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Abstract

:

Forecasting energy demand and supply is the most crucial concern for energy policymakers. However, forecasting may introduce uncertainty in the energy model, and an energy policy based on an uncertain model could be misleading. Without certainty in energy data, investors cannot quantify risk and trade-offs, which are compulsory for investments in energy projects. In this work, the energy policies of Pakistan are taken as a case study, and flaws in its energy policymaking are identified. A novel probabilistic model integrated with curve fitting methods was proposed and was applied to 17 different energy demand and supply variables. Monte Carlo simulation (MCS) was performed to develop probabilistic energy profiles for each year from 2017 to 2050. Results show that the forecasted energy supply of Pakistan in the years 2025 and 2050 would be 70.69 MTOE and 131.65 MTOE, respectively. The probabilistic analysis showed that there is 14% and 6% uncertainty in achieving these targets. The research shows the expected energy consumption of 70.33 MTOE and 189.48 MTOE in 2025 and 2050, respectively, indicating uncertainties of 65% and 31%. Based on the results, eight energy policy guidelines and recommendations are provided for sustainable energy resource management. This study recommends developing a robust and sustainable energy policy for Pakistan with the help of transparent governance.
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1. Introduction


Coordinated energy planning and formulation of energy policy can help a country to overcome an energy crisis. Such a milestone is only plausible when using robust energy models that can predict future energy demand and supply in a reliable manner [1]. The analytical mechanism to achieve such a goal is developing an integrated energy planning (IEP) and policy formulation for the energy sector [2]. The IEP helps to integrate energy plans and policies of the energy sector through rigorous coordination among various energy subsectors. Moreover, IEP and energy policymaking can help build indigenous capacity, optimizing the energy utilization for short, medium, and long-term energy planning processes [3]. However, an energy forecast that fails to account for the uncertainties in the model or the energy system can lead to the failure of IEPs and could be a setback to developing a robust energy policy. Energy policymakers can make better decisions by considering uncertainties in energy data measurement methods and tools.



Moreover, the considerations of multiple outcome scenarios of energy demand and supply, instead of one, can help energy policymakers to assess the risk of failure of energy policies. Subsequently, an effective energy policy can be developed [4]. As shown in Figure 1, using energy modelling tools, IEP integrates the energy plans and procedures to meet socio-economic objectives and provides policy scenarios based on demand and supply of energy [5]. Figure 1 shows the five stages of the IEP process, starting from national socio-economic objectives, energy demand, energy supply, energy balance, and policy formulation. At the first stage of IEP, national socio-economic goals are established, which analyze the economic impacts of energy policies. The analysis and quantification of energy demand and supply are performed in the second and third stages. The energy balance and projections are constructed in the fourth stage. Based on the energy balance and projections, appropriate adjustments can be made in stage 2 and stage 3. The last step, considered as the highest tier, formulates short or long-term energy policy guidelines. In the IEP process, the main objective of demand analysis is to determine future energy requirements and identify potential consumers (such as industry, transport sector, household, or commercial use). The energy supply stage examines all potential energy supply sources in the future. The energy balance step includes the quantification of energy flow from the supply (domestic production and importation) to consumption (energy utilization, line losses, and distribution) [5].



Reliable quantification of the energy flow can help to develop long-term energy planning goals. However, these energy predictions face multiple challenges, such as uncertainties in energy demand [6]. Other than the national economic recession, efficiency of energy production and distribution systems, and energy conservation, energy policy and planning decisions are based on knowledge of past energy demands of a country [7]. In this context, historical energy data plays an important role. However, energy modelling based on historical data faces challenges such as incomplete data or a lack of reliable information [8].



Nevertheless, the predictive models based on historical data are helpful tools to forecast energy demand and develop energy policies. The regression analysis has been extensively used to predict energy demand in some countries [9]. While the regression technique is helpful to forecast energy demand, it does not assess the uncertainty in data. The current study aims to fulfill this gap. Hence, the objective of this study is to develop a predictive model integrated with a stochastic approach. Based on the results of the model, energy policy guidelines are also presented. The scope of this study includes stages 2–5 of IEP, as shown in Figure 1. Pakistan’s energy crisis and energy policy development are taken as a case study to elaborate the methodological framework. This study neither assesses the environmental [10] nor the social [11] impacts of the proposed energy policy guidelines. It does not perform an uncertainty analysis of cost [12,13] associated with the development of energy projects.



1.1. Problem Statement


Pakistan is facing a severe energy crisis. Over the last decade, there have been power outages ranging from 8 to 12 h a day in urban areas, while rural areas are without power for up to 18 h [14]. Although one of the primary reasons behind such a blackout is enhanced energy demand, poor energy policymaking and inadequate energy planning have also played vital roles in exacerbating this dilemma [15]. Technically speaking, among other factors, such as load failure of transmission systems and line losses [16], the inability of robust energy policy formation and energy planning are among the top reasons. A study argues that this failure in Pakistan’s energy policy is due to incorrect forecasting of future energy demand and supply [17]. Another study identified an inefficient measurement of energy consumption data as a root cause of the failed energy policies [18]. In the past, such inadequate energy measurements had contributed to the failure of energy policy and planning. Figure 2 summarizes the evolution of Pakistan’s energy policies over the years.



For example, in 2005, the Energy Security Action Plan 2005–2030 (ESAP) was announced under Pakistan’s Vision 2030. It aimed to increase the electricity generation capacity to 162,590 MW from 19,540 MW by 2030 [28]. In the Energy Security Action Plan, the projected energy demand of 162,590 MW was based on predicted future energy needs and past energy consumption trends. However, ESAP did not identify how certain their forecasted values were. It did not show how much certainty was present in the predicted value of 162,590 MW. It failed to address whether the forecasted value of 162,590 MW represented the actual energy demand in the year 2030. In 2014, the Government of Pakistan presented its Vision 2025, which aimed to eliminate the energy crisis by 2018 and set a goal to double power generation to 45,000 MW by 2025 [25].



Additionally, the energy plan did not specify the likelihood of achieving a value of 45,000 MW in 2025. It was unable to address the level of vagueness in their energy data. What was the level of uncertainty in the energy data? Most of the past energy policies were based on energy data reported by either government agencies or literature [29]. As evident, none of the past energy policies of Pakistan explained the level of reliability in their forecasting methods, did not show the level of uncertainty in their modelling tool, and subsequently did not identify the level of uncertainty in the energy policy. The presence of uncertainty in forecasting techniques can develop an inaccurate portrait of future energy demand and supply. Hence, energy policies based on uncertain data are vague. Therefore, there is a need to develop a methodology to deal with this issue. Another closer analysis of Pakistan’s past energy policies reveals that Pakistan has never achieved its energy targets. For example, in the Energy Policy of 1998, Pakistan aimed to have an energy demand of between 19,000 and 25,500 MW by 2008, and adequate energy policies were developed based on such requirements. However, in 2008, Pakistan was in a shortfall of 3000–4000 MW energy per day, which indicates the inadequate energy forecast data of 1998. The current study addresses such challenges and proposes a probabilistic methodology integrated with forecasting techniques. Based on probabilistic forecasted data, this study presents energy policy guidelines and recommendations. This work can help to develop an energy management system [30,31,32].




1.2. Literature Review


In an attempt to model energy demand and supply, various researchers have performed forecast analysis. Rehman et al., proposed an integrated model to forecast the long-term energy demand of Pakistan [33]. They studied three different energy demand models: the autoregressive integrated moving average (ARIMA), Holt–Winters, and the long-range energy alternative planning (LEAP) model. Their study forecasted Pakistan’s energy demands for oil, natural gas, coal, and liquefied petroleum gas (LPG). They found that, by 2035, oil (crude oil) will be the most consumed energy source, followed by natural gas. Regression analysis is a tool that studies the relationship between dependent and independent variables [13]. In a study, multiple linear regression and an artificial neural network were used to predict Turkey’s electricity demand [34]. Researchers used historical data from 1992 to 2014 to forecast electricity consumption in Turkey from 2015 to 2023. In another work, Deka and co-researchers compared five energy demand forecasting techniques for the United States of America [35]. These techniques included artificial neural network models, an autoregressive integrated moving average model, and regression analysis. They used historic data from 1950 to 2013 and the forecasted energy demand of the USA for 2014–2019.



Predictive models based on historical data have been beneficial in predicting future demand and supply of energy. Fumo and Biswas used regression analysis to predict residential energy consumption and emphasized that this forecasting technique requires less computational power [36]. Leo and co-researchers applied the regression analysis technique to predict energy demand trends [37]. Their work used a regression technique to forecast the energy demands of commercial, transportation, and residential sectors. They validated the goodness of fit of their regression model using the coefficient of determination (R2) [37]. While the regression technique is widely accepted, it fails to provide uncertainty in the energy model.



Furthermore, the regression technique cannot identify the data uncertainty in energy demand and supply. Hence, forecasted demand and supply results are not reliable for the IEP process and energy policymaking. This study aims to develop a methodological framework that can address the issue of uncertainty in energy policymaking.



Moreover, previous studies are either based on five or six energy variables, limiting their applicability. In this study, 17 different energy variables are studied and categorized as energy supply and demand. Table 1 provides definitions of these energy variables and their corresponding units. Under the portfolio of energy supply, (1) oil, (2) natural gas, (3) LPG, (4) coal, (5) hydroelectricity, (6) nuclear, and (7) imported electricity are studied. The demand sectors discussed are (8) domestic, (9) commercial, (10) industrial, (11) agriculture, (12) transport, (13) infrastructure (streetlights), and (14) government properties. Other variables discussed are (15) the population of Pakistan, (16) transmission losses, and (17) the corruption perception index (CPI). The purpose of considering CPI in this study is to assess the corruption level and transparency in the energy projects of Pakistan. Renewable energy resources discuss combined renewable energy produced from solar, wind, biofuel, tidal, and geothermal sources. The study also predicts the population increase of Pakistan by 2050 and discusses potential energy challenges associated with population rise.





2. Methodology


The methodological framework for this research consists of the following steps:




	
Step 1: Data sources








Historical data of energy demand and supply of Pakistan were collected and represented in Table A1, Table A2 and Table A3 of Appendix A.



Table A1 contains the values of Pakistan’s energy supply data from 1972 to 2016 and describes the energy variables of oil, natural gas, LPG, coal, hydropower, nuclear energy, imported electricity, and renewable energy [39,40,41]. Table A2 contains Pakistan’s energy consumption data from 1990 to 2016 for domestic, industrial, agriculture, transportation, infrastructure (streetlights), and government properties [39,41]. Table A2 also contains historical data of the CPI for Pakistan from 1995 to 2017 [42]. Table A3 includes historical data of Pakistan’s population from 1960 to 2016 [43] and distribution losses [44].




	
Step 2: Statistical analysis








In this step, the energy supply and demand models were developed using regression analysis and the input data was used from step 1. Regression analysis provides relationships between a dependent quantity and one or more independent quantities. Time was an independent variable in this study, while the quantities under consideration (1–17) were dependent variables. The relationship developed between dependent and independent variables helped to analyze the future relationships among them. Linear regression was first tested on the historical data of individual energy variables to model energy demand and supply. Microsoft (MS) Excel 2016 (v16.0) was used as a tool in this step. The linear regression was tested on an energy variable by selecting the yearly data of the variable under study in MS Excel and clicking the ‘Regression’ sub-tab in the ‘Data Analysis’. Table ‘Input X Range’ was the time range (in years), and ‘Input Y Range’ was the variable under study. Residual plots were selected to be drawn. The pattern of the residual plot was the criteria for classifying a linear or non-linear relationship. If the output of the resultant residual plot had a pattern, that variable was not considered linear. Instead, the non-linear regression model was tested using the curve fitting method in the Microsoft Excel tool. The historical data of the energy variable under study versus respective year (time) were plotted, and curve fitting was subsequently tested for exponential, logarithmic, polynomial, and power functions. In non-linear curve fitting, the model which produced an R-square closer to 1 was chosen as the best fit model for the variable under study.



For methodological explanation, the procedure for only one variable (population) is elaborated here, and the methodological framework was the same for the rest of the 16 variables. First, linear regression analysis was performed by selecting population data from 1960 to 2016 in MS Excel. Using the ‘Regression’ tab, ‘Input X Range’ was given from 1960 to 2016 (time), while the ‘Input Y Range’ was the population values corresponding to 1960–2016. The outcome was the residual plot for the population, which had a pattern. Considering the classification criteria, the relationship between time and population was not linear, and therefore non-linear regression was performed. The R-square value in the case of the exponential function was closest to 1 and hence was chosen as the best fit model for population–time data. Regression outputs provided the following model:


P = 3 × 10−22 e0.0272(t)



(1)







P is the population (in millions) while t is the time (in years), and the value 3 × 10−22 denotes the model’s coefficient. Besides the residual plot and R-square value, the p-value (significance F) and the coefficients’ signs were also analyzed to interpret the models’ results. Once the best fit models for all variables were developed, energy demand and supply were forecasted from 2017 to 2050 with a one-year increment. The value of the respective dependent variable was calculated. The presented model and the predicted values were validated using known periods’ data by computing mean average percentage error (MAPE), and the results were reported and discussed.




	
Step 3: Stochastic analysis








In this step, stochastic analysis was performed using the methodology presented in the literature [29]. Oracle Crystal Ball software version 11.1.2.4, built by Oracle, was used to perform uncertainty analysis. Monte Carlo simulation (MCS) was performed for each energy supply variable from 2017 to 2050 by assigning distributions, as shown in Table 2 (for the year 2017). The simulation was performed for 12,000 iterations, and the probabilistic profile of total energy supply for each year was reported, set as a forecast variable in the software. The total energy supply for 2017–2050 was defined as the sum of energy supplies from oil, gas, LPG, coal, hydroelectricity, nuclear, imported electricity, and renewable energy sectors minus transmission losses. Steps 2 and 3 were repeated for energy consumption variables. Distributions assigned to energy consumption variables in 2017 are shown in Table 3. Total energy consumed was defined as the sum of energy utilized by domestic, commercial, industrial, agriculture, transport, infrastructure (streetlights), and other government properties. The outcomes of this step were probabilistic profiles of energy supply and consumption for each year (2017–2050). Explanations on assigned distributions are presented in Table 4.




	
Step 4: Development of Energy policy guidelines








The resulting probabilistic profiles of total energy supply and consumption for each year (2017–2050) were analyzed to report uncertainty. The probabilistic profiles of each year were also analyzed at 5th and 95th percentile values, and based on the results, energy policy guidelines and recommendations were put forward.




3. Results and Discussion


The results of the residual plot for the population variable are shown in Figure 3a. A pattern is visible in Figure 3a; this indicates that the linear model was not the best fit for the historical population data then a non-linear model was tested. Figure 3b shows the results of the population model and R-square value. The results indicate that an exponential model is the best fit for the historical population data since its R-square value is 0.9948, a value closer to 1; hence, the exponential model, shown in Equation (1), for the population is statistically viable [45]. The time-dependent model in Equation (1) is based on historical population data. The results of time-dependent models using the same energy supply and consumption procedures are presented in Table 5 and Table 6, respectively.



Models in Table 5 and Table 6 were used to forecast energy supply and consumption from 2018 to 2050 using one-year increments, and the results of energy supply are plotted in Figure 4.



Figure 4 indicates that in 2018, Pakistan was highly dependent on natural gas resources to fulfill its energy needs, and this dependency also seems highly likely in 2050. There appears to be an increase in the supply of natural gas supply from 33.64 MTOE in 2018 to 56.90 MTOE in 2050. The utilization of clean coal also seems promising, with its supply of 6.97 MTOE in 2018. In 2050 this supply is forecasted to be 353.85 MTOE. In the case of oil, its supply could increase to 35.56 MTOE by 2050. This trend makes the oil supply the second highest contributor to Pakistan’s energy sector after natural gas. The LPG supply of 0.61 MTOE in 2018 increases to 3.80 MTOE in 2050. Results in Figure 4 show that other important contributing factors for the future energy supply of Pakistan are hydroelectricity and nuclear energy, which will increase by 69.49% and 83.28% by 2050, respectively. The results of imported electricity show that Pakistan will increase its imported electricity by 197.09% to meet its energy demands. The results indicate that renewable energy supply will continue to be relatively low at the present growth rate. In 2018, renewable energy stood at 0.151 MTOE, while it increases to barely 0.767 MTOE in the year 2050, indicating that the contributions of renewable energy to the national energy grid, as compared to the supply of non-renewable energy resources such as natural gas, oil, and coal, are insignificant.



Based on the historical data of CPI from 1995 to 2016, there is a linear increase in CPI, as shown in Figure 4. The results indicate a rise of 36.46% in CPI by 2050, while the CPI value would be 36.43 in 2050. Since the CPI value of 36.43 is higher than 26.69 (in 2018), this reveals that by 2050 there would be slightly less corruption in the government departments; hence, it could be expected that the energy sector would also see gains. Transmission and distribution losses affect the overall production efficiency and thus are essential to discuss. Results show that the transmission distribution losses in Pakistan would decrease from 16.21 MTOE in 2018 to 13.16 MTOE in 2050, which indicates a decrease of 18.36%.



Results of uncertainty analysis from Oracle Crystal Ball simulation for the year 2025 are shown in Figure 5. The year 2025 is chosen merely to demonstrate the interpretation of the results of this research. Figure 5 indicates a probabilistic or forecast chart of energy supply for the entire range of possible energy supply outcomes in 2025. The likelihood of achieving those values can be analyzed using Figure 5. Figure 5 is a frequency chart in which the certainty level represents the probability of achieving energy supply values in 2025. It ranges from negative infinity to positive infinity. As shown in Figure 5, the forecasted value of 70.69 MTOE energy supply (computed from step 2 of the methodology) is presented, but it is just a number among many. To analyze the level of certainty in the forecasted value of 70.69 MTOE, the value of 70.69 was entered in the left infinity cell as shown in Figure 5, and the result was a certainty level of 86.18%, shown in Figure 5. Hence, the level of uncertainty is 13.82% (100 − 86.18% = 13.82%). The results of other years are shown in Figure 6.



Results of the uncertainty analysis in Figure 6 can help Pakistan’s energy policymakers to answer the various questions. For example, what is the likelihood that the energy supply in 2025 will be 72.66 MTOE?



Based on the simulation results shown in Figure 6, there is about 86% certainty of achieving or exceeding the original total energy supply value of 70.69 MTOE in the year 2025. A percentile is defined as the likelihood or percent chance that a forecast value will be less than or equal to the (default) percentile value. Due to space limitations, the 95th percentile and 5th percentile results are shown in detail in Figure 5, while Figure 6 summarizes results from the years 2017–2050. Figure 5 or Figure 6 shows that for the year 2025, the 95th percentile for total energy supply is 80.69 MTOE, meaning that there is a 95% chance of a forecast value of total energy supply being equal to or less than 82.69 MTOE in 2025. Figure 5 or Figure 6 shows that the 5th percentile for total energy supply in the year 2025 is 68.76 MTOE, indicating a 5% chance of a forecast value being less than or equal to 68.76 MTOE in 2025. Figure 6 shows a gradual decrease in the level of uncertainty in total energy supply over time from 2017 to 2050. This trend indicates an increase in certainty level. Results in Figure 6 show that in the year 2050, the forecasted value of total energy supply is 131.65 MTOE and that there is nearly 94% (100 − 6.22% = 93.78%) certainty of achieving or exceeding this value in 2050. In other words, there is 94% certainty that the energy supply in 2050 will be equal to or greater than 131.65 MTOE, while there is almost 6% certainty that the energy supply will be below 131.65 MTOE in 2050. Figure 6 shows that the 95th percentile and 5th percentile values of forecasted total energy supply in 2050 are 152.3 MTOE and 129.63 MTOE, respectively. This result is interpreted as in the year 2050, there is a 95% chance that the total energy supply will be 152.3 MTOE or less, or there is a 5% chance that the total energy supply needed will be higher than 152.3 MTOE. Results of the 5th percentile for total energy supply show that, in 2050, there is a 5% chance that the forecasted total energy supply will be equal to or less than 129.63 MTOE. Alternatively, there is a 95% chance of total energy supply being greater than 129.63 MTOE.



The results of forecasted energy consumption from 2018 to 2050 are presented in Figure 7, which represents the predicted energy–time consumption results from 2018 to 2050.



By the year 2050, the results show that the future most energy-hungry sector of Pakistan will be its industrial sector, the energy consumption of which will reach 79.97 MTOE by 2050. The domestic sector of Pakistan will be the second-highest consumer of energy by 2050. The results show that there would be a need for 63.45 MTOE of energy by 2050 to meet the entire energy demand of domestic consumers. Results in Figure 7 show that household energy consumption follows an exponential curve, and a sharp increase is observed from 2027 onwards. The energy requirements of transportation and commercial sectors are the third (24.24 MTOE) and fourth highest (19.71 MTOE). Figure 8 shows the results of the MCS for total energy consumption in the year 2025 and represents the base value of 70.3 MTOE (energy consumed as computed by step 2 of the methodology), at the 5th percentile value (67.20 MTOE) and 95th percentile value (75.24 MTOE).



Results show a 95% chance that, in the year 2025, the total energy consumption by domestic, commercial, industrial, agriculture, transport, infrastructure (streetlights), and other government properties will be 75.24 MTOE or less. In other words, there will be a 5% chance that the total energy consumption will be higher than 75.24 MTOE in 2025. Results of the 5th percentile show that, in 2025, there is a 5% chance that the forecasted total energy consumed will be equal to or less than 67.20 MTOE. This result indicates a 95% chance of total energy consumption being greater than 67.20 MTOE. For the year 2025, the results of certainty of achieving a value of 70.33 MTOE are shown in Figure 8. Results show that there is about a 35% chance (100 − 65.068% = 34.93% ≈ 35%) that this value of 70.33 MTOE will not be the total energy consumed in the year 2025, and it represents the level of uncertainty in total energy consumption in the year 2025. Results of MCS for total energy consumption from 2017 to 2050 are shown in Figure 9, indicating respective uncertainty levels, 5th percentile, and 95th percentile values for each year.



Figure 9 indicates the variation in uncertainty levels from 2017 to 2050. Results show that in the year 2050, the forecasted value of energy consumption is 189.48 MTOE. However, probabilistic analysis indicates uncertainty in this value, and there is almost 31% (30.76% ≈ 31%) uncertainty in achieving this value by 2050. Hence an energy policy based on energy consumption data of 189.4 MTOE would be misleading, and a holistic way to represent the energy demand and supply is through a probabilistic approach, as presented in this study. Figure 9 shows that the 95th percentile value for energy consumption in 2050 is 210.23 MTOE, which means there is a 95% chance that the forecasted energy consumption in 2050 will be equal to or less than 210.23 MTOE, while there is a 5% (100 − 95% = 5%) chance that energy consumed will be more than 210.23 MTOE. Figure 9 also reveals that the 5th percentile value of energy consumption in 2050 is 180.81 MTOE. The interpretation of this result is that there is a 5% chance that the energy consumed in 2050 will be less than or equal to 180.81 MTOE, while there is a 95% chance that the energy consumed in 2050 will be more than 180.81 MTOE, indicating the presence of uncertainty in energy consumption.



The results of Pakistan’s total energy need and supply from 2018 to 2050 are quite alarming. The historical input data for energy consumption and supply are shown in Table A3 of Appendix A and adopted from the literature [41]. The analysis outcomes (as shown in the methodology section) of this data are drawn in Figure 10. As shown in Figure 10, the results of total energy supply and consumption show an increasing trend in energy demand and energy supply. Results also indicate that from 2018 to 2050, the energy demand or consumption is higher than the energy produced or supplied. Figure 10 shows that by 2050, Pakistan could have a much higher energy demand than the energy supply available, and this could cause an energy shortfall of 43.21 MTOE by 2050. The yearly gaps (difference) between projected energy demand and supply are shown in Figure 10. Based on historical data, the forecasted energy shortfall (gap) between energy production and energy consumption is increasing over the years. The results of high energy consumption in Pakistan are due to a sharp increase in Pakistan’s population by 2050 (shown in Figure 4).



The model presented in the paper was validated using a single variable of gas supply data. The forecasted model was applied to previous years’ gas supply data and was compared with actual past values. MAPE measures the forecast accuracy by calculating absolute percent error minus actual values and divides the result by actual values. The actual values are values of the known period (i.e., 1971–2013). The results illustrated in Figure 11 show the proximity of the actual gas produced from 1972 to 2013 to the values obtained from the model developed for gas supply. The MAPE is 19.72%, which means that the percentage error in forecasted values is 19.72%.




4. Conclusions and Policy Implications


This study integrates regression analysis, curve fitting methods, and Monte Carlo simulation and forecasts Pakistan’s energy demand and supply from 2017 to 2050. Energy demand and supply–demand models used non-linear regression models, and input data were the historical data of Pakistan’s energy demand and supply. A stochastic analysis was performed on 17 energy variables using Monte Carlo simulation, and probabilistic profiles of energy supply and consumption for each year from 2017 to 2050 were developed. The study concludes that in 2050 Pakistan will be highly likely dependent on natural gas when the supply of natural gas reaches 56.90 MTOE from 33.64 MTOE in 2018. The study identifies that the national grid will have small contributions from renewable energy sources at the current pace of renewable energy projects in Pakistan. Therefore, the study emphases a need to initiate new renewable energy projects in the country immediately. One of the alarming results of the study is the massive increase in Pakistan’s population by 2050. Study shows that in 2050 Pakistan will have a population of 493.60 million. Such a colossal population will need an enormous amount of energy resources. The study also concludes that over time the energy consumption in Pakistan is increasing more rapidly than energy production, and the country can face an energy shortfall of 43.21 MTOE by 2050. Further conclusions and energy policy guidelines are discussed next.



Based on the analysis and results of this study, the following energy policy guidelines and recommendations are made:




	•

	
Inclusion of data uncertainty in energy policymaking









Pakistan’s past energy policies have consistently failed to identify the likelihood of achieving their future set energy demand and supply targets. This study shows uncertainty in future energy demand and supply; hence, an energy policy based on such uncertain data could be misleading. Instead, as presented in this study, a probabilistic methodology can help develop a robust energy policy. For example, referring to Figure 9, the forecasted energy consumption in the year 2050 is 189.48 MTOE. However, the probabilistic model shows 31% uncertainty associated with this value, which means the energy consumed will be more than 189.48 MTOE. Hence an energy policy based merely on forecasted values will not be adequate; instead, it should include a probabilistic approach. In light of this study, it is recommended to incorporate uncertainty in energy data before decision-making to help develop a robust energy policy for Pakistan. The importance of this recommendation is also evident from the fact that in Vision 2025, the government aimed to have 45,000 MW of energy supply by the year 2025; however, as shown in this study, such an estimate without an uncertainty level leads to uncertain energy policy.



	•

	
Inclusion of success likelihood in the energy-policy formulation







Implementing an energy policy faces various challenges such as compliance with the country’s laws, availability of investors, and natural disasters. Other obstacles are institutional barriers (departments do not work jointly), poor access to technology, lack of public awareness, and the challenge of gaining the confidence of local community members at a project site. In terms of renewable energy projects, additional challenges such as market barriers (competition with non-renewable power producers), financial barriers, lack of capacity, and inadequate training are also present. The proposed methodology in this study can help identify the success of achieving a set energy target under such scenarios. The use of a percentile can help to assess the certainty level of achieving energy goals. For example, as shown in Figure 5, in 2025, the 5th percentile of total energy supply is 68.76 MTOE, which shows a 5% chance of achieving this value in 2025. Based on the given challenge, this percentile value can take on any value based on need, and the results can be analyzed. Therefore, it is recommended to include the likelihood of success in formulating energy policy for different scenarios.



	•

	
Development of capacity building programs







In a serious effort to combat national energy challenges, energy policymakers should develop a capacity-building program in which all stakeholders should be looked after, both in the governmental and private energy sectors. Energy policy development should incorporate residents, provincial and federal governments, community energy development programs, and educational tools such as training and webinars. One of the biggest challenges in this research was the collection of reliable energy data. It is recommended that the Government of Pakistan develop coordination among different departments with energy in their portfolios.



	•

	
Exploration and optimization of indigenous resources utilization







The analysis indicates that in 2050, Pakistan would need indigenous resources to meet energy demand. As a policy recommendation, this analysis suggests that Pakistan should optimize its indigenous energy resources, including natural gas, oil, coal, nuclear, and hydropower resources. The study also emphasizes exploring more and new oil and gas reservoirs in the country. There is a need to develop effective, sustainable, long-term, and techno-economic-based policies to explore new and alternate energy resources. As results show, Pakistan will be highly dependent on electricity importation if new resources are not explored. Given these results, it is recommended that Pakistan develop energy conservation practices, which could help to reduce the dependency on imported electricity and help reduce additional expenditures.



	•

	
Emphasis on renewable energy resources







This study reveals that renewable energy options have insignificant contributions to the national energy grid, while Pakistan is highly dependent on fossil fuel resources. Based on these results, it is recommended that Pakistan should introduce renewable energy technologies in the country. The Alternate Energy Development Board (AEDB) of the Government of Pakistan should develop investor-friendly incentives to accomplish this energy policy goal. The private sector should be encouraged to invest, and the public sector should be mobilized to defeat the status quo. The AEDB should be empowered to reduce the monopolistic markets of the oil and gas sectors in the country.



	•

	
Energy losses and theft control







Pakistan’s energy policies have focused on energy generation and utilization, while less attention has been paid to control energy transmission and distribution losses. In the light of this study, it is recommended that Pakistan develop more rigorous means to minimize energy losses through transmission and distribution. Energy theft should be controlled through various techniques, as highlighted in the other energy policy guidelines [29,46].



	•

	
Pakistan’s population and a coordinated energy policymaking







While energy policies are meant to address energy development and utilization in a country, equally important is the number of consumers in a country. The results of this study are quite alarming in these aspects; they show that Pakistan’s population is and will be increasing at an alarming rate. Results indicate that in 2050, Pakistan’s population is predicted to be 493.60 million. Considering this vast population, it would be a highly challenging task to meet their energy demands. A large population will need vast quantities of energy and require an increased supply of food, water, land, and a viable economy. This vast population would create a massive burden on employment creation and the health sector of the country. Without adequate planning and management, the increased population would also bring about sewerage and environmental issues such as air, water, and soil pollution. This situation could make Pakistan a significant contributor to global warming by 2050. To avoid such adverse conditions, energy policymakers should coordinate with the Ministry of National Health Services, Regulation, and Coordination (MoNHSRC), Government of Pakistan, to develop a shared understanding of energy and health value challenges. Here, it is acknowledged that some of these efforts were made in Vision 2025 [20].



	•

	
Corruption-free energy projects







This study shows that there is an increasing trend in the numbers for the CPI. However, it is not a sharp rise over the period, which establishes a need for the government to improve its accountability and oversight of energy projects in the country. The government should take concrete steps to stop corruption in government departments, especially in the energy sector. Corruption in Pakistan’s government is quite evident [47], and energy projects are no exception. The CPI of Pakistan in 2050 is predicted to be 36.43. It is recommended that Pakistan develop guidelines to curb corruption in energy projects, enhancing Pakistan’s chances to defeat the battle of its energy crisis.



In conclusion, an innovative probabilistic methodology to assess proper future energy demand supply is proposed here. The proposed methodological framework helps to develop energy policy guidelines and recommendations. The applications of the method were demonstrated using the development of energy policies for Pakistan. The study assessed probabilistic energy supply and demand in Pakistan from 2017 to 2050. Past energy consumption and supply data from 1972 to 2016 were used as inputs. Results indicated that by 2050, Pakistan’s energy demand would be much higher than its supply for that year. The current energy-deficiency gap of 25.60 MTOE will increase to 43.21 MTOE. The industrial sector is projected to have the highest demand of 79.97 MTOE in 2050. Due to an increased gap between energy supply and demand, Pakistan may have serious energy issues in the future. Therefore, the study recommends that the Government of Pakistan should launch both short and long-term energy projects to mitigate the supply and demand gap.



Furthermore, policymakers must focus on energy generation from different resources such as hydropower plants, clean coal, natural gas and oil, and renewable energy. This study emphasizes the development of a comprehensive and well-integrated energy policy for the country. It is suggested that future energy policies should focus on more energy resources and should promote energy security and sustainability in Pakistan.



The study shows that by 2050, Pakistan will have its highest dependency on natural gas. It also reveals that Pakistan’s population is increasing at an alarming rate and that by 2050, Pakistan could have a population of 493.60 million. It suggests that Pakistan should control its population growth rate. The probabilistic analysis of energy data shows variations in uncertainty levels. The results reveal that forecasted energy supply data has less uncertainty than energy consumption data. This result indicates a high level of variation in energy consumption data, and it necessitates the adoption of more rigorous means to record and monitor energy consumption data in Pakistan.



Based on the results of the proposed methodology, eight energy policy guidelines have been presented. Recommended energy policy guidelines can help energy policymakers to develop better energy policy guidelines using the proposed method. This work could be used to study uncertainties in the energy policies of other countries and can be further improved by performing a risk assessment of energy policy practices.
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Table A1. Energy Supply Data.






Table A1. Energy Supply Data.





	Year
	Oil †
	Gas †
	LPG †
	Coal †
	Hydro Electricity †
	Nuclear Electricity †
	Imported Electricity †
	Renewable Energy †,‡





	1972
	6.163
	3.232
	0.042
	0.809
	0.643
	0.009
	-
	-



	1973
	6.152
	3.706
	0.043
	0.795
	0.695
	0.026
	-
	-



	1974
	6.475
	4.226
	0.046
	0.808
	0.740
	0.039
	-
	-



	1975
	5.645
	4.557
	0.046
	0.863
	0.803
	0.052
	-
	-



	1976
	5.750
	4.564
	0.043
	0.703
	0.835
	0.052
	-
	-



	1977
	6.064
	4.943
	0.046
	0.800
	0.900
	0.036
	-
	-



	1978
	7.009
	5.178
	0.056
	0.834
	1.045
	0.020
	-
	-



	1979
	7.240
	5.733
	0.059
	0.858
	1.210
	0.009
	-
	-



	1980
	7.713
	6.727
	0.066
	1.046
	1.288
	0.000
	-
	-



	1981
	8.045
	7.765
	0.066
	1.051
	1.369
	0.013
	-
	-



	1982
	8.773
	8.374
	0.071
	1.167
	1.506
	0.016
	-
	-



	1983
	8.587
	8.990
	0.072
	1.073
	1.675
	0.020
	-
	-



	1984
	8.813
	8.979
	0.077
	1.246
	1.854
	0.028
	-
	-



	1985
	9.430
	9.372
	0.082
	1.492
	1.949
	0.030
	-
	-



	1986
	10.429
	9.846
	0.086
	1.468
	2.165
	0.037
	-
	-



	1987
	10.196
	10.426
	0.096
	1.507
	2.426
	0.043
	-
	-



	1988
	10.590
	11.326
	0.111
	1.833
	2.825
	0.022
	-
	-



	1989
	10.506
	11.797
	0.115
	1.691
	3.198
	0.003
	-
	-



	1990
	10.892
	10.561
	0.093
	1.830
	4.040
	0.070
	-
	-



	1991
	10.849
	11.030
	0.110
	2.005
	4.369
	0.092
	-
	-



	1992
	12.077
	11.662
	0.096
	2.326
	4.451
	0.100
	-
	-



	1993
	13.146
	12.407
	0.107
	2.115
	5.039
	0.139
	-
	-



	1994
	14.493
	13.137
	0.089
	2.301
	4.639
	0.119
	-
	-



	1995
	14.993
	13.264
	0.145
	2.082
	5.456
	0.122
	-
	-



	1996
	16.485
	14.085
	0.184
	2.338
	5.539
	0.115
	-
	-



	1997
	16.598
	15.068
	0.157
	2.142
	4.979
	0.083
	-
	-



	1998
	17.479
	15.116
	0.164
	2.045
	5.266
	0.089
	-
	-



	1999
	17.838
	16.139
	0.181
	2.147
	5.358
	0.068
	-
	-



	2000
	18.741
	17.488
	0.208
	2.047
	4.604
	0.095
	-
	-



	2001
	19.268
	18.402
	0.144
	2.010
	4.104
	0.477
	-
	-



	2002
	18.388
	19.253
	0.172
	2.200
	4.521
	0.547
	-
	-



	2003
	18.016
	20.590
	0.182
	2.520
	5.335
	0.415
	0.0001
	-



	2004
	15.221
	25.254
	0.206
	3.300
	6.431
	0.420
	0.017
	-



	2005
	16.330
	27.953
	0.252
	4.228
	6.127
	0.667
	0.026
	-



	2006
	16.412
	29.203
	0.400
	4.050
	7.366
	0.593
	0.035
	-



	2007
	18.188
	29.324
	0.471
	4.427
	7.627
	0.546
	0.041
	-



	2008
	19.206
	29.875
	0.419
	5.784
	6.852
	0.735
	0.048
	-



	2009
	20.103
	30.256
	0.402
	4.733
	6.632
	0.386
	0.054
	0.001



	2010
	19.806
	30.809
	0.396
	4.622
	6.706
	0.691
	0.060
	0.002



	2011
	20.675
	30.683
	0.340
	4.351
	7.593
	0.816
	0.064
	0.004



	2012
	19.806
	32.033
	0.321
	4.285
	6.807
	1.257
	0.066
	0.006



	2013
	20.969
	31.144
	0.310
	3.863
	7.127
	1.087
	0.090
	0.047



	2014
	21.790
	30.737
	0.349
	4.373
	7.852
	0.700
	0.090
	0.089



	2015
	22.195
	31.464
	0.358
	4.472
	8.035
	0.721
	0.097
	0.096



	2016
	22.599
	32.191
	0.366
	4.572
	8.219
	0.743
	0.105
	0.122







† = MTOE, ‡ = electricity net generation, hyphen (-) denotes data are unknown or unavailable.
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Table A2. Energy consumption data.






Table A2. Energy consumption data.





	Year
	Domestic †
	Commercial †
	Industrial †
	Agriculture †
	Transport †
	Streetlights †
	Other government †
	CPI ‡





	1990
	3.428
	0.455
	6.547
	0.708
	4.931
	0.020
	0.586
	-



	1991
	3.506
	0.497
	6.611
	0.734
	5.097
	0.023
	0.521
	-



	1992
	3.330
	0.515
	7.238
	0.769
	5.915
	0.027
	0.510
	-



	1993
	3.598
	0.562
	7.559
	0.758
	6.421
	0.026
	0.560
	-



	1994
	3.778
	0.593
	7.893
	0.791
	6.744
	0.026
	0.558
	-



	1995
	4.326
	0.650
	7.881
	0.789
	6.984
	0.028
	0.570
	10.000



	1996
	4.748
	0.631
	8.739
	0.806
	7.496
	0.033
	0.727
	30.000



	1997
	4.824
	0.664
	8.025
	0.857
	7.539
	0.034
	0.721
	23.000



	1998
	5.351
	0.685
	8.001
	0.820
	7.742
	0.033
	0.731
	10.000



	1999
	5.344
	0.757
	8.291
	0.717
	8.303
	0.019
	0.701
	25.000



	2000
	5.709
	0.780
	8.663
	0.675
	8.785
	0.021
	0.672
	27.000



	2001
	5.826
	0.778
	8.608
	0.666
	8.686
	0.018
	0.692
	22.000



	2002
	5.895
	0.809
	8.809
	0.692
	8.612
	0.018
	0.786
	22.000



	2003
	6.092
	0.852
	9.318
	0.695
	8.771
	0.021
	0.584
	23.000



	2004
	6.279
	0.928
	11.099
	0.734
	9.281
	0.023
	0.658
	26.000



	2005
	6.813
	1.080
	12.760
	0.717
	10.071
	0.026
	0.663
	25.000



	2006
	7.055
	1.248
	14.654
	0.733
	9.494
	0.030
	0.762
	21.000



	2007
	7.605
	1.377
	15.792
	0.767
	9.721
	0.033
	0.742
	21.000



	2008
	8.046
	1.456
	16.804
	0.804
	11.567
	0.036
	0.736
	22.000



	2009
	8.092
	1.460
	14.846
	0.789
	11.372
	0.037
	0.786
	24.000



	2010
	8.360
	1.530
	15.605
	0.850
	11.655
	0.039
	0.769
	25.000



	2011
	8.725
	1.521
	14.957
	0.773
	12.019
	0.039
	0.847
	24.000



	2012
	9.361
	1.585
	15.034
	0.720
	12.562
	0.041
	0.763
	23.000



	2013
	10.119
	1.645
	14.256
	0.660
	12.713
	0.039
	0.792
	25.000



	2014
	9.576
	1.649
	16.427
	0.742
	12.836
	0.039
	0.821
	22.700



	2015
	9.854
	1.704
	16.881
	0.741
	13.155
	0.040
	0.832
	28.000



	2016
	10.133
	1.759
	17.336
	0.740
	13.474
	0.041
	0.843
	29.000







† = MTOE, ‡ = dimensionless, hyphen (-) denotes data are unknown or unavailable.
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Table A3. Data of population, distribution losses, energy production, and consumption.






Table A3. Data of population, distribution losses, energy production, and consumption.





	Year
	Population (Million)
	Distribution Losses (%)





	1960
	44.912
	-



	1961
	45.988
	-



	1962
	47.123
	-



	1963
	48.313
	-



	1964
	49.555
	-



	1965
	50.849
	-



	1966
	52.195
	-



	1967
	53.594
	-



	1968
	55.046
	-



	1969
	56.546
	-



	1970
	58.094
	-



	1971
	59.690
	26.255



	1972
	61.341
	26.255



	1973
	63.062
	23.732



	1974
	64.874
	23.158



	1975
	66.791
	25.259



	1976
	68.818
	28.023



	1977
	70.954
	28.105



	1978
	73.204
	27.976



	1979
	75.576
	25.455



	1980
	78.072
	29.084



	1981
	80.692
	25.794



	1982
	83.428
	24.864



	1983
	86.265
	25.080



	1984
	89.183
	25.095



	1985
	92.165
	20.289



	1986
	95.207
	20.286



	1987
	98.302
	21.771



	1988
	101.421
	21.674



	1989
	104.531
	20.083



	1990
	107.608
	20.726



	1991
	110.634
	19.851



	1992
	113.616
	22.190



	1993
	116.581
	22.799



	1994
	119.565
	22.764



	1995
	122.600
	22.812



	1996
	125.698
	23.432



	1997
	128.846
	24.611



	1998
	132.014
	30.414



	1999
	135.158
	26.684



	2000
	138.250
	24.267



	2001
	141.282
	26.064



	2002
	144.272
	26.475



	2003
	147.252
	25.202



	2004
	150.268
	24.568



	2005
	153.356
	24.037



	2006
	156.524
	22.311



	2007
	159.768
	19.592



	2008
	163.097
	21.171



	2009
	166.521
	19.880



	2010
	170.044
	16.226



	2011
	173.670
	16.883



	2012
	177.392
	17.032



	2013
	181.193
	17.032



	2014
	185.044
	20.189



	2015
	188.925
	20.044



	2016
	181.832
	19.899







The hyphen (-) denotes data that is unknown or unavailable.
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Figure 1. IEP process and energy policy making. 
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Figure 2. Roadmap of Pakistan’s energy policies; 1994: Aimed to fulfill power shortages of 2000 MW [19], 1995: Inclusion of private sector in hydropower plants [20], 1998: Power demand forecasted between 19,000 and 25,000 MW by July 2008 [21], 2002: Short (5 years), medium (10 years), and long (25 years) term energy plans to produce 792 MW, 10,600 MW, and 23,493 MW energy, respectively [22], 2006: Inclusion of minimum 9700 MW of renewable energy in national energy supply mix by 2030 [23], 2010: Focused on energy conservation, short and long-term energy production plans, 2013: Decrease supply-demand gap from 5000 MW to zero by 2017 [24], 2014: Eliminate current (2014) electricity gap by 2018 and add 25,000 MW energy by 2025 [25], 2015: Public, private partnership encouraged to meet country’s energy demand [26], 2019: Development of sustainable renewable energy (RE) market and increase of RE shares in country’s power sector [27]. The pink colors indicate the initiatives for renewable energy policymaking. 
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Figure 3. (a) Residual plot for population; (b) exponential plot for the population model. 
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Figure 4. Forecasted time-series energy supplies from 2018 to 2050. 
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Figure 5. Level of certainty in energy supply for the year 2025. 
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Figure 6. Uncertainty levels in total energy supply from 2017 to 2050. 
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Figure 7. Forecasted time–series energy consumption from 2018 to 2050. 
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Figure 8. Level of certainty in energy consumption for the year 2025. 
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Figure 9. Uncertainty levels in total energy consumption from 2017 to 2050. 
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Figure 10. The projected gap between energy production and consumption from 2018 to 2050. 
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Figure 11. Model validation for actual gas produced versus the forecasted value of gas produced. 
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Table 1. Explanation of energy variables used in this study.
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	Number
	Energy Variable
	Definition
	Units





	1
	Oil
	Oil represents the energy obtained from liquid fossil-based hydrocarbon fuels (carbon and hydrogen compounds). Significant examples are furnace oil, gasoline, and diesel fuels.
	MTOE



	2
	Natural gas
	Natural gas indicates the energy obtained from gaseous fossil-based fuels. These fuels mainly consist of methane (CH4), and other compounds are propane, ethane, butane, and pentane.
	MTOE



	3
	LPG
	This factor indicates the energy obtained from LPG. LPG stands for liquified petroleum gas (LPG) and is a mixture of gaseous fuels such as butane and propane.
	MTOE



	4
	Coal
	It indicates the energy obtained by the burning of coal. Coal is a combustible fossil-based solid fuel. Consisting mainly of carbon and hydrogen, oxygen, sulphur, and nitrogen.
	MTOE



	5
	Hydroelectricity
	It is the form of energy produced from flowing water such as from dams.
	MTOE



	6
	Nuclear
	Nuclear energy is the energy obtained from controlled nuclear reactions such as fission.
	MTOE



	7
	Imported electricity
	It indicates the electricity that Pakistan imports from other countries.
	MTOE



	8
	Domestic
	This variable indicates energy use for household purposes such as space and water heating, lighting, cooking, washing, drying, air conditioning, space cooling, and other electrical appliances.
	MTOE



	9
	Commercial
	It represents the energy needed for nonmanufacturing business units such as restaurants, retail stores, hotels, educational institutions, motels, wholesalers, health, and social institutions.
	MTOE



	10
	Industrial
	It denotes the energy utilized in processes in which raw materials are converted into other valuable products at a large scale.
	MTOE



	11
	Agriculture
	It denotes the energy used in the cultivation of livestock and plants.
	MTOE



	12
	Transport
	Transport shows the energy used to move products and people from one location to another through various means such as airlines, railroads, trucking, logistic firms, and shipping.
	MTOE



	13
	Infrastructure
	It indicates the energy required for the physical structure and facilities that support day-to-day government and private operations in Pakistan, such as roads and buildings.
	MTOE



	14
	Government properties
	It indicates the energy needed for immovable properties owned and operated by the Government of Pakistan and commonly known as state properties.
	MTOE



	15
	Population
	This variable indicates the total number of humans living in Pakistan.
	Number of people



	16
	Transmission losses
	It describes the energy, power, or voltage loss of a transmitted current while passing along a transmission path through an electric circuit.
	MTOE



	17
	Corruption Perception Index (CPI)
	The corruption perception index (CPI), annually published by Transparency International, ranks countries based on the corruption level of their governments. CPI scores range from 0 to 100, where 0 denotes a high level of corruption in government businesses, while 100 shows a low level of corruption [38].
	Dimensionless
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Table 2. Distributions assigned to energy supply variables.
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	Variables (MTOE)
	Assigned Distribution
	Parameters (MTOE)





	Oil
	Normal Distribution
	 [image: Resources 10 00088 i001]

Mean 22.48, Standard Deviation 2.25



	Gas
	Triangular
	 [image: Resources 10 00088 i002]

Minimum 29.63, Likeliest 32.92, Maximum 36.21



	LPG
	Normal Distribution
	 [image: Resources 10 00088 i003]

Mean 0.57, Standard Deviation 0.06



	Coal
	Gamma Distribution
	 [image: Resources 10 00088 i004]

Location 6.65, Scale 0.67, Shape 2



	Hydroelectricity
	Gamma Distribution
	 [image: Resources 10 00088 i005]

Location 8.26, Scale 0.83, Shape 2



	Nuclear
	Normal Distribution
	 [image: Resources 10 00088 i006]

Mean 0.80, Standard Deviation 0.08



	Imported Electricity
	Normal Distribution
	 [image: Resources 10 00088 i007]

Mean 0.11, Standard Deviation 0.01



	Transmission Losses
	BetaPERT Distribution
	 [image: Resources 10 00088 i008]

Minimum 14.69, Likeliest 16.32, Maximum 17.95



	Renewable Energy
	Normal Distribution
	 [image: Resources 10 00088 i009]

Mean 0.13, Standard Deviation 0.01
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Table 3. Distributions assigned to energy consumption variables.
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	Variables (MTOE)
	Assigned Distribution
	Parameters (MTOE)





	Domestic
	Normal Distribution
	 [image: Resources 10 00088 i010]

Mean 13.28, Standard Deviation 1.33



	Commercial
	Gamma Distribution
	 [image: Resources 10 00088 i011]

Location 2.87, Scale 0.29, Shape 2



	Industrial
	Triangle Distribution
	 [image: Resources 10 00088 i012]

Minimum value 18.17, Likeliest value 20.19, Maximum value 22.21



	Agriculture
	Normal Distribution
	 [image: Resources 10 00088 i013]

Mean 0.83, Standard Deviation 0.08



	Transport
	BetaPERT Distribution
	 [image: Resources 10 00088 i014]

Minimum 12.35, Likeliest 13.73, Maximum 15.10



	Infrastructure (Streetlights)
	Normal Distribution
	 [image: Resources 10 00088 i015]

Mean 0.06, Standard Deviation 0.01



	Other government properties
	Student’s t distribution
	 [image: Resources 10 00088 i016]

Midpoint 0.85, Scale, 0.08, Degree of Freedom 5
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Table 4. Definitions of assigned distributions.
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	Distribution Type
	Definition





	Normal distribution
	It is a function that shows the distribution of random variables as a symmetrical graph, also known as a bell-shaped curve. It is defined using mean and standard deviation.



	Triangular distribution
	It is the probability distribution having three points, namely, minimum, maximum, and likeliest values.



	Gamma distribution
	It indicates the probability distribution that is right-skewed and consists of location, shape, and scale parameters.



	BetaPERT distribution
	This distribution is a smooth version of triangular distribution and is represented using maximum, minimum, and likeliest values.



	Student’s t distribution
	It is also known as t distribution and is a probability distribution used to estimate the parameters of a small sample size or when the variance of the population is unknown. With the increase in sample size, it becomes similar to the normal distribution. It is defined using the degree of freedom, midpoint, and scale.
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Table 5. Energy supply model based on historical data.
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	Variable Category
	Time-Dependent Model ✦
	Nature of the Model





	Population †
	3 × 10−22+0.0272(t)
	Exponential



	Oil *
	806.760ln(t)–6116
	Logarithmic



	Gas *
	0.72701(t)–1433.4
	Linear



	LPG *
	3 × 10−51+0.0574(t)
	Exponential



	Coal *
	3 × 10−41+0.0472(t)
	Exponential



	Hydroelectricity *
	0.18340(t)–361.656
	Linear



	Nuclear *
	0.02130(t)–42.165
	Linear



	Imported electricity *
	0.00743(t)–14.865
	Linear



	Renewable energy *
	0.01924(t)–38.681
	Linear



	Corruption Perception Index (CPI) ‡
	0.30420(t)–587.179
	Linear



	Transmission distribution losses **
	1 × 1045t−13.25
	Non-linear Power series







† Million, ‡ dimensionless, ** percentage (%), * MTOE, ✦ time in years.
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Table 6. Energy consumption model based on historical data.






Table 6. Energy consumption model based on historical data.





	Variable Category
	Time-Dependent Model ✦
	Nature of the Model





	Domestic *
	4 × 10−41+0.0474(t)
	Exponential



	Commercial *
	2 × 10−51+0.0584(t)
	Exponential



	Industrial *
	1 × 10−279 t84.82
	Power



	Agriculture *
	6.25291 × 10−0.001(t)
	Exponential



	Transport *
	0.31860(t)–628.891
	Linear



	Infrastructure (streetlights) *
	0.00091(t)–1.759
	Linear



	Other government *
	21.76ln(t)–164.730
	Logarithmic







* MTOE ✦ time in years.
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