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Abstract

:

The continuous growth in population, urbanization, and industrial development has been increasing the generation of solid waste (SW) in the Kingdom of Saudi Arabia. Consequently, the associated greenhouse gas (GHG) emission is also following an increasing trend. The collection and use of greenhouse gases emitted from solid waste management practices are still limited. A causality analysis examined the driving factors of the emissions from solid waste management. The methane (CH4) emissions from municipal solid waste (MSW) increased with an increase in gross domestic product (GDP) per capita and urban population, and an increase in foreign direct investment (FDI) inflows and literacy rate was likely to reduce CH4 emissions from municipal solid waste and vice versa. The CH4 emission generated from industrial solid wastes was found to be positively related to GDP per capita, urban population, and FDI inflows. However, a decrease in the unemployment rate was likely to increase CH4 emissions from industrial solid wastes. The future greenhouse gas emissions were projected under different possible socio-economic conditions. The scenario analysis based on different variations of population and GDP growth revealed that methane emission from total waste would increase at an average annual rate of 5.13% between 2020 and 2050, and is projected to reach about 4000 Gg by the end of the year 2050. Although the Kingdom has been taking some initiatives towards climate change mitigation, it has significant opportunities to adopt some of the best practices in solid waste management including reduction, recycling, composting and waste-to-energy, and carbon capture and utilization. This study also put emphasis on developing appropriate policy approaches for climate change mitigation based on the circular economy which is gaining momentum in the Kingdom.
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1. Introduction


The developed and developing countries have been exerting efforts to adopt appropriate climate change mitigation initiatives depending on many factors including international agreement, national climate policy and priority, socio-economic conditions, natural resources, technological advancement level, and human resources. Developing countries have been facing the challenges to select suitable sectors and adopting appropriate mitigation measures. This study selected the solid waste management sector to trace the dynamics and the associated greenhouse gas (GHG) emissions. Greenhouse gases have environmental and health effects. They trap heat which ultimately causes climate change, and they also create smog and air pollution which causes respiratory disease. The increased number of extreme weather events and famine caused by food supply disruptions and increased wildfires are other effects of climate change caused by greenhouse gases. The global GHG emissions from solid waste management have been following an increasing trend [1].



Solid waste (SW) generation rates and composition vary across different regions of the world as it is a function of demographic and socio-economic factors such as local economy, industrial development, population and economic growth, industrialization and urbanization, waste management system, and lifestyle applicable to each country [2,3,4]. The most frequently used parameter for determining total waste generation and forecasting rate is population [5,6]. Per capita solid waste generation rates are not influenced by demographic parameters, rather by other factors [7].



Worldwide, post-consumer waste was estimated to produce about 1300 Mt CO2 eq in 2005, most of which was attributed to landfill and waste compost [8,9]. Methane and carbon dioxide (CO2) are the most dominant types of GHG from the disposal site. Solid waste that is processed in these landfills and waste compost systems are a critical element in estimating GHG emission. Due to economic growth, the standard of living in Saudi Arabia has been, elevated which has resulted in higher SW generation [10,11]. According to Hoornweg and Bhada–Tata [12], approximately 1.3 billion tons of municipal solid waste (MSW) were produced in 2012 and with the current rate of development, it is projected to be 2.2 billion tons of MSW in the year 2025. At present, the Middle East and North African region has a MSW production rate of 1.1 Kg/capita/day which is estimated to be 1.43 Kg/capita/day in 2025. Prominent cities of the Arab world such as Kuwait and Abu Dhabi produce about 1.5 kg SW per capita per day which results in nearly 250,000 tons SW per day for the Arab region [13].



Due to urbanization and growth in wealth, SW generated per capita is growing [14]. Income and demographic indices are the most frequently reported factors in MSW research [15,16]. Gross domestic product (GDP) and population density are reported to have a strong positive correlation with MSW production in China and EU [17]. The environmental Kuznets curve (EKC) postulated that there is an inverted U-shaped relationship between per capita income and environmental degradations [18]. Thus, according to this hypothesis with consistent economic growth, ultimately MSW production will be reduced [19]. A recent report confirmed that the EKC hypothesis holds for Switzerland and bidirectional causality exists between MSW generation and GDP per capita [20]. A statistically significant linear correlation (Pearson’s correlation coefficient r = 0.607 with p < 0.001) had been observed between the income per capita and the annual municipal solid waste generation from research conducted on 39 municipalities in Brazil. A similar relationship was reported for Europe by others [21].



Factors such as consumption patterns and financial expenditure have an impact on MSW generation. Researchers reported from China that family size, income, and education level also have an impact on SW generation rate per household [22]. Studies from Vietnam reported that higher-income families produce less SW and organic fraction per household but more paper and plastic. They also reported that as the education level and family size increase, the household SW generation rate increases [23]. Family size has been shown to have positive correlation with the SW generation rate in India [15]. However, researchers observed that families with median income generated a maximum amount of SW. A study from the agro-industrial region of Podlasie province in northeastern part of Poland revealed that gender, age, and employment rate could influence municipal waste generation rate. The study showed that women produce more waste than men, and the largest contributor is the working-age group from 14 to 64 years. The more employed women in this group, the less the waste generation rate can be expected [24]. In another recent study, the artificial neural network (ANN) was used to analyze demographic and socio-economic data from 220 municipalities in Ontario, Canada. The researchers reported that populations with 45+ years of age have a negative correlation with MSW; thus, the older population creates less waste. However, income and employment have a positive correlation [25].



Emission from waste is heavily influenced by behaviors of the economic and consumers of the society, and they are distinct from other emissions (i.e., SO2, PM) which are production- and activity-based. Lee et al. [19] used the Granger causality test to identify the causal relationship among waste generation, waste emissions, recovery waste generation, and GDP. They reported no causality between GDP and waste generation, but total waste and recycling generation significantly cause positive and negative greenhouse gas emissions from the waste sector, respectively. On the other hand, Song et al. [26] reported evidence supporting an inverted U-shaped relationship between waste emission and GDP using 20 years of (1985–2005) data from 29 Chinese provinces. Ari and Şentürk [27] investigated the relationship between waste emission (i.e., CH4) and GDP per capita for G7 countries. They reported no evidence for the traditional environmental Kuznets curve (EKC) hypothesis and observed an inverted N-shaped curve between CH4 emission and GDP per capita. The study recommends that increasing GDP per capita should be aligned with strong policies for sustainable consumption and production and increasing the efficiency of resources will reduce waste emission.



The municipal solid waste management operation usually consists of several sequential activities after generation, which include collection, transportation, and treatment [28]. All these activities from generation to treatment are significant sources of GHG emission [29]). Biodegradable organics, which occupies a significant portion of MSW, could increase GHG emissions. Globally, the waste management sector generates approximately 1.3 Gt CO2 e every year. This sector is responsible for about 2.8% of total emissions of GHG [3].



The organic degradable segment of MSW usually derives from consumed vegetable and fruit [30]. All over the world landfills are the most common practice for solid MSW disposal [31]. Organic components in the lower layers of open dumps and landfills are decomposed by the anaerobic process, generating landfill gas (LFG) containing about 50–60% methane [32]. The rate of methane production depends on waste characteristics, moisture content, quantity, age, and oxygen availability [33]. Methane has a shorter atmospheric life span and in terms of global warming potentials (GWP) is 21 times stronger than CO2. Landfills are one of the largest anthropogenic sources of methane emission [34]. According to the United States Environmental Protection Agency (USEPA) methane emissions from landfill in Asia, Latin America, and Africa, is equivalent to 37 million metric tons of CO2, which is equivalent to emissions from more than 102 million automobiles [32]. It is reported that less than 10% of the methane potential is being captured and utilized [35]. Landfill gas at a high concentration also causes the risk of explosion [36] and odor problems [37]. Due to the heterogeneous nature of MSW, unreliable data on production rate, diversity in collection and treatment, and the complex biological processes involved in an accurate estimation of GHG, methane emission is quite complicated.



Saudi Arabia is the largest country in the Middle East, which occupies about four-fifths of the Arab Peninsula, with a land area of around 2,149,690 square kilometers [38]. According to the United Nations [39], the total population of Saudi Arabia in 2019 was 34 million, which makes it the most populous country in the Middle East. Due to significant annual growth rate in population (2.3% between 2010 and 2015), total SW generation is expected to increase proportionally. Financial indices such as GDP or Gross National Product (GNP) and per capita income not only have a direct correlation with per capita SW generation rate, but also with the composition of SW. It is reposted that the per capita income of the kingdom increased at 5.26% for the period 1996–2013. This growth was also accompanied by improvement of other human indicators such as education, life expectance, infant mortality rate, etc. The effect of all these factors is not always synergistic on SW generation. For example, studies showed that people with higher education levels generated less waste [40]. During the past three decades, the education sector in the kingdom made significant improvements and the literacy rate was reported to be 94% in 2013. Thus, the effects of the increase in per capita income and education level will counteract each on per capita SW generation.



The above literature review suggests that the main driving factors of the type and the quantity of solid waste generation include urbanization, GDP, employment rate, literacy, gender, lifestyle, household size, population density, old population, economic growth, industrial growth, etc. Emissions from solid waste management systems mainly depend on solid waste management practices, climatic conditions, share of recycling, and emission management system. Many of the driving factors have been following an increasing trend in the Kingdom of Saudi Arabia. Therefore, there is a need to analyze the driving factors and their impact on the greenhouse gas emissions from solid waste management practices. In this study, we adopted a causality-based analysis to trace the impact of selected driving factors on emissions. To support the policy-making process, this study generated a few possible emission scenarios along with suitable climate change mitigation opportunities.




2. Materials and Methods


The steps involved in the growth dynamics analysis and projection of methane emission from the waste sector are shown in Figure 1. At first, available data on different parameters related to waste generation were collected, and causality analysis was performed to examine the best-correlated parameters to methane emission due to municipal and industrial waste disposal. Then a methane emission model proposed by the Intergovernmental Panel on Climate Change, IPCC [3] was used to predict emissions from the year 2020 to 2050. Later, different scenarios in terms of waste diversion were modeled and mitigation measures were proposed. For waste diversion scenarios, the impact of the reduction of municipal as well as industrial waste disposal by 0%, 25%, 50%, and 75% on methane emission was investigated.



2.1. Causality Analysis


This study performed a causality analysis using the EViews statistical package to understand the key drivers of the municipality and industrial solid waste emissions in Saudi Arabia. A number of drivers were examined including GDP per capita (GDPPC), urban population (UPOP), foreign direct investment inflows (FDI), literacy rate (LR), older population (OP), and unemployment rate (UR). Two separate vector error correction models (VECM) were developed for municipal solid waste emissions and industrial solid waste emissions so that the drivers of each type of emissions could be explored comprehensively. Through developing the VECM, both short- and long-run causality analyses between solid waste emissions from their drivers were performed. The details of the data used in these models are provided in Table 1, followed by model specifications and major steps of VECM development.



2.1.1. Model Specifications


As said earlier, this study developed two separate models for the two categories of solid waste emissions: CH4 emissions from municipal solid waste (MSW) and CH4 emissions from industrial waste (ISW). For each category of solid waste emissions, a range of independent or explanatory variables were identified. Model 1 considered CH4 emissions from municipal solid waste (MSW) as the dependent variable and GDP per capita (GDPPC), urban population (UPOP), FDI inflows (FDI), older population number (OP), and literacy rate (LR) as independent or explanatory variables. The independent or explanatory variables for CH4 emissions from industrial waste (ISW) include GDPPC, UPOP, FDI, and unemployment rate, and their relationships are presented in Model 2.



Model 1 and model 2 are specified in Equations (1) and (2), respectively.


(MSW)t = α1 + β1 GDPPCt + β2 UPOPt + β3 FDIt + β4 OPt + β5 LRt + ε1t



(1)






(ISW)t = α2 + β6 GDPPCt + β7 UPOPt + β8 FDIt + β9 URt + ε2t



(2)




where α1 and α2: The intercepts; t: The year; β1 to β9: Coefficients for independent or explanatory variables; and ε1 and ε2: Constant error terms.



The examination of stationarity and non-stationarity of time series data was the initial step for developing a VECM, and this required a logarithmic form of the proposed models (Equations (1) and (2)). Equations (3) and (4) represent the logarithmic form of Equations (1) and (2), respectively.


Ln (MSW)t = ln (α1) + β1 ln (GDPPCt) + β2 ln (UPOPt) + β3 ln (FDIt) + β4 ln (OPt) + β5 ln (LRt) + ln ε1t



(3)






Ln (ISW)t = ln (α2) + β6 ln (GDPPCt) + β7 ln (UPOPt) + β8 ln (FDIt) + β9 ln (URt) + ln ε2t



(4)








2.1.2. Developing VECM Models


The major steps for understanding causal relationships among the dependent and independent variables include (i) examining the existence of unit roots in the data set, (ii) testing the co-integration among variables, and (iii) developing a VECM based on unit root and co-integration test results.



Both the augmented Dickey–Fuller (ADF) test and Phillips–Perron (PP) test were performed to examine the existence of unit roots in a variable. The presence of unit roots indicates the non-stationarity of a time series variable [41] and one of the preconditions for using a time series variable in a vector error correction model (VECM) is that the variable needs to be non-stationary at the level and stationary at the first difference [42]. The ADF test was deployed in this study because it is one of the most widely used unit root tests [43]. On the other hand, the PP test is adopted along with the ADF test because the strength of an ADF test to reject a unit root is often limited [44]. Moreover, Hasan et al. [41] confirmed that the combination of both the tests is likely to provide robust results.



Based on the results of the unit root, this study adopted the Johansen’s test of co-integration to understand if any of the two variables (both dependent and independent variables) were co-integrated. The precondition for developing a VECM model was that at least two variables had to be co-integrated among each other. To investigate the existence of co-integration among different variables, trace statistics (TS) and maximum eigenvalue statistics (MES) were considered. It was assumed that the use of two different statistics would provide reliable results. Finally, based on the unit test and co-integration test results, this study developed the VECM for each emission type and performs the Granger causality test to understand the short- and long-run causal relationship between solid waste emissions and their drivers.





2.2. Methane Emission Calculation


The IPCC [3] method for estimating methane emissions from solid waste disposal sites was based on the first order decay model, which assumes a slow decay of degradable organic carbon in solid waste to methane and carbon dioxide. The model was approximated by the first-order kinetics. The model produced acceptable results for wastes having a historical time period of 3 to 5 half-lives in the landfill. Therefore, a waste disposal data of greater than 50 years produce an acceptable result. The methane emissions were calculated by Equation (1) [3]:


  C  H 4    E m i s s i o n   i n   G g =    [    ∑  x  C  H 4    G e n e r a t e  d  x ,   T   −  R T   ]  ×  (  1 − O  X T   )   



(5)




where T = inventory year; x = waste category; RT = recovered CH4 in year T (Gg); OXT = oxidation factor in year T. The oxidation factor represents the amount of methane that is oxidized in the soil or other material covering the waste. The methane generation in the landfills was calculated using Equations (2)–(5):


  D D O  C m  = W × D O C × D O  C f  × M C F  



(6)




where DDOCm is the mass of decomposable DOC deposited, DOC is the amount of degradable organic carbon deposited in the year of interest as a fraction (Gg C/Gg waste), DOCf is the fraction of DOC that could be decomposed, and MCF is the methane correction factor (as a fraction) for aerobic decomposition in the year the waste was deposited.


  D D O C m  a T  = D D O C m  d T  +  (  D D O C m  a  T − 1   ×  e  − k    )   



(7)




where   D D O C m  a T    and   D D O C m  a  T − 1     are the DDOCm accumulated in the landfill at the end of year T and year T−1 (Gg), respectively;   D D O C m  d T    is the DDOCm deposited in the landfill in year T (Gg),  k  is the reaction constant    (  k = ln  ( 2 )  /  t  1 / 2    )   , where t1/2 is the half-life time (year).


  D D O  C m  d e c o m  p T  =   D D O C m  a  T − 1   ×  (  1 −  e  − k    )   



(8)




where   D D O  C m  d e c o m  p T    is the mass of DDOC decomposed in year T (Gg);


  C  H 4    G e n e r a t e  d T  =   D D O  C m  d e c o m  p T    × F ×   16   12    



(9)




where F = fraction of methane by volume in generated land-filled gas, and 16/12 is the ratio of molecular weight between methane and carbon.




2.3. Waste Collection Practices in Saudi Arabia


The general practice of the collection of MSW in Saudi Arabia is based on a communal system, where open collection containers (5 m3) are kept in public places and the nearby residents and commercial users dump their comingled wastes (mixed solid waste) in the container. Generally, old shopping bags or trash plastic bags are used for bagging the waste and dumping into the container [45]. In some places, curbside collections are observed, where small barrel-type containers (0.25 m3) are used to collect the residents’ disposed waste. Compaction or semi-compaction waste vehicles are used for curbside collection of waste, assisted by the manual emptying of waste containers to the compaction vehicles. The local municipality employs contractors to collect the waste, which is hauled either to the transfer station or directly to the landfill site. Most of the landfilled sites have no facilities for the collection of landfill gas, with some exceptions of Madinah and Jeddah (new and old) landfills [46].



For the management of non-hazardous industrial wastes in Saudi Arabia, MODON (Saudi Authority for Industrial Cities and Technology Zones) and Royal Commission for Jubail and Yanbu (RCJY) are the responsible organizations. MODON offers non-hazardous waste collection services from factories through its own contractor, who dumps the wastes in the landfill. On the other hand, RCJY encourages the industries under its jurisdiction to recycle or reuse industrial waste.



The composition of municipal solid waste in Saudi Arabia varies based on community to community, rural/urban, and agricultural/non-agricultural areas. In urban areas, food waste is the largest fraction of MSW, which is about 50.6% [47], followed by plastic (5–17%), textiles (6.4%), glass (4.6%), and metals (8.1%) [48]. In areas where agricultural activities including date palm farming are prominent, a considerable quantity of green waste (about 6.8%) is observed [45]. The composition of municipal solid waste used in this paper for estimation of CH4 generation from landfill is shown in Figure 2. On the other hand, industrial waste is mainly composed of solid and liquid chemical waste, plastic, ferrous and non-ferrous metal, wood, paper, rubber, textiles, and electronic waste, as shown in Figure 2.




2.4. Estimation of the Urban Population, GDP, and Amount of Solid Waste


Data on the population of Saudi Arabia were extracted from the United Nations [39], which estimated the population based on trends in the demographic components of population change including fertility, mortality, and migration. For projecting the future levels of fertility and mortality, the United Nations [39] used a probabilistic method taking into account the historical variability of uncertainty. In this paper, three projections, namely low, medium, and high variant projections were used, which is shown in Figure 3. In the high variant assumptions, 0.5 births above the total fertility of the medium variant were used, and in the low variant assumption, 0.5 births below the total fertility of the medium variant were used [39]. It should be noted in this regard that as a study area, the entire Saudi Arabia is considered for its urban population and generation of MSW. However, to examine the impact of urbanization on the CH4 emission (Section 3.2.1), some major cities were considered.



The gross domestic product of Saudi Arabia from 1970–2019 was collected from World Bank [38]. The future GDP of Saudi Arabia from 2020–2050 was estimated based on the GDP predicted at market exchange rate by price water Cooper [50], considering the growth in the labor force of working age, increase in human capital, growth in the physical capital stock, and the productivity. The GDP was used in the IPCC model to calculate the CH4 generation from industrial waste. According to GAS [49], about 20.25 million tons of industrial waste was generated in 2017; the value was used to estimate the yearly industrial waste generation rate per GDP as 0.0294 Gg/Million $GDP/year.



The per capita MSW generation in Saudi Arabia (Figure 4) between 2010 and 2017 ranged between 1.15 and 2.04 kg/capita/day [52], which is based on the total population of the country. The waste generation rate decreased in 2018 to 1.72 kg/capita/day, which is due to the encouragement of business owners by the government to recycle more and dump less [52]. However, due to the lack of published MSW generation data except 2010-2018, for the projection of total urban MSW generation, the value proposed by the IPCC [3] was used. The average MSW generation rate for Saudi Arabia proposed by IPCC [3] is 470 kg/capita/year (1.29 kg/capita/day). The total amount of MSW (Equation (6)) was calculated based on the estimated population (Figure 3) and the solid waste generation rate:


  T o t a l   a m o u n t   o f   M S  W T  = P e r   c a p i t a   M S  W T  × P o p u l a t i o n   p r o j e c t i o n  



(10)







Figure 4 shows the projected amount of total urban MSW for three population scenarios from 1990 to 2050. The yearly generated amount of MSW was used in the IPCC model for the calculation of CH4 generation. Table 2 and Table 3 summarize the parameters used along with their value, and input parameters for waste composition in the IPCC model.





3. Results and Discussion


3.1. Causality Analysis


3.1.1. Unit Root Test


Table 4 presents the results of unit root tests for each of the variables. It is evident from Table 4 that except for older population (OP) data, all the other variables were non-stationary at level but stationary at first difference. Therefore, the older population data will not be used in the VECM development as they did not meet the criteria. Other independent or explanatory variables are suitable for developing VECM models.




3.1.2. Johansen’s Test of Co-Integration


The presence of at least one co-integrating equation is one of the pre-conditions for developing a VECM model. This implies that at least two of the time series variables used in this study needed to be integrated among each other [42]. The results of Johansen’s test of co-integration for model 1 and model 2 are presented in Table 5 and Table 6, respectively. Results show the presence of at least one co-integrating equation in the model at 0.05 level. This justifies the development of a VECM for this study instead of a vector autoregression (VAR) model.



Table 7 and Table 8 present the co-integrating coefficients of various independent or explanatory variables for model 1 and model 2, respectively. The sign of a coefficient shows the relationship between an independent variable and the corresponding dependent variable. Results presented in Table 7 indicate that CH4 emissions generated from municipal solid wastes in Saudi Arabia were positively correlated with GDP per capita and urban population. This implies that emissions from municipal solid waste increase with an increase in GDP per capita and urban population. The relationship running from FDI inflows and literacy rate to municipal solid waste emissions was negative, which suggested that an increase in FDI inflows and the literacy rate was likely to reduce CH4 emissions from municipal solid waste and vice versa. The R-squared value of model 1 was 0.86 which meant that the independent variables used in the model explained the variation of the dependent variable very well. Regarding model 2, CH4 emissions generated from industrial solid wastes in Saudi Arabia had a positive relationship with GDP per capita, urban population, and FDI inflows. However, the relationship between the unemployment rate and industrial solid waste emissions was negative, meaning that a decrease in the unemployment rate is likely to increase CH4 emissions from industrial solid wastes. An R-squared value of 0.90 suggested that the independent variables used in model 2 mostly present the variations of the dependent variable.




3.1.3. Short- and Long-Run Granger Causality (GC) Tests


This study adopted the Granger causality tests to explore how independent or explanatory variables (e.g., GDP per capita, urban population, FDI inflows, literacy rates, and unemployment rates) are contributing to CH4 emissions from municipal and industrial solid wastes both in the short-run and long-run. One of the advantages of Granger causality tests is that they examine the direction of causality between the dependent and independent variables. F-statistics were used to understand the significance of variables to cause an event in the short-run while t-statistics were used for long-run causality tests [41]. Table 9 and Table 10 present the results of short- and long-run causality tests for models 1 and 2, respectively.



The results of the Granger causality test for model 1 showed that GDP per capita, urban population, and FDI inflows had both short- and long-run causal relationships with municipal solid waste emissions and these relationships are significant at 0.001 level (Table 9). In contrast, only GDP per capita had a short- and long-run causal relationship with industrial solid waste emissions (Table 10). The Granger causality test of Model 1 showed that there was a unidirectional short-run causal relationship running from GDP per capita to urban population, FDI inflows, and literacy rate. It also showed that literacy rates caused FDI inflows in the short run. Municipal solid waste emissions had a bi-directional short-run causal relationship with urban population and FDI inflows. This implies that the urban population and FDI inflow cause emissions in the short-run, and vice versa. The results of the Granger causality test for model 2 are presented in Table 10. The results show that GDP per capita had a bidirectional causal relationship with both urban population and FDI inflows in the short run. Results also showed that the unemployment rate has a causal relationship with urban population while there is a causal relationship running from industrial solid waste emissions to FDI inflows. These findings imply that GDP per capita has a strong- and long-run relationship with both municipal and industrial solid waste emissions and the development of a zero-waste economy is crucial for Saudi Arabia to reduce emissions from the solid waste sector.





3.2. Historical CH4 Emission from MSW and Industrial Waste and Predicted Future Emission


The results of calculations of methane emission from 1990 to 2050 are presented in Figure 5. Methane emission from MSW and industrial waste is presented separately to facilitate a clear understanding of the contributions made by the municipal and industrial waste sectors. Generally, an increasing pattern of methane emission from total waste was observed at an average annual rate of 5.53% between 1990 and 2019, and 5.13% between 2020 and 2050. Methane generation from total waste is projected to reach about 4000 Gg by the end of the year 2050, which is an increase of 370% compared to methane emitted in 2019. When considering only MSW, methane emission was impacted by the variation of the population. Figure 5 presents the historical methane emission (1990–2019) from MSW for medium variant population and that of the projected methane emission (2020 to 2050) for low, medium, and high variations of the population [39]. It was observed that both low and high variant populations caused a maximum of 5% variation (more specifically, 4.99% for low variant and 4.69% for high variant) in methane generation compared to the medium variant population. The maximum variation of methane generation due to population occurred in the year 2050. The variation of the population was considered one of the important factors in projecting methane emission due to its direct association in MSW generation and thus methane emission. Other factors, such as the fraction of DOC and waste component composition in MSW stream, are also important factors but are less likely to be varied in a wide range and impact methane generation [54].



It is interesting to observe that the methane emission from MSW and industrial waste was comparable until the year 2010 (Figure 5). However, in five years (i.e., in 2015), methane emission from the industrial sector increased more than 1.5 times that of municipal solid waste. One reason of this increased emission from industrial waste is connected to the increase of GDP in those years, which was used to estimate the methane emission from the industrial waste sector [3]. The trend of the increased GDP continued until 2019 and reflected when projecting the future GDP between 2020 and 2050 (Figure 3). The projected GDP was also commensurate to an unprecedented national reform proposed by Saudi Government, VISION 2030, which was lodged in April 2016 to boost the Saudi national GDP [55]. As a result, it is obvious that a major share of total methane emission (about 86%) will be carried out by the industrial waste sector by 2050, as shown in Figure 5.



3.2.1. Impact of Urbanization on the CH4 Emission


In the previous section, CH4 emission from municipal solid waste was discussed for the total urban population of Saudi Arabia, which presented a general overview of the status of the historical and predicted CH4 emission from the landfills. However, further investigation was conducted to estimate methane emissions in different major cities in Saudi Arabia to understand the growth dynamics of municipal solid waste in these cities. Increasing urbanization is the major cause for GHG emission increment. According to a UN report, the total city area of the world would be three times the current values and three-quarters of the world population will be living in cities in 2030 [56]. As a result, GHG emission is expected to increase drastically. In Saudi Arabia, an exceptionally high increase in population was observed in some large cities including Riyadh, Madinah, Makkah, Jeddah, and Dammam between 1975 and 2015 [56]. These cities were mainly benefitted either from the kingdom’s oil revenue or Islamic pilgrimage and attracted people from rural or small urban areas as well as from abroad by providing jobs. According to the United Nations [51], the population in the aforementioned major cities increased from none in 1975 to about 14.4 million in 2015, and by 2030, another 5.1 million people are expected to be living in these major cities. The trend of increased urbanization in major cities is reflected in producing higher methane emissions in these cities as shown in Figure 6. In a decade, methane emission in Riyadh is expected to reach about 70 Gg, followed by Jeddah, Makkah, Madinah, and Dammam. Methane emissions from other cities are expected to be below 10 Gg. The results presented in Figure 6 can be utilized by the local municipalities of these cities for taking any mitigation plan in reducing methane emission from the disposal of municipal solid waste.





3.3. Mitigation Measures to Reduce Methane Emission


Diversion of solid waste from disposing to landfill is the fundamental pathway to reduce methane emission [1]. However, rarely are there clear guidelines available in Saudi Arabia on methane reduction based on different waste disposal scenarios. Figure 7 predicts the reduction of methane emissions due to waste diversion from landfills in 16 combinations of municipal as well as industrial waste between the year 2020 and 2050. As can be seen from Figure 7a, for a 100% disposal (zero diversion) of municipal solid waste, methane emission can be reduced by 21%, if industrial waste disposal can be diverted by 25%. It was possible to further reduce the methane emission by 42% and 63% for a reduction of industrial waste disposal by 50% and 75%, respectively. The prediction clearly identifies that more attention is needed in Saudi Arabia for diverting industrial waste from landfills. In fact, the Saudi government has realized such a need of diverting industrial waste and has adopted several measures to reduce the disposal of industrial waste to landfills. According to GAS [49], in Jubail industrial area, 34% of industrial waste was recycled in 2010, which increased to 54% in 2018; 41% of the industrial waste was landfilled in 2010, which decreased to 34% in 2018.



It is obvious from Figure 7b–d that more reduction of methane emission is possible when MSW is also diverted from the landfill. However, the reduction of methane emission is more sensitive to industrial waste diversion compared to municipal waste. The phenomenon is presented in Figure 8. A sensitivity analysis was carried out to identify which waste diversion is crucial to the reduction of methane emission by assuming 50% disposal of both types of waste as the standard practice. It was observed (from Figure 8) that for a reduction of 25% disposal, emission from industrial waste was reduced by 38%, which was 27% for municipal solid waste. The findings again iterated that recycling and other types of mitigation measures will be more effective in reducing the methane emission in Saudi Arabia if applied to industrial waste.



Achievement of the above-mentioned disposal reduction is possible by utilizing several mitigation initiatives. For example, adaptation of 4R (i.e., reduce, reuse recycle, and recovery) approach could generate less waste and consequently less methane gas [57]. Waste-to-energy (WTE) tools such as incineration, pyrolysis, refuse derived fuel (RDF), or anaerobic digestion with biogas recovery approach could be implemented to reduce methane emissions in Saudi Arabia. Energy content of waste could be directly converted to steam or electricity through WTE technology [58]. Electricity and heat generation efficiencies for WTE systems were reported to be in the range of 18~35% and 63~78%, respectively. However, simultaneous production of power and heat was reported to have 83% efficiency [59,60,61]. Combustion efficiency of 25% was assumed by some reports in calculating the WTE for Saudi Arabia [62]. Recent studies using multi-criteria analysis done for the GCC countries showed that among the WTE technologies, anaerobic digestion (AD) and landfill gas recovery had the best and gasification had the worst model result [54]. The financial model analyzed the current situation of MSW sector in Saudi Arabia showed that AD and gasification WTE plants are financially profitable endeavors in terms of investment indicators, i.e., net present value (NPV), internal rate of return (IRR), modified internal rate of return (MIRR), profitability index (PI), and Levelized Cost of Waste (LCOW) [63]. Recent studies reported new technologies such as membrane, solvent absorption, adsorption, and low-temperature techniques such as cryogenic could be successfully applied for capturing methane gas [64,65].



Another innovative and promising approach for reducing methane emission is the adaptation of circular economy (CE). One of the pillars of CE is the Cradle to Cradle® (C2C) design framework for product and process design. One of the principles of this framework is “waste equals food” [66]. The perpetual flow of food/nutrients through biological and technical metabolism would reduce waste and maximize economic and ecological benefit. In this framework, materials are considered as nutrients. The perpetual flow of nutrients through biological and technical metabolism would reduce waste and maximize economic and ecological benefits [67]. CE has been implemented mostly in developed countries of North America, Europe, and Asia for waste management at different levels from policymaking to consumer awareness creation [67,68]. It is reported that it may be possible to achieve a 20–30% reduction in methane emission by adopting CE [69].



The water–energy–food (WEF) nexus approach may also be effective for Saudi Arabia in reducing methane emission. In a recent study, Foden et al. [70] applied the WEF approach at the domestic kitchen as sites where eating habits, cleaning, cooking, and disposing of waste are considered together. However, the domestic kitchen is very much influenced by the local community, regional or central government policy, geopolitical situation, and municipal and other services available in the locality in which it is situated. As mentioned previously, anaerobic digestion could be one of the most promising techniques for MSW treatments. From a WEF nexus viewpoint, MSW used as feedstock for AD is particularly desirable as it offers several benefits across energy, food, and water domains [70].



Capturing landfill gas and flaring to reduce methane emission in the atmosphere is gaining momentum in Saudi Arabia. Landfill gas collection and a flaring system has been installed in Madinah and Jeddah landfills, which is expected to reduce landfill gas of 139,108 and 355,425 metric tons of CO2 equivalent per annum, respectively [46].





4. Conclusions


The increasing trend in population, urbanization, and industrial development has been forcing similar trends in solid waste generation and greenhouse gas emissions in the Kingdom of Saudi Arabia. The collection and use of greenhouse gases emitted from solid waste management practices are still not matured in the Kingdom. This study investigated the factors driving the emissions from solid waste management and trends of them focusing on greenhouse gas emissions. A causality analysis examined the driving factors of the emissions from solid waste management of the Kingdom and revealed that the methane (CH4) emissions from municipal solid waste are positively related with gross domestic product (GDP) per capita and urban population, and an increase in foreign direct investment (FDI) inflows and literacy rate is likely to reduce CH4 emissions from municipal solid waste and vice versa. The CH4 emissions generated from industrial solid wastes have a positive relationship with GDP per capita, urban population, and FDI inflows. However, a decrease in the unemployment rate is likely to increase CH4 emissions from industrial solid wastes. The future greenhouse gas emissions were projected under different possible socio-economic conditions. The scenario analysis based on different variations of the population revealed that the CH4 emissions from municipal solid waste management may vary between 537 and 590 Gg, and emission from total waste may reach about 4000 Gg in 2050. The future GHG emission scenarios from solid waste management practices and the climate change mitigation opportunities having other co-benefits are expected to support relevant options including reduction, recycling, composting and waste-to-energy, and carbon capture and utilization. The industrial sector has already adopted some encouraging efforts such as recycling initiatives which have been impacting climate change mitigation positively. The circular economy approach is also getting initial momentum in the country.



Policy Implications


This study has significant policy implications for the waste sector of Saudi Arabia. For example, a causal relationship between solid waste emissions (both municipal and industrial) and GDP per capita implies that Saudi Arabia’s GDP needs to be diverted towards a zero-waste economy. The causal relationship between urban population and emissions indicates that waste generation rates in Saudi cities needs to be halted and the waste management system needs to be improved to tackle the burgeoning solid waste emissions. FDI inflows also need to be channeled via a zero-waste policy so that the causal relationship between FDI inflows and municipal solid waste emissions can be decoupled.



In general, the developing countries have been suffering from the availability of relevant data to develop policies based on quantitative and objective analysis. The Kingdom of Saudi Arabia is not an exception in this regard especially for the management of greenhouse gas emissions from solid waste management practices. This study traced the main driving factors of emissions, projected the emissions for different scenarios, and highlighted some suitable climate change mitigation opportunities for the Kingdom. The results of this study will support the policymakers to understand the dynamics of the driving factors and trace the current and future contributions of solid waste management practices in national greenhouse gas inventories. The results will help to track national greenhouse gas emissions and prioritize climate change mitigation initiatives. However, the researcher community should come forward to develop appropriate quantitative analyses focusing on wide varieties of climate change mitigation options to support the policymakers.
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Figure 1. Steps involved for causality analysis and prediction modeling. 
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Figure 2. Composition of (a) municipal solid waste (MSW) [3] and (b) industrial waste [49] in Saudi Arabia. 






Figure 2. Composition of (a) municipal solid waste (MSW) [3] and (b) industrial waste [49] in Saudi Arabia.



[image: Applsci 11 01737 g002]








	Data (Symbol)
	Description
	Period
	Unit
	Source





	CH4 emissions from municipal solid waste (MSW)
	This includes CH4 emissions generated from municipal solid wastes in Saudi Arabia
	1970–2019
	Gigagram (Gg)
	IPCC [3]



	CH4 emissions from industrial solid waste (ISW)
	This includes CH4 emissions generated from industrial solid wastes in Saudi Arabia
	1970–2019
	Gigagram (Gg)
	IPCC [3]



	Older population (OP)
	This presents the total number of population at the age of 60 and over
	1970–2019
	Years
	World Bank [38]



	Literacy rate (LR)
	This shows the percentage of people who can read and write in Saudi Arabia
	1970–2019
	%
	World Bank [38]



	Unemployment rate (UR)
	This shows the share of Saudi Arabia’s labor force who are unemployed but seeking employment opportunities
	1970–2019
	%
	World Bank [38]



	Foreign direct investment inflows (FDI)
	This presents the monetary value of inward direct investments made by non-resident investors in Saudi Arabia
	1970–2019
	Current USD
	World Bank [38]



	Urban population (UPOP)
	The total number of population living in urban areas
	1970–2019
	Person
	United Nations Statistics Division [39]



	GDP per capita (GDPPC)
	The monetary value of all domestic products produced in a year in Saudi Arabia, divided by the country’s population
	1970–2019
	US dollar (USD)
	World Bank [38]
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Figure 3. Population and gross domestic product (GDP) projection of Saudi Arabia [50,51]. 
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Figure 4. Per capita [52], historical, and projected (2020–2050) total urban MSW generation in Saudi Arabia. 
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Figure 5. Historical and predicted CH4 emission from MSW and industrial waste between 1990 and 2050 (due to population variation). 






Figure 5. Historical and predicted CH4 emission from MSW and industrial waste between 1990 and 2050 (due to population variation).



[image: Applsci 11 01737 g005]







[image: Applsci 11 01737 g006 550] 





Figure 6. Historical and predicted CH4 emission from MSW in major cities in Saudi Arabia between 2015 and 2025 (methane emission was calculated based on population data from the United Nations [51]). 
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Figure 7. Impact of waste diversion from landfills on CH4 emission between 2020 and 2050 (a) diversion combinations of MSW of 0% with industrial waste of 0%, 25%, 50%, and 75%, respectively (b) diversion combinations of MSW of 25% with industrial waste of 0%, 25%, 50%, and 75%, respectively (c) diversion combinations of MSW of 50% with industrial waste of 0%, 25%, 50%, and 75%, respectively (d) diversion combinations of MSW of 75% with industrial waste of 0%, 25%, 50%, and 75%, respectively. 
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Figure 8. Sensitivity analysis of methane emission to waste diversion. 
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Table 1. Data used in causality analysis.
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	Data (Symbol)
	Description
	Period
	Unit
	Source





	CH4 emissions from municipal solid waste (MSW)
	This includes CH4 emissions generated from municipal solid wastes in Saudi Arabia
	1970–2019
	Gigagram (Gg)
	IPCC [3]



	CH4 emissions from industrial solid waste (ISW)
	This includes CH4 emissions generated from industrial solid wastes in Saudi Arabia
	1970–2019
	Gigagram (Gg)
	IPCC [3]



	Older population (OP)
	This presents the total number of population at the age of 60 and over
	1970–2019
	Years
	World Bank [38]



	Literacy rate (LR)
	This shows the percentage of people who can read and write in Saudi Arabia
	1970–2019
	%
	World Bank [38]



	Unemployment rate (UR)
	This shows the share of Saudi Arabia’s labor force who are unemployed but seeking employment opportunities
	1970–2019
	%
	World Bank [38]



	Foreign direct investment inflows (FDI)
	This presents the monetary value of inward direct investments made by non-resident investors in Saudi Arabia
	1970–2019
	Current USD
	World Bank [38]



	Urban population (UPOP)
	The total number of population living in urban areas
	1970–2019
	Person
	United Nations Statistics Division [39]



	GDP per capita (GDPPC)
	The monetary value of all domestic products produced in a year in Saudi Arabia, divided by the country’s population
	1970–2019
	US dollar (USD)
	World Bank [38]
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Table 2. Assumptions and parameters used in calculating CH4 emission in the IPCC [3] model.






Table 2. Assumptions and parameters used in calculating CH4 emission in the IPCC [3] model.





	
Parameters

	
Assumptions/Value/Time Series

	
Data Source






	
Starting year

	
1970

	




	
Urban population (in millions)

	
1970–2050

	
United Nations [39]




	
Total gross domestic product (GDP) (at current USD)

	
1970–2019

	
World Bank [38]




	
2020–2050

	
Price Water Cooper [50]




	
Period of methane calculation

	
1970–2050

	




	
Per capita waste generation

	
470 kg/capita/year

	
[3,53]




	
% MSW disposed to landfill

	
96%

	
[3]




	
Fraction of methane in developed gas

	
0.5




	
C to CH4 conversion factor

	
16/12




	
Oxidation factor

	
0 (for managed landfill)




	
Methane correction factor

	
0.6




	
Delay time

	
6 months
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Table 3. Input parameters for waste composition in Saudi Arabia used in the IPCC [3] model.






Table 3. Input parameters for waste composition in Saudi Arabia used in the IPCC [3] model.













	Waste Composition
	% Disposed to Landfill
	Degradable Organic Carbon (DOC)
	Fraction of DOC Decomposed (DOCf)
	Rate of Reaction Constant (k)
	Half-Life Time (t1/2)





	Food
	48%
	0.15
	0.7
	0.085
	8.2



	Paper
	21%
	0.4
	0.5
	0.045
	15.4



	Wood
	1%
	0.43
	0.1
	0.025
	27.7



	Plastics, other inert
	30%
	0
	
	
	



	Industrial waste
	100%
	0.150
	0.7
	0.065
	10.7
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Table 4. Unit root test of dependent and independent variables.






Table 4. Unit root test of dependent and independent variables.





	
At Level

	
ADF Test (t-Statistics)

	
PP Test (t-Statistics)




	

	
Intercept (I)

	
Intercept and Trend (I&T)

	
Intercept (I)

	
Intercept and Trend (I&T)






	
MSW

	
7.88 (0)

	
−3.12 (0)

	
5.35 (4)

	
−2.95 (2)




	
ISW

	
0.96 (10)

	
−2.22 (10)

	
2.24 (4)

	
−0.54 (4)




	
GDPPC

	
−0.96 (0)

	
−1.53 (0)

	
−1.09 (1)

	
−1.80 (2)




	
UPOP

	
0.02 (1)

	
−2.69 (1)

	
2.53 (5)

	
−1.56 (5)




	
FDI

	
−2.60 (1)

	
−2.56 (1)

	
−2.00 (2)

	
−1.85 (2)




	
OP

	
2.02 (1)

	
0.42 (1)

	
6.66 (5)

	
3.23 (4)




	
LR

	
−1.97 (0)

	
−1.39 (0)

	
−1.93 (1)

	
−1.39 (0)




	
UR

	
−2.3 (1)

	
−2.62 (1)

	
−2.00 (2)

	
−2.13 (3)




	
At First Difference

	

	

	

	




	
MSW

	
−2.98 ** (0)

	
−5.44 ***(0)

	
−2.66 * (2)

	
−5.50 *** (3)




	
ISW

	
−1.55 (9)

	
−2.84 * (9)

	
−1.94 (3)

	
−1.69 (3)




	
GDPPC

	
−5.20 *** (0)

	
−5.15 *** (0)

	
−5.18 *** (2)

	
−5.13 *** (2)




	
UPOP

	
−2.04 (0)

	
−1.73 (0)

	
−2.96 * (3)

	
−1.99 (3)




	
FDI

	
−4.75 *** (0)

	
−4.72 *** (0)

	
−4.76 *** (2)

	
−4.73 *** (2)




	
OP

	
−0.52 (0)

	
−1.90 (0)

	
−0.51 (1)

	
−1.93 (1)




	
LR

	
−5.99 *** (0)

	
−6.37 *** (0)

	
−5.99 *** (1)

	
−6.36 *** (1)




	
UR

	
−4.87 *** (0)

	
−4.93 *** (0)

	
−4.87 *** (1)

	
−4.94 *** (1)








Note: Lag lengths are chosen based on the Schwarz Information Criterion (SIC) and presented within parenthesis. ***, **, and * illustrate the level of significance at 0.01, 0.05, and 0.1 level, respectively.
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Table 5. Results of Johansen’s test of co-integration for model 1.






Table 5. Results of Johansen’s test of co-integration for model 1.





	No. of Co-Integrating Equation (CE)
	Hypothesis
	Trace
	Maximum Eigenvalue





	r = 0
	No CE
	109.00 ***
	56.88 ***



	r = 1
	At most 1 CE
	52.12 **
	22.08 **



	r = 2
	At most 2 CE
	30.04
	18.85



	r = 3
	At most 3 CE
	11.19
	11.04



	r = 4
	At most 4 CE
	0.15
	0.15







Note: ** and *** illustrate the level of significance at 0.05, and 0.01 levels, respectively.
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Table 6. Results of Johansen’s test of co-integration for model 2.






Table 6. Results of Johansen’s test of co-integration for model 2.





	No. of Co-Integrating Equation (CE)
	Hypothesis
	Trace
	Maximum Eigenvalue





	r = 0
	No CE
	86.47 ***
	32.69 *



	r = 1
	At most 1 CE
	53.77 **
	27.76



	r = 2
	At most 2 CE
	26.01
	15.91



	r = 3
	At most 3 CE
	10.10
	9.11



	r = 4
	At most 4 CE
	0.98
	0.98







Note: *, **, and *** illustrate the level of significance at 0.1, 0.05, and 0.01 levels, respectively.
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Table 7. Co-integrating equation for model 1.






Table 7. Co-integrating equation for model 1.





	
Dependent Variable: MSW

	

	




	
R-Squared Value: 0.86

	

	




	
Explanatory Variable

	
Coefficient

	
Standard Errors

	
t-Statistics






	
Constants

	
4.85

	
0.92

	
5.29




	
GDPPC

	
0.0003

	
8.47 × 10−5

	
3.09




	
UPOP

	
5.07 × 10−6

	
1.39 × 10−6

	
3.66




	
FDI

	
−1.22 × 10−10

	
3.91 × 10−11

	
−3.12




	
LR

	
-0.096

	
0.08

	
−1.15
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Table 8. Co-integrating equation for model 2.






Table 8. Co-integrating equation for model 2.





	
Dependent Variable: ISW

	

	




	
R-Squared Value: 0.90

	

	




	
Explanatory Variable

	
Coefficient

	
Standard Errors

	
t-Statistics






	
Constants

	
−1.57

	
2.48

	
−0.63




	
GDPPC

	
0.001

	
0.0003

	
3.96




	
UPOP

	
4.34 × 10−6

	
5.2 × 10−6

	
0.82




	
FDI

	
1.67 × 10−10

	
1.29 × 10−10

	
1.29




	
UR

	
−1.18

	
1.69

	
−0.69
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Table 9. Model 1: Short- and long-run causality test results.






Table 9. Model 1: Short- and long-run causality test results.





	
Short-Run GC–F Statistics

	
Long-Run GC-t Statistics




	

	
Ln (MSW)

	
Ln (GDPPC)

	
Ln (UPOP)

	
Ln (FDI)

	
Ln (LR)

	
Error Correction Term (ECT)






	
Ln (MSW)

	
-

	
9.55 *** (0.003)

	
13.37 (0.0007)

	
9.72 (0.003)

	
1.33 (0.26)

	
−2.36 ** (0.02)




	
Ln (GDPPC)

	
1.30 (0.26)

	
-

	
1.62 (0.21)

	
1.38 (0.25)

	
0.54 (0.47)

	
3.09 *** (0.003)




	
Ln (UPOP)

	
3.02 * (.09)

	
4.07 ** (0.05)

	
-

	
0.24 (0.63)

	
0.39 (0.53)

	
3.66 *** (0.001)




	
Ln (FDI)

	
3.31 * (0.08)

	
9.05 *** (0.004)

	
1.50 (0.23)

	
-

	
7.26 *** (0.01)

	
−3.12 *** (0.003)




	
Ln (LR)

	
0.06 (0.81)

	
0.45 (0.51)

	
0.08 (0.79)

	
0.09 (0.76)

	
-

	
−1.15 (0.26)








Note: Probability value ‘p’ is presented in parenthesis, and *, **, and *** show significance at 0.1, 0.05, and 0.001 levels, respectively.
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Table 10. Model 2: Short- and long-run causality test results.






Table 10. Model 2: Short- and long-run causality test results.





	
Short-Run GC–F Statistics

	
Long-Run GC-t Statistics




	

	
Ln (ISW)

	
Ln (GDPPC)

	
Ln (UPOP)

	
Ln (FDI)

	
Ln (UR)

	
Error Correction Term (ECT)






	
Ln (ISW)

	
-

	
15.69 *** (0.0003)

	
0.68 (0.41)

	
1.66 (0.20)

	
0.48 (0.49)

	
12.45 *** (0.000)




	
Ln (GDPPC)

	
0.24 (0.63)

	
-

	
4.00 ** (0.05)

	
4.36 ** (0.04)

	
1.63 (0.21)

	
3.96 *** (0.0003)




	
Ln (UPOP)

	
0.59 (0.45)

	
2.72 * (0.10)

	
-

	
0.44 (0.51)

	
3.76 * (0.06)

	
0.82 (0.41)




	
Ln (FDI)

	
4.15 ** (0.05)

	
8.92 *** (0.004)

	
1.80 (0.19)

	
-

	
0.03 (0.87)

	
1.29 (0.20)




	
Ln (UR)

	
0.01 (0.91)

	
0.25 (0.62)

	
1.33 (0.25)

	
1.09 (0.30)

	
-

	
−0.70 (0.49)








Note: Probability value ‘p’ is presented in parenthesis, and *, **, and *** show significance at 0.1, 0.05, and 0.001 levels, respectively.
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