among all research parameters. This research also conducted Augmented Dickey-Fuller (ADF), Phillips-Perron (PP) and Kwiatkowski-Phillips-Schmidt-Shin (KPSS) tests to evaluate the stationarity existence among dependent variable and independent variables. The outcomes of the fully modified least squares (FMOLS), dynamic ordinary least square (DOLS) and canonical co-integrating regression (CCR) estimators showed that coefficients of EC, EPH and GDP all were a significantly positive relationship with CO2 emissions, while the coefficients of CRW, EPC and EU were negatively significant, respectively. Furthermore, the outcomes from the short-run analysis revealed that the error correction term value was -0.8668, which indicates that from short-run to long-run equilibrium, the adjustment of the deviation of CO2 emission is by 86.68 percent annually. Moreover, the diagnostic results also demonstrated that the model employed in this research is stable and reliable. Pakistan was selected in this research work because of the deficit of power and if environmental degradation continues unchecked, it will eventually affect the state’s economic growth and CO2 emissions. The study’s primary policy recommendation is that government energy policymakers in Pakistan who create the environment framework in should pursue conservative energy measures as such measures will not negatively impact economic growth.
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1 INTRODUCTION
The impact of economic activities on carbon dioxide emissions at both national and international levels has become a prominent subject in the past 3 decades (Pata and Caglar, 2021). The dramatic increase in energy consumption in recent years has directly contributed to severe energy shortages in most countries worldwide (Balcilar et al., 2010; Tamba et al., 2017; Balcilar et al., 2019). Countries are increasing their energy use and other natural resources to attain maximum economic growth, which elevates greenhouse gas emissions (Rehman and Rehman, 2022). This is because energy (electricity) is a crucial component of economic growth and development in developing and developed countries. Sustainable economic growth and development are essential for improving social wellbeing. It indicates that economic progress should not come at the expense of environmental damage but rather environmental sustainability should be preserved (Azam et al., 2016). Because of its worldwide relevance, the issue of carbon dioxide (CO2) emissions remains a critical research priority. Despite the negative consequences, CO2 emissions are closely related to economic growth and development since most CO2 emissions are generated by fuel utilization, such as coal, oil, and gas, which are the primary sources of electricity for automobiles and industry (Rahman, 2017). It is a well-established fact that economists of the contemporary era are more concerned with exploring the dynamics of energy economics and the pollutant environment due to demand and supply gaps. These gaps are alarming not only for economic activities but also for the globalization process. Hence, the conventional theory has not had enough to say about the association between energy and economic growth. Energy is the elementary part of the economy as it plays a vital role in economic development and provides a link between economic development and energy security with social stability. Numerous studies have linked poor infrastructure or low income levels to the lack of energy supply in developing nations (Aklin et al., 2016; Allcott et al., 2016). Almost every facet of the economy is coupled with electricity as it owes critical values that finally affect a country’s economy (Arrillaga et al., 1985; Dugan et al., 1996; Arrillaga et al., 1997; Caciotta et al., 2006).
Pakistan’s economy has suffered from persistent electricity shortages over the past 2 decades and thus persistently encountered a significant challenge in revamping its network responsible for electricity supply (Nawaz et al., 2013). This, in turn, had created a massive gap in the demand and supply of electricity, showing inability of the electricity sector to meet the demand for the growth of the emerging economy of Pakistan. The construction of the China-Pakistan Economic Corridor (CPEC) is seen as a positive shock that has opened up new opportunities for the energy sector as it endowed a major segment of its investment in electricity generation in Pakistan. According to Pakistan Economic Survey (PES) 2018–19, Pakistan has successfully detached bottlenecks in electricity generation after the completion of early harvest stage during the last tenure. This demands a comprehensive assessment of the electricity sector, specifically in place of the inauguration of CPEC. Pakistan is one of the countries facing energy shortage and using nuclear and renewable energy resources to grow is more minor. Moreover, less than half of the population in rural areas has either no or limited access to electricity. Pakistan fulfills most of its energy from fossil fuels that are the source of pollution and inject greenhouse gases into the environment, causing a severe threat. About 85 percent of the energy needs in Pakistan are contributed by oil, while the remaining are from renewable and nuclear energy consumption, i.e., 1.1 percent and 9.2 percent, respectively (Baloch et al., 2016). It has been reported that 99 percent of energy demands in Pakistan are fulfilled conventionally, such as oil, gas and hydel. However, 1 percent of the energy supply is accomplished by renewable resources (Sheikh, 2010). Recent economic collapse in Pakistan has led to a shortfall of 6–8 h and 9–12 h in urban and rural areas. From the report of IEA (2017), in 2017, the total energy production in Pakistan was comparable to almost 70 million tons of oil. Furthermore, the previous study has acknowledged that energy is a life of an economy, though, in this background, nuclear and renewable energy may be the source of a prosperous future for the maintenance and development of growth and it can also subside electricity shortage matters in Pakistan (Ahmad and Du, 2017).
For the past few decades, the lack of effective policies in the energy field has led Pakistan to face serious economic challenges that ultimately result in harmful poor economic growth. Electricity demands in any country depend highly on the population growth rate and several other factors such as prices, migration to the cities and prevailing weather conditions. Though, there are various other particular factors in Pakistan, such as political controversy, corruption, lack of adequate policy, provision of major share to the industries, mismanagement, and theft that badly influence the energy sector and damage the economy (GOP, 2014). Pakistan’s population growth has substantially increased to 176.17 compared to 79.98 in 1980, eventually enhancing people’s demands that directly escalate electricity provision (SESRIC, 2014). The association between electricity consumption and economic growth has been comprehensively debated in the literature due to its supposed prominence in determining the growth patterns of the economy. Considering the growth rates, it is evident that there is an inconsistent link between electricity consumption and gross domestic product from the 1970s–1980s due to inefficient and ineffective policy measures (Nadeem and Munir, 2016). Besides, the trend was steady after the 1980s and the end of the 1990s, while a variation was observed in later years. It can be determined that the economic growth and energy consumption data are symmetric for the initial years, while it exhibited a slight irregularity in the late few years.
Although Pakistan’s average energy consumption is currently 17,000 MW, there is a deficit of 400–5,000 MW. In the next 10 years, global energy demand is expected to increase by about 1,500 MW or four to five percent (Kazmi, 2014). In 2015, the shortage was 5,500 MW and the supply was 15,500 MW, while the installed capacity was about 23,000 MW. The rise of energy demands is mainly noticed in specific sectors such as agriculture, construction, manufacturing, education and most notably, in sustainable development to uplift the economic sector (Santoyo-Castelazo and Azapagic, 2014). Total electricity generation during 2014–2015 was noted to be 109,059 GWh, of which about two-thirds was produced from thermal sources (NEPRA, 2015). Available sources of electricity production include hydro-power, nuclear power and thermal energy. Secondary resources include renewable energy, mainly solar energy, wind power, biomass and coal, which are less focused but may become primary sources in the near future (Sahir and Qureshi, 2008). In Pakistan, parts of the hybrid industry consist of hydro-power, thermal, and nuclear power plants. About 31% and 66.8% of electricity are produced by hydro-power and thermal systems, respectively, while the leftover 2.2% is accomplished by nuclear power. Moreover, to fulfill energy demand, the country imports natural gas by 29.4%, oil by 37.8%, hydro-power by 29.4%, and natural gas by 0.26%, respectively. There is a minimal share of coal (0.1%) and nuclear power (3.02%) energy supply (GOP, 2013).
A significant question that arises is how Pakistan might achieve environmental sustainability by reducing carbon dioxide emissions. This issue may be addressed by evaluating the potential consequences of Pakistan’s emission reduction components that might provide policy suggestions for Pakistan’s sustainable development. Moreover, there is a dearth of research examining the potential of decarbonization factors in Pakistan by employing econometric methodologies, despite the fact that this has become a hot issue among scholars currently. This research work’s main contribution is to explore and inspect the association between CO2, CRW, EC, EPC, EPH, EPN, EU, and GDP in Pakistan. This study is significant because it contributes to the recent literature and policy-making in Pakistan in several directions. First, this study fills a gap in the current academic literature by exploring the relationship between CO2 emissions and emission reduction parameters using a comprehensive econometric technique. Second, the novelty of this research is to investigates the presence and direction of causal correlation between CO2 emissions, electricity production and consumption, energy use and GDP to construct beneficial policy decisions regarding electricity use in Pakistan. Third, this study also employed several procedures such as the Augmented Dickey-Fuller (ADF), Kwiatkowski, Phillips, Schmidt, and Shin (KPSS), and the Phillips and Perron (PP) unit root tests to inspect the stationarity. Fourth, this study exploits the Autoregressive distributed lag (ARDL) bound testing, fully modified least squares (FMOLS), dynamic ordinary least square (DOLS) and canonical co-integrating regression (CCR) estimators design for determining the degree of association between variables in a study. Fifth, to determine the reliability of the results, this study used the Cumulative sum, Pairwise Granger causality test and variance decomposition method. Finally, the outcomes of the research would provide policymakers with more comprehensive and insightful information for designing efficient policies in the areas of low-carbon economy, promoting renewable energy use and economic development which would guarantee sustainable development in Pakistan by reducing emissions. In addition, the findings of this study might provide recommendations for other developing nations looking to develop effective policies for environmental sustainability and climate change mitigation.
The remaining research is organized as follows: Section 2 provides a brief summary of the existing literature. Section 3 illustrates the data sources and methodology of the study. Section 4 discusses the results and discussion part. Lastly, Section 5 summarizes the study based on the analysis outcomes.
2 LITERATURE REVIEW
2.1 Electricity consumption and economic growth
The driving force behind economic growth is electricity. It stimulates complements capital, manufacturing, labor, and a deficiency in it causes economic expansion (Oconnell et al., 2014; Lin and Chang, 2016; Shahbaz et al., 2017a; Jaiyesim et al., 2017) and limits production (Sarwar et al., 2017; Khan et al., 2016). Enormous studies explored the causal associations within the scope of the main components of electricity consumption and economic growth. These studies were supposed to provide sophisticated findings and thus, the scholars preferred autoregressive distributed lag (ARDL) analysis, vector error correction model (VECM) and co-integration analysis. Previous studies ended up on one-way causality between electricity consumption and economic growth (Yaşar, 2017; Omay et al., 2014; Dogan, 2014; Lee and Chang, 2008; Asafu-Adjaye, 2000). According to the research (Akinlo 2008; Apergis and Payne 2010) found a two-way causality using the same econometric methods, while the study (Mehrara, 2007) explored evidence of a conservative hypothesis for economic growth and electricity consumption model given the selected samples of economies. Additionally, some researchers quoted country-specific causalities in the panel of D8 economies (Razzaqi et al., 2011), while another researcher found neutrality evidence (Soytas and Sari, 2003). It is pertinent to mention that there is limited literature on economic growth and electricity consumption nexus for South Asian economies, pointing to a research gap in the literature. The time trend analysis in panel II consists of much literatures discussing all three main hypotheses, focusing on electricity consumption and economic growth nexus. The growth hypothesis was recently affirmed for the economies of Kazakhstan, Angola, Australia, Kenya and Tanzania, respectively (Khan MTI. et al., 2018; Solarin et al., 2016; To et al., 2013; Odhiambo, 2009; Odhiambo, 2010). Further, another scholar explored conservative causality for China (Zhang and Cheng, 2009), while the previous study disclosed two-way causality for Portugal (Shahbaz et al., 2011). On a concluding note, for trend studies, scholars continued to explore the nexus through different model specifications, providing diverging findings even for the same economies. For instance, a previous study indicated an electricity use is a unidirectional cause of economic growth in the economy of India by employing the non-linear estimation technique (Shahbaz et al., 2017b). The author also pointed to an asymmetry in the model due to adverse economic shocks, denying the possibility of reverse causality. Contrary to this, another study already declared two-way causality favoring the feedback hypothesis of economic growth and electricity consumption in India using two different Granger causality techniques (Paul and Bhattacharya, 2004). Additionally, previous scholars quoted causalities in a different direction for the economy of Turkey (Altinay and Karagol, 2005; Pempetzoglou, 2014).
Starting from the national study in panel III, the ARDL estimation provided a recent declaration favoring the economic growth and electricity consumption association (long run) for the time of 1972–2014 (Nadeem and Munir, 2016). Another researcher also developed the same dynamic model of ARDL and elucidated a bi-directional electricity consumption and economic growth causality (Shahbaz and Lean, 2012). In the same year, a researcher developed the electricity consumption and economic growth model for a different time and concluded a reverse causality between the two core variables (Shahbaz and Feridun, 2012). A previous study found a one-way causality (Atif and Siddiqi, 2012), while another scholar ended up on reverse causality from electricity consumption to economic growth (Aqeel and Butt, 2001). Contrary to the electricity consumption and economic growth literature, there is recently a turn in national studies from traditional causality analysis to more impressive yet sophisticated econometric applications and findings. In this regard, a previous study applied the SVAR from 1971 to 2012 and found an unstable electricity consumption and economic growth model (Nadeem and Munir, 2016). The authors stressed-on the enhancement of energy inputs to facilitate capital stock in accordance with more labor utilization. Correspondingly, another study explored the traditional long-run perspective with the STAR model, further explored the insensitivity of electricity consumption to prices and associated it with a lack of electricity alternatives (Nawaz et al., 2013). A previous study applied VECM and ARDL estimations and found that there is a significant long-run relationship between electricity consumption and economic development in Pakistan (Chandio et al., 2020a).
2.2 Carbon dioxide emissions, energy use and economic growth
Major barriers to sustainable development include severe energy shortages and growing pollution levels. It has been illustrated that energy usage links economic growth with a sustainable environment, making energy, environment, and economy common research areas (Mirza and Kanwal, 2017). By using the Autoregressive distributed lag (ARDL) approach, the statistical evidence showed that electricity consumption and economic growth have positive impact on carbon dioxide emissions in Turkey over the period of 1970–2014 (Akadiri et al., 2020). Consequently, the association between the economy, energy and the environment has turned out to be a major area of research. A group of researchers have conducted a study to elaborate the relation between energy consumption, economic growth and carbon emission in various areas using distinct approaches (Zhang and Cheng 2009; Omri 2013; Alshehry et al., 2015; Dong et al., 2018). A bidirectional relationship between energy consumption, economic growth and CO2 emissions was illustrated by different researchers (Mirza and Kanwal 2017; Liu and Yu 2018). Data analysis across China from 1990 to 2012 by applying co-integration analysis, vector error correction model (VECM) impulse response analysis and Granger causality tests revealed a unidirectional association between energy consumption and CO2 emissions (Wang et al., 2016). In contrast, the researchers found that the relationship between economic growth and energy consumption was bidirectional. Furthermore, no statistically significant relationship was found between economic growth and energy consumption in response to CO2 emissions. A study conducted across China from 1960 to 2007 employed causality tests and generalized impulse response (Zhang and Cheng, 2009). The Granger causality test findings revealed a unidirectional association between energy consumption and CO2 emissions and even between gross domestic product (GDP) and energy consumption. It was also demonstrated that energy consumption and CO2 emissions might not affect economic growth. Co-integration techniques were used from 1981 to 2005 across 12 Middle East and North African (MENA) countries (Arouri et al., 2012). It was shown that CO2 emissions would increase due to energy consumption in the long run, and real GDP correlated with the country’s CO2 emissions at a quadratic rate. Furthermore, the study outcomes confirm a positive relationship between economic growth and CO2 emissions using for Zimbabwe using Maki co-integration method (Samu et al., 2019). Previous study investigated a bi-directional causality between CO2 emissions and economic growth and electricity energy consumption and CO2 emissions in Africa over the period of 1980–2014 (Asongu et al., 2020).
A study conducted in Pakistan showed that in the long run, CO2 emissions, electric power consumption and renewable electricity output had a positive and significant relationship with the gross domestic product per capita over the period of 1990–2017 (A. Rehman et al., 2019). A previous study examined the dynamic relationship between energy consumption, CO2 emissions, and economic growth based on the Environmental Kuznets Curve (EKC) hypothesis across Iran from 1971 to 2007 (Saboori and Soleymani, 2012). The findings revealed long-term relationships between variables in three forms, retaining CO2 emissions, economic growth, and energy consumption as dependent variables use of the Autoregressive Distributed Lag Model (ARDL). Although the EKC hypothesis predicted a U-shaped relationship between income and environmental degradation, it was not confirmed by the results. However, the results do not contradict the hypothesis. The study showed that the impact of energy consumption on CO2 emissions in the long-run was significantly positive. A study across India from 1971 to 2005 used variables such as energy consumption, CO2 emissions and economic growth and used a static and dynamic framework (Tiwari, 2011). CO2 emissions were found to be a Granger causality cause of energy consumption, but GDP was not a Granger causality cause of CO2 emissions, and energy consumption was found to be a Granger causality cause of CO2 emissions, but GDP was not a Granger causality cause of CO2 emissions. The outcome suggests that Indian government should opt for strategies and procedures focusing on energy conservation and adequate energy consumption. Another study analyzed the impact of electricity consumption in Kuwait on the country’s CO2 emissions and GDP growth from 1980 to 2013 using the ARDL method. According to the outcomes of the study, electricity consumption has a negative impact on CO2 emissions in both the short and long term. Using the Granger causality test, the authors estimated a positive and statistically significant correlation between electricity consumption and CO2 emissions (Salahuddin et al., 2018). Based on the annual data of China from 1990 to 2016, a previous study applied ARDL bounds testing approach and confirmed that crop production and livestock production have a significant positive relationship with CO2 emissions in both short and long-run estimations (Chandio et al., 2020b).
3 DATA DESCRIPTION AND RESEARCH METHODOLOGY
3.1 Data Source
A recent study considered annual data of Pakistan covering the period from 1971 to 2014. Access to data was the key concern and hence we found the time span depending on the accessibility of research variables. The Pakistan statistical yearbooks and World Development Indicator (WDI) collect the data for the different variables of this proposed study. The contribution of the present study is to use the data of carbon dioxide emissions (CO2) in metric tons per capita. The combustible renewable and waste (CRW) is in percentage of total energy. The electric power consumption (EC) is in KWh per capita. For the electricity production from coal sources (EPC), electricity production from hydroelectric sources (EPH) and electricity production from natural gas sources (EPN), all the data is in percentage of total electricity production. The energy use (EU) data is taken in Kilogram oil equivalent per capita, while the gross domestic product (GDP) data is obtained in current LUC per capita. The present study aims to identify the relationship between CO2, CRW, EC, EPC, EPH, EPN, EU and GDP, respectively. Table 1 shows the source and description of all study variables.
TABLE 1 | Description of the study parameters.
[image: Table 1]3.2 Model specification
Primarily focused on the econometric model proposed by Asumadu-sarkodie et al. (2017), this research work calculated the relationship between a dependent variable (CO2 emissions) and the independent variables (CRW, EC, EPC, EPH, EPN, EU and GDP). The econometric representation of the research variables can be modeled as follows.
[image: image]
Where CO2 represents the carbon dioxide emissions, CRW is for combustible renewable and waste, EC is for electric power consumption, EPC is for electricity production from coal sources, EPH is for electricity production from hydroelectric sources, EPN is for electricity production from natural gas sources, EU is for energy use and GDP is for gross domestic product respectively in the above Equation 1.
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All analysis variables have been converted into a logged mode (ln). The parameters in Equation 2; [image: image] are the long-run elasticity coefficient of CRW, EC, EPC, EPH, EPN, EU and GDP and [image: image] is the error term, respectively.
3.3 ARDL bounds testing method
In this research, an autoregressive distributed lag (ARDL) approach introduced by Pesaran et al. (2001) is investigated. This approach is utilized to study the equations when the variables are stationary at a level I (0) and in first difference I (1). This is why this method is investigated in the current study (Shahbaz et al., 2013; Rahman and Abul Kashem, 2017; Danish et al., 2018). Before applying the ARDL approach, it is necessary to determine whether the variables in question exhibit co-integration. To determine whether there is co-integration between the study variables in terms of their short-term and long-term relationships, an ARDL bound test was conducted.
In this study, the ARDL model is used because it has several desirable features. a) When the data collection is relatively small, the ARDL model should be used. b) Another feature of the ARDL model variables may be stationary in their level form (I (0)), integrated to first order and stationary in their difference (I (1)), or a mixture of I (0) and I (1) is acceptable. When the data collection is relatively small, the ARDL model is optimal. (c) The ARDL approach can simultaneously measure the short-term and long-term coefficients. The short-term coefficients illustrate the correlation between the independent variable and its long-term trend when the dependent variable deviates from its long-term trend. It is noteworthy that the ARDL method combines the nonlinear functions of the coefficients of the conditional error correction model with the bias-corrected bootstrap technique. This is a remarkable feature of the ARDL method. Because of these features, the method can draw statistical conclusions about the predictability of the long-run relationship between the variables under study.
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Where [image: image] is the first difference operator, [image: image] expresses the constant term and the [image: image] donates the residual term. In the previous equations, the coefficients of the short-term relationships are denoted by the symbols [image: image] and the coefficients of the long-term relationships are denoted by the symbols [image: image] in the earlier equations. After validating the long-term relationships among the variables used in this study, the short-term relationships among the variables are now investigated by constructing the ARDL-associated error correction model (ECM), which can be outlined as follows: The research will now investigate the short-term relationships between the variables through the construction of the ARDL-associated error correction model (ECM).
[image: image]
4 RESULTS AND DISCUSSIONS
4.1 Descriptive statistics and correlation statistics
Descriptive statistical analysis is initially designed to interpret the main characteristics of all sample variables (Table 2). Skewness measures how evenly the data are distributed, while kurtosis measures how evenly the dispersion order is distributed. EC and EU both have negative left skews, while all other variables have positive right skews (Table 2). The normality of each variable is determined using the Jarque-Bera test (J-B test). The J-B test yields highly insignificant results at a significance threshold of 5 percent, demonstrating the residuals of all variables are normal. EPC and GDP exhibit a leptokurtic distribution, meaning their respective kurtosis values are above 3 (Table 2). As with the previous variables, a plarykurtic distribution is characterized by a kurtosis value of less than 3 (CO2, CRW, EC, EPH, EPN, and EU).
TABLE 2 | Descriptive statistics analysis for all variables.
[image: Table 2]For all variables used in this study, correlation analysis is measured to determine the intertwined relationship between one variable and another (Table 3). The variables EC, EU and GDP positively impact carbon dioxide emissions, with 96.31 percent, 94.53 percent and 87.95 percent, respectively. Figure 1 illustrates the trend analysis for all the study variables.
TABLE 3 | Correlation matrix results.
[image: Table 3][image: Figure 1]FIGURE 1 | The trend of data variables.
4.2 Unit root test results
It is essential to know the stationarity situation of all variables in the study before measuring the ARDL bounds technique. We use the Augment Dickey and Fuller (ADF) test (Dickey and Fuller 1979), Phillips-Perron (PP) test (Phillips and Perron 1988) and Kwiatkowski-Phillips-Schmidt-Shin (KPSS) unit root tests such as ADF, PP, and KPSS were used to determine whether or not the regressors and regressed variables were stationary (Table 4). Findings show that almost all parameters at the I (0) level are non-stationary, while most of the first difference I (1) variables are stationary with a significance of 5%. From the observations, no variable in the second difference I (2) is stationary. These results prove that the ARDL limit method is an appropriate tool for studying both short-term and long-term relationships. The results may become meaningless and deceptive if the data are not stable.
TABLE 4 | Results of unit root analysis.
[image: Table 4]4.3 Lag order selection criteria and breakpoint unit root test
When using the ARDL method, it is essential to determine the appropriate delay lag length. To achieve this goal, the unconstrained vector autoregression criterion (VAR) is utilized to select the optimal number of model lags. Researchers often avoid long lags because they lead to fewer degrees of freedom. The duration of the lag VAR is determined based on a number of selection factors, with a rule of thumb recommending the adoption of the lag determined by the maximum information criterion. In most cases, the Akaike information criterion (AIC) (Akaike 1974) and Schwarz Information Criterion (SIC) (Schwarz 1978) are used as criteria. The Akaike information criterion (AIC) architecture for selecting lags was applied to determine the correct lags for the model in our research. Based on the AIC and SIC data, the authors of this study concluded that “1″ is the appropriate lag (Table 5). Previous studies (Farhani and Ozturk, 2015; Jebli and Ben Youssef, 2017; Xu and Lin, 2017; Rauf et al., 2018; Ali et al., 2019a; 2019c; Naseem et al., 2020) used the AIC criterion to calculate the number of lag lengths in the ADF test.
TABLE 5 | Lag selection criteria.
[image: Table 5]The time series reliability of the unit root test is unlikely to be exceptionally high unless there are structural perturbations. As an immediate consequence, the breakpoint unit root test is performed sequentially. The unit root test findings reveal that the null hypothesis cannot be rejected for most research variables in the level format. After being identified in the 1990s, the remaining 62.5 percent of structural breaks were found in the 2000s (Table 6).
TABLE 6 | Breakpoint unit root test.
[image: Table 6]4.4 ARDL bound testing and johansen co-integration technique
After completing the unit root test, the next phase in this investigation is to use the ARDL bound test technique. The AIC and SIC are generally used as the basis for the ARDL boundary test method because they tend to determine the requirements more compactly. The value of F-statistic (13.4477) surpasses the upper bounds of critical I (1) values at a 1% significance level (3.9), indicating a long-term relationship between CO2 emissions, CRW, EC, EPC, EPH, EPN, EU, and GDP in Pakistan (Table 7). The results indicate that there is no co-integration and the alternative hypothesis of co-integration is confirmed. Figure 2 estimated the appropriate lag order for the ARDL (1,1,1,0,0,1,1,0) model using the Akaike information criterion (AIC) technique.
TABLE 7 | ARDL Bound Test for co-integration.
[image: Table 7][image: Figure 2]FIGURE 2 | ARDL model selection criterion.
To assess the long-term relationship between CO2 emissions, CRW, EC, EPC, EPH, EPN, EU, and GDP, the study provides an overview of Johansen’s co-integration approach (Johansen and Juselius, 1990) (Table 8). Six co-integration equations are statistically significant at the 5 percent level, as determined by the trace statistics test. Five co-integration equations are statistically significant at the 5 percent level, as indicated by the maximum eigenvalue test. According to the Trace Statistic and Maximum Eigenvalue outcomes, there is a long-standing relationship between variables under investigation.
TABLE 8 | Johansen method of unrestricted co-integration results.
[image: Table 8]4.5 Short-run and long-run estimates
The short-run and long-run dynamic impacts of study parameters are presented in Table 9. Both the LnCRW and LnEU coefficients have a negative impact on long-term CO2 emissions (LnCO2), as shown by the short-run elasticity values at the 1% significance level (Table 9). Changes of only one percent in the coefficients of LnCRW and LnEU result in a reduction in carbon dioxide emissions of 5.6526 and 4.495%, respectively. Contrary to previous studies that found a positive and significant relationship between CO2 emissions and energy use in the short and long run (Sarkodie 2018; Sarkodie and Adams, 2018; Wang et al., 2018; Bekun et al., 2019). These studies concluded that carbon dioxide emissions have a positive effect on energy use. The effect of the coefficient of LnEPN on carbon dioxide emissions is both favourable and significant. Carbon dioxide emissions increase by 0.0568 percentage points for every 1 percent change in LnEPN. When applied to short-term calculations, the ECM shows transition rate from the short-term to the long-term. The ECT (-1) experiment produced a negative result, statistically significant at the 1% level. According to the ECT (-1) results, the divergence between the short-term and long-term equilibrium CO2 emissions is corrected by 86.6 percent annually. A previous study indicated that an increase in economic growth and electricity consumption in the agriculture sector decreases environmental quality in Pakistan (Chandio et al., 2019).
TABLE 9 | Short-run and long-run relationship estimates ARDL (1,1,1,0,0,1,1,0).
[image: Table 9]The long-run relationship shows that three regressors (LnEC, LnEPH and LnGDP) impact the level of LnCO2 emissions positively significant, while the LnCRW, LnEPC coefficients have a negative and significant association with Pakistan’s LnCO2 emissions throughout the sample period (Table 9). A one percent increase in the coefficients of LnEC, LnEPH, and LnGDP results in an increase in LnCO2 emissions of 0.2953 percent, 0.117 percent, and 0.1754 percent, respectively. The outcomes also display that a 1 percent increase in the coefficients of LnCRW and LnEPC will decrease LnCO2 emissions by 2.8288 percent and 0.0164 percent. The remaining variables (LnEPN and LnEU) have a negative and insignificant relationship with LnCO2 emissions.
This research also investigates the long-run estimates by running CCR, FMOLS and DOLS estimate. FMOLS estimates show that for each percent increase in LnCRW, CO2 emissions decrease by 4.7625 percent; for each percent increase in LnEC, CO2 emissions increase by 0.2379 percent; for each percent increase in LnEPH, CO2 emissions increase by 0.1839 percent; and for each percent increase in LnGDP, CO2 emissions increase by 0.1414 percent in Table 10. Similarly, the outcome from DOLS estimates show that a 1 percent rise in LnEC, LnEPH and LnGDP will increase CO2 emissions by 0.2733 percent, 0.1621 percent and 0.1246 percent, respectively. Results from FMOLS, DOLS and CCR estimations gave similar results. Therefore, it can be said that the findings of this study are robust.
TABLE 10 | FMOLS, DOLS and CCR Long-run coefficient estimates.
[image: Table 10]4.6 ARDL diagnostic tests
In addition, to measure model dependability, this research applied Cumulative sum (CUSUM) and Cumulative sum of the square of the recursive residuals (CUSUMsq) tests. To calculate the performance of the existing model, both the CUSUM and CUSUMsq tests (Brown, Durbin, and Evans 1975) are suggested. It is abundantly clear that the crucial values are within the 5% significance level, indicating that all calculated parameters remained constant during the sample period (Figure 3). Therefore, the recommended ARDL approach is appropriate and effective. Many researchers have performed CUSUM and CUSUMsq tests to verify the model’s stability (Mackinnon et al., 1999; Xiao and Phillips, 2002; Lee et al., 2003; Seker et al., 2015; Jebli and Ben Youssef, 2017; Khan S. et al., 2018; Koondhar, 2021; Ali et al., 2019a; Ali et al., 2019b).
[image: Figure 3]FIGURE 3 | Stability test based on (A) CUSUM and (B) CUSUM of squares.
To confirm the reliability of the proposed model, residual diagnostic tests are performed, such as the Breusch-Godfrey serial correlation LM test and the heteroscedasticity test (Table 11). The stability vector autoregression test (VAR) suggested by Pesaran et al. (2001) demonstrates the inverse root estimate of the polynomial AR (Figure 4). All red points are visible within the circle shown on the model, indicating that our model is well constructed for this study.
TABLE 11 | Diagnostic tests results.
[image: Table 11][image: Figure 4]FIGURE 4 | Checking the stability of vector autoregression (VAR).
4.7 Pairwise Granger causality and variance decomposition analysis
A pairwise Granger causality test was also used in the study to determine how reliable the model (Granger and Jji 1988), to clarify causality quickly, and correctly determine the dynamic point of view. This was done to determine the dynamic point of view accurately. Table 12 displays the results of a paired Granger causality test. This test determines whether or not there is a statistically significant link between the study variables and the direction of those correlations. It does so by examining the strength of the correlations between the study variables. The Granger test for directionality demonstrates that the flow of causation between the variables only goes in unidirectional from LnEC → LnCO2, LnEU → LnCO2, LnEU → LnCRW, LnEPC → LnEC, LnEPC → LnEPN, LnEPN → LnEPH and LnGDP → LnEPH, respectively. The outcomes from preceding studies (Shahbaz e al., 2012; Balsalobre-Lorente et al., 2018; Bekun et al., 2019) reported there is a unidirectional causal relationship between energy use and CO2 emissions. The outcomes also display that there is bidirectional causality between LnEPH ↔ LnCO2, LnEC ↔ LnCRW, LnEPH ↔ LnCRW, LnEPH ↔ LnEC, LnEU ↔ LnEC and LnEU ↔ LnEPH respectively.
TABLE 12 | Pairwise Granger causality relationship.
[image: Table 12]To evaluate the model’s efficacy, the pairwise Granger causality test and variance decomposition are calculated and analyzed for all variables in the research. The outcomes of the Cholesky random intervention strategy are shown in Table 13 of this study. According to the results, nearly 0.75 percent of forthcoming variants in LnCO2 are attributable to interference in LnCRW; 26.6% of forthcoming variations in LnCO2 are attributable to interference in LnEC; 1.03 percent of long-term variations in LnCO2 are attributable to interference in LnEPC; 2.71 percent of forthcoming variants in LnCO2 are attributable to interference in LnEPH; and 2.7% of forthcoming variants in LnCO2 are attributable to interference in LnEPH.
TABLE 13 | Variance decomposition using cholesky ordering: LnCO2, LnCRW, LnEC, LnEPC, LnEPH, LnEPN, LnEU and LnGDP.
[image: Table 13]Description from the table indicates that nearly 40.1 percent of the forthcoming variations in LnCRW is due to disturbance in the LnCO2, 18.6 percent of forthcoming variants in the LnCRW is attributable to disruption in LnEC, 5.52 percent of forthcoming variants in the LnCRW is attributable to disruption in LnEPC, 2.87 percent of forthcoming variants in the LnCRW is forthcoming variants in LnEPH, 12 percent of forthcoming variants in the LnCRW is forthcoming variants in LnEPN, 0.1 percent of forthcoming variants in the LnCRW is due to disruption in LnEU, and 9.61 percent of forthcoming variants in the LnCRW is due to disruption in LnGDP respectively.
Furthermore, verification from the outcomes show that almost 28.8 percent of the forthcoming variants in LnEC is due to disturbance in the LnCO2, 2.82 percent of forthcoming variants in the LnEC is attributable to disruption in LnCRW, 0.59 percent of forthcoming variants in the LnEC is attributable to disruption in LnEPC, 1.17 percent of forthcoming variants in the LnEC is attributable to disruption in LnEPH, 5.11 percent of forthcoming variants in the LnEC is attributable to disruption in LnEPN, 0.21 percent of forthcoming variants in the LnEC is attributable to disruption in LnEU, and 3.87 percent of future variations in the LnEC is attributable to disruption in LnGDP respectively.
Moreover, the outcomes in the table display that almost 6.44 percent of the forthcoming variants in LnEPC is attributable to disruption in the LnCO2, 5.15 percent of forthcoming variants in the LnEPC is attributable to disruption in LnCRW, 0.99 percent of forthcoming variants in the LnEPC is attributable to disruption in LnEC, 7.06 percent of forthcoming variants in the LnEPC is attributable to disruption in LnEPH, 0.56 percent of forthcoming variants in the LnEPC is attributable to disruption in LnEPN, 0.86 percent of forthcoming variants in the LnEPC is attributable to disruption in LnEU, and 1.45 percent of forthcoming variants in the LnEPC is attributable to disruption in LnGDP respectively.
In conclusion, the results in the table illustrate that almost 1.99 percent of the forthcoming variants in LnGDP is attributable to disruption in the LnCO2, 5.06 percent of forthcoming variants in the LnGDP is attributable to disruption in LnCRW, 0.28 percent of forthcoming variants in the LnGDP is attributable to disruption in LnEC, 9.97 percent of forthcoming variants in the LnGDP is attributable to disruption in LnEPC, 7.02 percent of forthcoming variants in the LnGDP is attributable to disruption in LnEPH, 38.3 percent of forthcoming variants in the LnGDP is attributable to disruption in LnEPN, and 6.8 percent of forthcoming variants in the LnGDP is attributable to disruption in LnEU respectively.
4.8 Impulse response analysis
After the Pairwise Granger causality test’s estimation, the model’s efficacy will be tested using the Impulse response analysis. This analysis signifies the mechanism through which any certain shock (positive or negative) exhibits spread over time. Figure 5 displays the impulse response of CO2 emissions to the elasticity coefficient of CRW, EC, EPC, EPH, EPN, EU and GDP within 10-period horizons, respectively. The results display that the response of CO2 emissions to LnEC, LnEPN and LnEU is significant inside 10-period. The early response of CO2 emissions to LnCRW is negative over a 2-period and then starts increasing upward over a 9-period horizon. Similarly, the response of CO2 emissions to LnEPC is negative over a 4-period and abruptly starts an upward trend over a 10-period horizon. However, the initial response of CO2 emissions to LnEPH is positive over a 5-period and then starts decreasing over a 10-period. Furthermore, the response of CO2 emissions to LnGDP is negative and shows decreasing trend within a 10-period. Figure 6 illustrates the response of LnCRW, LnEC, LnEPC, LnEPH, LnEPN, LnEU and LnGDP to CO2 emissions, respectively.
[image: Figure 5]FIGURE 5 | Impulse response of CO2 emissions to other variables.
[image: Figure 6]FIGURE 6 | Impulse response of other variables to CO2 emissions.
5 CONCLUSION AND POLICY RECOMMENDATIONS
This research explores the relationship between carbon dioxide emissions (CO2), combustible renewable and waste (CRW), electric power consumption (EC), electricity production from coal (EPC), hydroelectric (EPH) and natural gas (EPN) sources, energy use (EU) and gross domestic product (GDP). This study considered annual data from 1971 to 2014 to estimate the potential relationship between the selected variables for Pakistan. The empirical evidence has been developed by employing unit root tests and the co-integration method used under the Autoregressive distributed lag (ARDL) model. According to the estimation results, the relationship between the dependent and independent variables is both long-term and short-term. The findings of the FMOLS, DOLS and CCR estimation revealed that the coefficients of EC, EPH and GDP all were significantly positive relationship with carbon dioxide emissions, while the coefficients of CRW, EPC and EU were negatively significant, respectively. The short-run analysis indicates that the coefficients of CRW and EU were negative and significantly associated with CO2 emissions. Furthermore, the outcomes from short-run analysis also indicated that the value of ECT was −0.8668, which describes that the variance of CO2 emissions from short-run to long-run equilibrium is adjusted by 86.68 percent annually.
The scope of the study was limited to the following variables in the context of Pakistan: i.e., carbon dioxide emissions, combustible renewable and waste, electric power consumption, electricity production from coal, hydroelectric and natural gas sources, energy use and gross domestic product. Pakistan was chosen as the focus of this study project because the country has experienced an increase in the severity of its power outages and pollution of its natural habitats, both of which directly impact the country’s economic growth and carbon dioxide emissions. However, the consequences may differ in other developing countries operating in the same environment. To implement a low-carbon energy system, Pakistan will need significant planning and financing, in addition to concerted efforts across a wide range of economic sectors. In summary, the main policy recommendation from this study is that Pakistan’s environmental authorities should pursue conservative energy policies, as these policies will not negatively impact the country’s economic development. Expanding Pakistan’s energy portfolio to include renewable energy sources such as biofuel, solar and wind energy is necessary to create a greener environment in the country.
Despite the fact that the present study produced significant empirical findings in the context of Pakistan, there are several shortcomings in our analysis that might be addressed in future studies. One of the drawback of our analysis is the unavailability of the data for some parameters which can have potential impact on carbon emissions in Pakistan. Future studies will need to consider a number of other essential aspects, such as value added by the industrial sector, value added by agriculture, population, level of financial development, foreign direct investment, etc., to produce useful results. Furthermore, this study utilized CO2 emissions as an indicator for environmental pollution from GHGs emissions. More research could be done utilizing consumption-based carbon emissions as a proxy for environmental pollution, as well as other emission indicators, such as nitrous oxide, sulfur dioxide, methane and other short-lived climate forces. Nevertheless, CO2 emission is regarded as a proxy for environmental pollution in this study, which is not the only cause of declining environmental sustainability. Additional indicators of environmental pollution, such as water pollution and land pollution, may be investigated in the future.
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