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Abstract

:

Cheap and clean energy demand is continuously increasing due to economic growth and industrialization. The energy sectors of several countries still employ fossil fuels for power production and there is a concern of associated emissions of greenhouse gases (GHG). On the other hand, environmental regulations are becoming more stringent, and resultant emissions need to be mitigated. Therefore, optimal energy policies considering economic resources and environmentally friendly pathways for electricity generation are essential. The objective of this paper is to develop a comprehensive model to optimize the power sector. For this purpose, a multi-period mixed integer programming (MPMIP) model was developed in a General Algebraic Modeling System (GAMS) to minimize the cost of electricity and reduce carbon dioxide (CO2) emissions. Various CO2 mitigation strategies such as fuel balancing and carbon capture and sequestration (CCS) were employed. The model was tested on a case study from Pakistan for a period of 13 years from 2018 to 2030. All types of power plants were considered that are available and to be installed from 2018 to 2030. Moreover, capacity expansion was also considered where needed. Fuel balancing was found to be the most suitable and promising option for CO2 mitigation as up to 40% CO2 mitigation can be achieved by the year 2030 starting from 4% in 2018 for all scenarios without increase in the cost of electricity (COE). CO2 mitigation higher than 40% by the year 2030 can also be realized but the number of new proposed power plants was much higher beyond this target, which resulted in increased COE. Implementation of carbon capture and sequestration (CCS) on new power plants also reduced the CO2 emissions considerably with an increase in COE of up to 15%.
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1. Introduction


Energy demand is growing rapidly due to population growth, industrial developments and increased comfort standards. Increased energy demand requires progress in the power sector to ensure energy security. Various energy sources like fossil (e.g., coal, oil, natural gas (NG)) and non-fossil (e.g., solar, hydroelectric, wind, nuclear, biomass) are mainly utilized to meet the energy demand. Many countries are facing serious shortfalls in meeting the cheap energy demand for the past two decades [1]. Pakistan for instance adopted a coal based power under the China Pakistan Economic Corridor (CPEC) as a short term solution. Under CPEC, some of the coal based power plants (e.g., Sahiwal coal power plant, HUB coal power plant) have been installed while remaining plants (e.g., Thar coal, Balloki coal power plant) are expected to be installed in the near future. Current energy mix includes around 68% fossil fuel based energy as shown in Figure 1 [2]. Fossil fuel based energy sources (especially coal) are responsible for greenhouse gas (GHG) emissions such as carbon dioxide (CO2), which accounts for the highest portion of GHG emissions due to its huge volumes [3,4]. These emissions are of great concern due to global warming issues. Furthermore, future increase in fuel prices may also significantly increase the cost of electricity (COE) [5], as most of the power generation is based on fossil fuels. Some other factors responsible for the increase in COE are poor choice of fuel, inefficiencies of thermal plants, uncertain policies, delay in hydroelectric power projects, and transmission and distribution losses [6]. Most of the fossil fuel based power plants utilize costly furnace oil (FO), which shares 33% in all fossil fuel based power plants. However, despite the large hydroelectric potential, the current energy mix of Pakistan involves only 21.3% of hydroelectric power as shown in Figure 1. In contrast, renewable energy sources are now competitive with fossil fuels, with solar energy being the most important one [7]. The future energy mix should have a greater share of renewable energy to avoid environmental damage and ensure energy security. Projected emissions of CO2 will rise more than two times until 2030, as shown in Figure 2 [8]. Pakistan has proposed to achieve 37% reduction in GHG emissions by 2030 [9]. Moreover, Pakistan has recently signed the Paris Agreement [10]. This shows the concern of climate protection agencies of Pakistan to minimize the CO2 emissions to contribute in achieving stabilized atmospheric level emissions and to attract foreign investments in the power sector.



Cost of electricity (COE) for different types of power plants is given Table 1 [11,12,13,14]. Solar, wind and NG based plants have low COE, as shown in Table 1. There are issues related to the availability of NG in Pakistan as NG resources are depleting at much higher rates resulting in decreased pressure from wells. Due to high domestic consumption for heating purposes during winter, the availability of NG is significantly affected. Furthermore, the Pakistan-Iran gas pipeline project was affected due to some political reasons. Although a huge amount of coal is available in Pakistan, hydroelectric power plants involve much higher capital cost as well as high construction time than coal based power plants. Due to huge investments, high construction time and political instability, governments in Pakistan generally do not adopt the hydroelectric power plants. Biomass technology is not very advanced in Pakistan and availability of biomass varies from season to season. Solar and wind power has become cheaper than fossil fuel due to technological advancements in recent years. Despite the least COE, attention was not paid towards solar and wind power plants due to investment issues. However, Pakistan is now focusing on solar and wind energy. In this regard, Pakistan has recently signed an agreement for 560 MW of new wind power facilities [15]. Coal power plants were considered due to huge investments from China via CPEC projects in the past few years. Apart from CPEC, special interest of China for the development of coal technology in Pakistan was also due to its future interest for the import of coal from Pakistan. On the other hand, Pakistan was facing serious electricity short fall. Hence, Pakistan adopted coal based power generation under CPEC projects to meet its energy demands in minimal time.



Future variations in fuel prices will significantly affect the COE, and hence energy planning efforts. Variations in fuel prices are generally predicted taking into account the advancement in technologies for extraction of those fuels, fluctuating world economics, supply and demand situations, and political considerations [5]. The projections of fuel prices of various fossil fuel types used in thermal power plants are shown in Figure 3. For the national fuel reserves of natural gas, projections of fuel prices are taken from the Pakistan Energy Yearbook 2018 [2]. Whereas, for the imported fuels and local coal, projections are taken from NTDC Report [5], based on the data from various national and international organizations. As shown in Figure 3, it represents the price projection for both imported (e.g., FO and LNG) and nationally extracted fossil fuels (e.g., coal and NG). The prices of FO and LNG are increasing rapidly compared to NG. Therefore, the COE for these power plants will rise at higher rates in the future. On the other hand, energy demand will also increase in the future. Prior planning will require future energy demand predictions, which may be done based on gross domestic product (GDP) growth predictions. The National Transmission and Dispatch Company (NTDC) of Pakistan projected the electricity demand for three possible GDP scenarios, which are low (3.5% GDP growth), normal (5% GDP growth) and high (6.5% GDP growth) [16]. These projections are shown in Figure 4.



Various long term strategies for power planning are employed considering the available energy supply resources and finances. The business as usual (BAU) scenario urges to use government-developed policies and plans for fulfilling the future energy demands for the next two decades [17]. The second strategy is the new coal (NC) scenario. Considering the large coal reserves of Pakistan that are projected to be 185.5 billion tons [18], the NC scenario focuses on utilizing the local coal reserves instead of imported furnace oil for electricity generation. Finally, the green future (GF) strategy focuses on using renewable energy instead of fossil fuel based electricity generation [17]. The BAU strategy is considered in this study. However, capacity expansion is employed if the demand is not met by the BAU strategy.



Furthermore, various CO2 mitigation techniques are available for CO2 mitigation such as fuel balancing, fuel switching, using renewable energy, carbon capture and sequestration (CCS), and geo-engineering [19]. Fuel balancing involves the adjustment of all power plants in such a way that major electricity load relies on non-fossil fuel based power plants rather than fossil fuel based power plants to reduce CO2 emission [20]. Less carbon intensive fossil fuels (such as NG rather than coal) are used in the fuel switching technique. CCS has gained significant attention due to its effectiveness (90% efficiency) of carbon removal as post-combustion or pre-combustion capture. A CCS system can also be installed on existing fossil fuel power plants with additional retrofitting costs. It has been observed that the capital cost of a fossil fuel based power plant fully equipped with a CCS system increases by 36% to 110%, depending on the technology adopted, compared to normal thermal power plants [21]. Furthermore, the researchers are currently shifting their focus from CCS to carbon capture and utilization (CCU) to avoid storage issues associated with CCS and to promote utilization of CO2 for other useful products. The selection of CO2 mitigation technologies depends on various factors such as available resources, financial constraints, potential of renewable energy, technological developments, etc. B. Jia et al. [22] presented the current progress of CO2 injection enhanced oil recovery (EOR) and carbon storage in shale oil reservoirs. This provides a good option of CO2 utilization after being captured. P. Gabrielli et al. [23] compared three techniques including carbon capture and storage, carbon capture and utilization, and increased use of biomass, to mitigate CO2 emissions. R. Ahmed et al. [24] reviewed recent advances in carbon adsorbents for selective CO2 capture and separation during combustion processes. C. Bassano et al. [25] discussed economic evaluation for the production of synthetic natural gas from coal and biomass via power to gas plants with CCS.



The above discussion calls for a comprehensive strategy for energy planning and optimization of the power sector to achieve cheap electricity demand with reduced impact on the environment by associated emissions. Several authors have presented optimization models for energy planning at various scales and are widely supported for energy resource allocation, technological selection and predicting the promising and environmentally friendly paths [26,27,28,29,30]. These optimization studies involve the formulation of mixed integer programming (MIP) models. Initially, this approach was applied to optimize the energy mix of the process industry during the short and long term periods to minimize the overall cost of energy in the process industry of India [31]. In this study [31] a mixed integer linear programming (MILP) model was developed for the optimal decision regarding the energy mix comprising purchased electricity and electricity generation using an internal source of the process industry. However, CO2 mitigation was not taken into account. In another study [32], a linear optimization model was presented for the possible CO2 mitigation from the electric sector of Taiwan. Various CO2 mitigation techniques such as fuel alternatives, energy conservation, reduced peak production, improved electric efficiency and CO2 capture technologies were considered and compared [32]. In another study [33], the conventional energy system optimization model was improved by incorporating an important sub-model for the energy intensive pulp and paper industry, and a case study was presented for energy planning in Finland. It was found that abatement of CO2 emissions in Finland was not a preferable option, however, other solutions for CO2 mitigation exist. Instead of using a single economic indicator, a multi objective model including both the economic and environmental objectives was considered [33]. This multi objective mixed integer linear programming (MOMILP) model also addressed the expansion capacity for energy generation and demand side management.



A single period mixed integer programming (SPMIP) model applied to an existing Ontario Power Generation was presented by H. Hashim et al. [34], by incorporating the various power generation plants such as coal, natural gas, nuclear, hydroelectric and alternative energy sources. Three operating modes such as economic mode, environmental mode and integrated mode, were investigated [34]. The integrated mode was the multi-objective mode that combined both economic and environmental modes. Both fuel balancing and fuel switching CO2 mitigation options were considered. However, CCS was not considered as a mitigation option. Furthermore, various scenarios such as base-load demand, 0.1% growth rate in demand, 0.5% growth rate in demand and 1.0% growth rate in demand were employed. It was reported that the fuel balancing can contribute up to 3% for CO2 reduction. For further reduction in CO2 emission, fuel switching and plant retrofitting should be employed [34]. This work [34] was extended by H. Mirzaesmaeeli et al. [35], by formulating a multi-period mixed integer programming (MPMIP) model for energy planning of Ontario considering both fuel switching and CCS techniques for CO2 mitigation. In another extension of H. Hashim et al.’s [26] work, a fleet-wide model for energy planning incorporating power generation from existing and suggested new additional power plants along with recommended CCS and retrofit actions to meet the demand target as well as CO2 mitigation target for minimum COE was presented [36]. An MIP model was developed for energy planning of Malaysia [19] and Turkey [37] by minimizing the COE with CO2 reduction targets. For Malaysia, three CO2 mitigation strategies were used including fuel balancing, fuel switching and installation of new renewable power plants. While for Turkey, only installation of new power plants was considered as a CO2 mitigation technique. The optimal evolution of the new power generation technologies was incorporated to meet the energy targets using a multi-period MILP model for UAE’s power sector by minimizing the cost and CO2 emission for the time periods between the years 2015 and 2040 [38]. The use of CCS and alternative energy options were used for CO2 mitigation. D. Zhang et al. [39] used multi-period optimization for power planning of China until 2050 considering CO2 mitigation. In this study, capacity expansion, retrofitting and decommissioning were considered. For CO2 mitigation, CCS retrofitting and installation of new renewable power plants were considered. Moreover, a year-by-year power development plan was proposed. It was found that renewable energy sources were unable to completely replace fossil fuels. Anticipated increase in electricity demand by penetration of plug-in hybrid electrical vehicles was studied by L. Ahmadi et al. [40]. The multi-period optimization was used for planning of electricity generation systems for Ontario considering different case studies. C. B. Hibbert et al. [41] optimized future electricity supply for the UK using multi-period mixed integer linear programming. The main objectives were the optimization of the whole system costs and global warming potential. Negative carbon emissions were also achieved by implying carbon capture and storage on biomass. H. Tekiner et al. [42] studied multi-period multi-objective optimization of electricity expansion planning using Monte-Carlo simulation. Installation of new non-fossil fuel power plants was considered for CO2 mitigation. The novelty of this study is that no such study is being conducted for Pakistan. Moreover, most of the previous studies were based on an annual basis. This study includes the time period for summer and winter of six months each instead of a year and also considers two different GDP’s (low and normal).



To this end, limited studies are available to optimize the energy mix with reduced emission targets by considering all the energy sources as discussed in the previous paragraphs. Furthermore, no such study is carried out for optimizing Pakistan’s power sector. Hence, a comprehensive approach is required to optimize the future energy mix of Pakistan. The insights obtained by optimizing the energy sector of Pakistan will be useful for future decision making. Two CO2 mitigation strategies (fuel balancing and CCS technology) are employed in this study for energy planning of Pakistan with low CO2 emission targets. An MPMIP model was formulated to optimize the power sector of Pakistan by minimizing the total cost associated with electricity demand over the time horizon under consideration. The model was developed for a period of 13 years from 2018 to 2030. The developed model considers all types of power plants (fossil fuel, hydroelectric, and other non-fossil), and also incorporates those power plants that are to be installed in the future as planned by the relevant authorities. Moreover, the optimizer will consider capacity expansion by optimally proposing new power plants if the demand is not met by the already existing plants as well as the planned plants to be installed in the future. Up to 40% CO2 mitigation was attained by the year 2030 without any rise in COE for low GDP, and for normal GDP, mitigation was attained with the increased COE (i.e., around 15%). Nevertheless, the average rise in COE using CCS was 12.4, 4.8, 2.7, and 7.7 for reducing the average CO2 emissions by 35.4, 8.7, 39.6 and 37.2, respectively, for low GDP summer, low GDP winter, normal GDP summer and normal GDP winter.



The rest of the paper summarizes all the steps of methodology such as problem statement, data collection, superstructure development, model formulation and the solution approach. Various case studies have been investigated from the perspective of Pakistan’s energy scenario. Then, the results are presented and discussed. Finally, conclusions are presented and recommendations for future work are given.




2. Methodology


Considering the current energy scenario and ever increasing GHG emissions, a comprehensive strategy is required to optimize the energy mix by minimizing the COE while meeting the CO2 emission targets over a time horizon. The developed methodology leads to the formulation of an MPMIP model to optimize the power sector with low GHG emissions. GHG reduction targets are achieved by incorporating various CO2 mitigation strategies such as fuel balancing and CCS. Various steps are involved in the developed methodology such as problem statement, literature review, data collection, model formulation and finally the solution of the optimization problem, as shown in Figure 5. The developed model will provide the optimal energy mix of the power sector to meet the present and future cheap and clean electricity demand. The model is applied to the case study of Pakistan for a period of 13 years, i.e., from 2018 to 2030. The model is implemented in the General Algebraic Modeling System (GAMS), and it minimizes the total cost associated with electricity demand incorporating the associated constraints over the time horizon under consideration. Details of all the steps of the methodology are presented in the following sub-sections.



2.1. Problem Statement


The research problem investigated in this study is holistic in its nature and incorporates all kinds of power production systems including thermal power plants, hydroelectric power plants, solar power plants, wind power plants, biomass power plants and nuclear power plants. Both the existing power plants and the new power plants, which are planned to be installed are considered. However, the broad classification of the power plants includes fossil fuel (FF) based power plants and non-fossil (NF) power plants. The fossil fuel types include coal, natural gas (NG), liquefied natural gas (LNG) and furnace oil (FO). Further details of the optimization problem are summarized below.








	
Set of existing fossil fuel based power plants “i” with fuel type “j”, where j  ∈  coal, NG, LNG, FO.



	
Set of existing non-fossil based power plants “u”.



	
Set of new planned power plants “p” with fuel type “q”, where q  ∈  FF, NF.



	
Set of new proposed fossil fuel power plants “a”.



	
Set of new proposed non-fossil fuel power plants “c”.



	
Each power plant can produce electricity as per defined gross capacity and capacity factor (CapFactor) for any individual power plant.



	
The cost for the existing power plant consists of fixed O&M cost, variable O&M cost and fuel cost.



	
No fuel cost for NF power plants.



	
New power plants will also have capital cost (CapCost).



	
CCS can be implemented on new FF based power plants.



	
The optimization problem is solved for a period of 13 years (2018 to 2030) by considering summer and winter scenarios separately due to seasonal dependence of electricity demand.



	
Both the low and normal GDP scenarios are considered.








The objective of the optimization model is to find:




	
The minimum COE for the reference case.



	
The minimum COE by implementing CO2 mitigation techniques for emission reduction including fuel balancing and CCS.



	
Optimal distribution of power production by each individual power plant.









2.2. Data Collection


In the first step, necessary data is collected for 272 power plants of Pakistan that include both existing and new power plants, which are planned to be installed between years 2018 and 2030. A short summary of the types of these plants is presented in Table 2. The data required for the development of this optimization model includes fixed and variable operating and maintenance costs, gross capacity, capacity factor, fuel cost, CO2 emission data of both existing and newly installed fossil fuel based power plants, capital cost of new power plants that are to be installed in the future, and carbon capture cost for fossil fuel based existing and new power plants. Furthermore, other required information includes electricity demand and CO2 mitigation targets.




2.3. Superstructure Development


The current optimization study involves various options such as the type of fuel, type of power plant and CO2 mitigation technique. A superstructure model represents the potential pathways available for an optimization tool to play with several decision variables in order to provide the best optimal mix. The developed superstructure model is presented in Figure 6. It represents the energy supply from various power plant types with all CO2 emission and potential CO2 mitigation techniques. The notations used for the fuel type are Ci, Oi, NGi, Hi, Si, Bi, Wi and Ni representing coal, oil, natural gas, hydroelectric, solar, biomass, wind and nuclear, respectively. Whereas, the notations used for the type of power plant are FF (Fossil Fuel) and NF (Non-Fossil Fuel) for both existing and new power plants. Due to its importance, H (hydroelectric) is also included in this general classification for the explanation of results. The subscript ‘i’ is designated for the power plant type where ‘exi’ represents the existing power plant and ‘new’ represents those power plants that are to be installed in the future.




2.4. Model Formulation


An optimization formulation involves an objective function that is to be maximized or minimized along with some associated constraints under which the optimization model is bound to provide the optimized values of desired variables. For this study, under desired CO2 mitigation and electricity demand targets, the optimization problem involves two sets of variables as described below.



	
Continuous Variables: The variables representing electricity output from all existing and new power plants are continuous variables, and provide continuous power output from each power plant, including “Eijt” (electricity output from fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t”), “Eut” (electricity output from non-fossil fuel based existing power plants “u” in the time period “t”), “Epqt” (electricity output from new planned power plants “p” of fuel type “q” in the time period “t”), “Eat” (electricity output from new proposed fossil fuel power plant “a” in the time period “t”), “Ect” (electricity output from new proposed non-fossil fuel power plant “c” in the time period “t”).



	
Binary Variables: These variables represent binary decisions regarding the selection of existing fossil, existing non-fossil and new (both fossil and non-fossil) power plants. These variables include “xijt” (binary variable for the selection of existing power plant “i”, consuming fossil fuel of type “j” in the time period “t”), “yut” (binary variable for the selection of existing non fossil power plant “u” in the time period “t”), “zpqt” (binary variable for the selection of new planned power plant “p” with fuel type “q” in the time period “t”), “nat” (binary variable for selection of new proposed fossil fuel power plant “a” in the time period “t”) and “bct” (binary variable for selection of new proposed non-fossil fuel power plant “c” in the time period “t”). Binary variables are also referred to as decision variables and their values are either 1 or 0. These variables are responsible for the type of power plant the optimization model chooses and whether to include them in the grid or not.






2.4.1. Objective Function


The main objective is to minimize the total cost associated with electricity demand by optimal selection of power output by each power plant while satisfying CO2 mitigation targets.


Min f








s.t.


g(x) ≤ 0








where, ‘f’ is the total cost over the whole time horizon under study that is to be minimized and is given as follows.


     f   =          ∑   i j t    F i  x  i j t   G C a  p  i j t    x  i j t   +    ∑   i j t    V a  r  i j t    E  i j t   Q +    ∑   i j t     V  j t    G  i j    E  i j t   Q +    ∑   u t    F i  x  u t   G C a  p  u t    y  u t          +    ∑   u t    V a  r  u t    E  u t   Q +    ∑   p q t    F i  x  p q t   G C a  p  p q t    z  p q t   +    ∑   p q t    V a  r  p q t    E  p q t   Q        +    ∑   p q t     V  q t    G  p q    E  p q t   Q +    ∑   p q t    C a p C o s  t  p q t   G C a  p  p q t   +    ∑   p q t    C C  S  p q   C O  2  p q t     ε    E  p q t   Q        +    ∑   a t    F i  x  a t   G C a  p  a t    n  a t   +    ∑   a t    V a  r  a t    E  a t   Q +    ∑   a t     V  a t    G a   E  a t   Q        +    ∑   a t    C a p C o s  t  a t   G C a  p  a t   +    ∑   a t    F i  x  a t   G C a  p  a t    n  a t   c a p   +    ∑   a t    V a  r  a t    E  a t   c a p   Q        +    ∑   a t     V  a t    G a   E  a t   c a p   Q +    ∑   a t    C a p C o s  t  a t   G C a  p  a t    n  a t   c a p          +    ∑   a t    C C  S a  C O  2  a t   ε    E  a t   c a p   Q +    ∑   c t    F i  x  c t   G C a  p  c t    b  c t   +    ∑   c t    V a  r  c t    E  c t   Q        +    ∑   c t    C a p C o s  t  c t   G C a  p  c t    b  c t       



(1)







In Equation (1), superscript “cap” shows with CO2 capture. Where, the details of all the terms in above objective function along with their units are presented in the nomenclature table. COE is calculated for each period using Equation (1) except summation over time. Moreover, for each period, the units of the Equation (1) will be $/(time period) and the required multiplication factor ($/(time period) = 1/(10*Q*EDt(MW)) cents/kWh) was used to make the units of the COE as cents/kWh. Fuel cost was used only for fossil fuel based power plants and assumed negligible for hydroelectric and other non-fossil fuel based power plants. Equation (1) can be used for low GDP and normal GDP, separately. Both summer and winter scenarios are included in Equation (1) with odd numbers for summer (t = 2n − 1, n = 1, …, N) and even numbers for winter (t = 2n, n = 1, …, N). The model is solved for all N (=13) years, and the BAU strategy is employed where each period has its own electricity demand, mitigation targets and the new power plants to be installed in the future are already planned by the government. Furthermore, new power plant will also be proposed by the optimizer for capacity expansion if the demand is not met by the already existing plants and the plant to be installed in the future.



Optimization of selection means at what load power plants should work in order to get the minimum COE and which plant (type and capacity) should be constructed to meet the future electricity demand with given mitigation targets. There are some weaknesses in the proposed method because return on equity (ROE), return of equity during construction, insurance and debt servicing were not included. However, for preliminary study these can be neglected. However, all the other main costs including fixed and variable O&M costs, fuel costs, etc., were included, and it provides a good initial feasibility study for both low and average GDPs (for summer and winter).




2.4.2. Model Constraints


The model developed in this study involves some constraints, in addition to the objective function, that are not to be violated while providing the optimal solution. The electricity demand constraint specifies that the sum of the net annual electricity output by each existing (fossil and non-fossil fuel), new planned (fossil and non-fossil fuel) and new proposed (fossil and non-fossil fuel) power plants must be greater than or equal to the desired annual electricity target, and is represented as follows.


                ∑   i j    E  i j t   +   ∑  u     E  u t   +   ∑   p q      E  p q t   +   ∑  a     E  a t   +   ∑  a     E  a t   c a p   +   ∑  c     E  c t     ≥ E D  ( t )            ∀ t  



(2)







The plant capacity constraint sets an upper bound that the power output from each existing, new planned and new proposed (fossil and non-fossil fuel) power plant can only be less than or equal to its net electric capacity.



	
Existing Fossil Fuel Plants


           E  i j t   ≤ C a p F a c t o  r  i j t     G C a  p  i j t      x  i j t         ∀   t ,   ∀   i ,   ∀   j ∈ F F  



(3)







	
Existing Non-Fossil Fuel Plants


    E  u t     ≤   C a p F a c t o  r  u t     G C a  p  u t      y  u t           ∀   t ,   ∀   u ∈ N F   



(4)







	
New Power Plants (To be Installed)


           E  p q t     ≤   C a p F a c t o  r  p q t     G C a  p  p q t      z  p q t         ∀   t ,   ∀   p ,   ∀ q ∈ F F   &   N F  



(5)







	
New Proposed Fossil Fuel Plants (Capacity Expansion)


           E  a t   ≤ C a p F a c t o  r  a t     G C a  p  a t      n  a t         ∀   t ,   ∀   a ∈ F F  



(6)







	
New Proposed Fossil Fuel Plants with CCS (Capacity Expansion)


           E  a t   ≤ C a p F a c t o  r  a t   G C a  p  a t   c a p    n  a t   c a p         ∀   t ,   ∀   a ∈ F F  



(7)







	
Non-Fossil Fuel Plants New Proposed (Capacity Expansion)


           E  c t   ≤ C a p F a c t o  r  c t     G C a  p  c t      b  c t         ∀   t ,   ∀   b ∈ N F  



(8)










The gross capacity for new FF power plants will be updated in Equation (5) in the CCS case due to energy consumption in the CCS process.



A new proposed fossil fuel power plant can either be selected as without or with CCS. So,


            ∑  t   n  a t   +   ∑  t   n  a t   c a p   ≤ 1       ∀   a ∈ F F  



(9)







The CO2 mitigation constraint sets the CO2 mitigation target to ensure a safe CO2 emission limit in fuel balancing case.


  Q   ∑   i j   C O  2  i j t    E  i j t   + Q   ∑   p q   C O  2  p q t    E  p q t   + Q   ∑  a    C O  2  a t    E  a t   + Q   ∑  a    C O  2  a t   c a p    E  a t   c a p   ≤   C E L  ( t )        ∀   t  



(10)







These constraints also involve some binary variables (xijt, yut, zpqt, nat, bct) that ensure which power plant is to be used and which is required to set at zero power output keeping in consideration the annual electricity demand and CO2 mitigation targets.





2.5. Model Solution


The MPMIP model was implemented in GAMS for the optimization of the power sector. The solver used was CPLEX, which is efficient for solving complex MIP models [43]. The data required for the model development such as fixed and variable O&M costs, gross capacity, capacity factor, fuel cost, CO2 emission data of both existing and new power plants, capital cost of new power plants, CCS cost, annual electricity demand and CO2 mitigation targets were arranged in an EXCEL spreadsheet. Then, the EXCEL file was imported to GAMS, which could easily read the data from the spreadsheet.



The MPMIP model involved several equations and variables. The model was executed on an HP EliteBook 8470p Intel® Core i5-3320M CPU@2.6GHz with 4 GB RAM (Santa Clara, CA, USA). The runtime for each case was about 20–30 s. The model statistics are shown in Table 3. The number of equations are more for the fuel balancing case than the base case and the CCS case due to an additional constraint of the CO2 mitigation target.





3. Case Studies and Assumptions


The GDP growth of Pakistan back in 2015 and 2018 was 4.7% and 5%, respectively. Currently in 2019, the GDP growth rate is 3.2%. Considering the GDP growth rate of Pakistan for the last five years, the current study was conducted for electricity demand at two GDP growth rates, i.e., low (3.5%) and normal (5%) [16]. This study also considers BAU policy in developing the optimization model, as only the government-developed-policies and plans for fulfilling the future energy demand are considered without any capacity expansion by the model itself. Pak-INDC’s suggestion regarding CO2 mitigation of 37% until 2030 was also based on this BAU scenario [9]. However, under the BAU scenario, the power plants already planned by the government did not fit well in meeting the electricity demand for many scenarios and therefore capacity expansion was considered where needed. Three cases (reference case, fuel balancing and CCS) were investigated for electricity demand at both low (3.5%) and normal (5%) GDP growth rates.



	
The reference case was developed with no CO2 mitigation target and the sole objective was to minimize the overall COE per kWh for the power sector of Pakistan.



	
A fuel balancing approach was applied to meet the CO2 mitigation targets as suggested by Pak-INDC. In addition to terms in objective function, an additional constraint (Equation (10)) was also applied for CO2 mitigation.



	
CCS was applied on newly installed fossil fuel based power plants in order to achieve more CO2 mitigation. The energy mix was optimized to minimize the COE and meet the CO2 emission targets.






It was reported that the electricity demand and hydroelectric potential in winter reduces to 60% and 65%, respectively [44]. Keeping in consideration the load fluctuation in summer and winter seasons, these three cases were separately executed for electricity demand in summer and winter too.



All the previous discussed scenarios were modeled under the following rational assumptions.



	
All data is collected from various national (WAPDA, NEPRA, EPA, etc.) and international (NETL, NREL, ADB, etc.) resources.



	
All the prices are in 2018 United State Dollars (USD).



	
The data for all new power plants to be installed in the future are collected from NTDC and NEPRA reports and the BAU scenario is fully followed. However, capacity expansion is considered along with the BAU scenario only where annual electricity demand exceeds the maximum generation capacity in order to avoid the optimization solution from becoming infeasible and to meet the electricity demand.



	
In the fuel prices of fossil fuel based power plants, the increase with time is constant within that year. However, fixed and variable operating and maintenance costs of all power plants are assumed to remain constant in each year.



	
CCS technology is proposed to implement only on new fossil fuel based power plants and not on existing fossil fuel based power plants.



	
Capital costs of newly installed power plants are amortized over a period of 30 years with an eight percent interest rate. For solar and wind, the plant life is 20–25 years whereas for the others it can be up to 40 years. However, the capital charge factor or annual amortization factor does not significantly change by it (for plant life higher than 15 years) and so does the COE.



	
Fuel costs of nuclear fuel are not incorporated in calculations as nuclear power plants are capital intensive and their fuel cost is negligible.



	
Nuclear and hydroelectric power plants are supposed to run at their full net capacities to generate the maximum revenue and pay back their capital investments in a minimal time.







4. Results and Discussion


Three cases were developed to optimize the power sector of Pakistan. Each of the three cases involves four different scenarios including: (1) summer low GDP, (2) summer normal GDP, (3) winter low GDP, and (4) winter normal GDP. The reference case involves no constraint for CO2 mitigation, with the only objective of minimizing the COE and fulfilling the electricity demand. The second case is fuel balancing that involves the CO2 mitigation constraint. In fuel balancing, the optimizer tries to shift the load on the low carbon intensive non-fossil fuel based power plants rather than the fossil fuel based power plants. The third case considers the CCS installation on new fossil fuel based power plants to reduce the CO2 emissions. The results for all the cases are presented in the following sub-sections.



4.1. Reference Case


COE for all the scenarios of the reference case such as low GDP for summer, low GDP for winter, normal GDP for summer and normal GDP for winter is presented in Figure 7. In the reference case optimization, the only objective was to provide the optimal power output of each power plant by minimizing the total cost associated with all the time periods. Electricity demand and plant capacity constraints were also incorporated. The average COE during the complete time horizon for the low GDP winter was 8.2% higher than for the low GDP summer while the average COE for the normal GDP winter was 4.5% lower than the normal GDP summer case, as shown in Figure 7. The increase in average COE for low GDP case was due to the reduction of winter hydroelectric power to 60%. Hence, the major electricity load was shifted towards fossil fuel based power plants. Fossil fuel based plants are costly in operation as high fuel prices are involved, which resulted in average COE increase during the winter. During 2025–2030, COE for normal GDP winter was lower than low GDP winter. In normal GDP winter, load on fossil fuel power plants increases compared to low GDP winter, which should result in an increase in COE. However, this is not the case because in normal GDP winter, electricity demand becomes higher than low GDP winter. This increased demand resulted in three newly proposed hydroelectric power plants during these years, hence, caused a reduction in the COE. The details of the new proposed power plants are given in Appendix A.



COE was reduced during summer 2018–2020 due to expected completion of about 1350 MW hydroelectric power projects, which are usually cheaper than other sources. The COE was raised rapidly during 2021 for all scenarios due to the addition of planned power by installing 2370 MW of renewable and 2650 MW fossil fuel based power plants, which are definitely expensive due to the high initial cost of renewable and high fuel costs of fossil fuel based plants. For the normal GDP summer case, COE was decreased in 2022–2024 due to expected completion of about 11,500 MW hydroelectric projects. For normal GDP summer 2028–2029, COE was increased because the gap between demand and generation capacity squeezed, which left fewer options for optimizer for selection. For normal GDP summer 2030, capacity expansion was considered, which resulted in selection of three hydroelectric power plants (as presented in Appendix A) causing a decrease in COE. During capacity expansion, construction lead time was taken into account, which means during the construction of a certain power plant, there would be no power added to the grid from that power plant. Moreover, it can be seen from Appendix A that after the shaded area, power production starts for a certain power plant. The shaded area represents construction lead time. For low GDP summer, COE was relatively stable from 2026 to 2030. For low and normal GDP winter, COE was increased until 2026 and then started decreasing. The increase in COE, during 2020–2026, is mainly due to less power production from solar, wind and hydroelectric power plants in winter. The power production from non-fossil fuel power, other than hydroelectric, is costly but still cheaper than imported fueled power plants. About 50 non-fossil fuel power plants other than hydroelectric and nuclear are expected to be installed in the mentioned period. However, in 2026, two nuclear power plants of total capacity 2200 MW are expected to be completed, which did not involve seasonal variation and have a much higher capacity factor compared to other non-fossil fuel power plants.



The optimal energy mix at the reference case is shown in Figure 8. The energy mix was optimized such that the increasing trend of hydroelectric power plants was observed from the year 2018 to 2030, as shown in Figure 8. The optimizer opted to use the hydroelectric power plants rather than fossil fuel based power plants keeping in consideration the costs associated with each power plant type. During electricity demand at the normal GDP rate, a rise in consumption of fossil fuel power was observed in contrast to low GDP rate. The reason was that the electricity demand at the normal GDP rate was more than at low GDP rate, and therefore, the optimizer shifted more load on the fossil fuel based power plants to meet the electricity demand.




4.2. CO2 Mitigation by Fuel Balancing


The fuel balancing technique was employed to achieve the CO2 mitigation targets. In this technique, the optimizer seeks for the flexibility available in fossil and non-fossil fuel based power plants to adjust their power outputs. In this way, a major load shift occurs over non-fossil fuel based plants or low carbon intensive power plants to reduce CO2 emissions. In this study, the mitigation targets were set in a linearly increasing trend over the period of 2018–2030. These mitigation targets were set in such a pattern that, in the first turn, the target started from 1% CO2 mitigation in 2018 and increased linearly reaching to 10% CO2 mitigation in 2030. In the next turn, the target started from 2% CO2 mitigation in 2018 and terminated at 20% mitigation in 2030. Thus, the pattern was followed in an increasing trend in each turn until 50% CO2 mitigation in 2030 is reached. For low GDP, only 1–10% CO2 mitigation was possible without proposing new power plants. Therefore, above 1–10% CO2 mitigation, the optimization solution turned out to be infeasible. The real bottleneck was the year 2021, as there was a little gap between annual electricity demand and maximum generation capacity. That is why capacity expansion was incorporated to meet the energy demand. The model was able to achieve CO2 mitigation up to 5–50% via capacity expansion in addition to the already planned new power plants.



The COE followed the trend of the reference case with a slight rise for increasing CO2 mitigation during the low GDP summer and winter scenarios, as shown in Figure 9a,b. For low GDP summer, COE was increased significantly during 2021 for all CO2 mitigation targets. COE in the year 2021 was the same for all CO2 mitigation targets and was around 20% higher than the reference case for this year. For 2021, the gap between electricity demand and maximum generation capacity was narrow, which reduced the flexibility to some extent for the optimizer to choose. For low GDP summer, COE remained almost same from year 2022 to 2030, for all mitigation targets as well as for the reference case. The reason was that during this period, the optimizer had quite a handsome gap between electricity demand and maximum generation capacity for fuel balancing resulting in a negligibly small rise in COE with an increase in CO2 mitigation targets. The average COE increase for all the periods of low GDP summer compared to that of the reference case was 4.3% with a 5–50% CO2 mitigation target. Capacity expansion required for the 2–20% to 5–50% CO2 mitigation target is presented in Appendix A, and mostly hydroelectric, solar and wind power plants were chosen. For low GDP winter, no rise in COE was found for a CO2 mitigation target up to 2–20%, as shown in Figure 9b. A slight rise in COE was observed for higher mitigation targets, for example, 3.2% and 6.1% average rise in COE for a 4–40% and 5–50% CO2 mitigation target, respectively.



COE rise for all mitigation targets of the normal GDP summer case is shown in Figure 9c. The average COE for even 5–50% CO2 mitigation compared to the reference case was lower. This was because in the reference case, optimizer had to select from only those power plants available to it and no capacity expansion was assumed. However, for fuel balancing, capacity expansion was considered, which resulted in lowering the COE due to the installation of low cost power plants. Renewable power plants such as hydroelectric, solar and wind were selected in 2020 and for future years, which were cheaper than fossil fuel power plants. Therefore, average COE for all CO2 mitigation targets was slightly reduced from the reference case in the normal GDP summer case. For the years 2028–2030, the COE was significantly higher for the reference case, as shown in Figure 9c, as the optimizer has to choose among the limited options, which were mainly the already installed or decided plants in contrast to the mitigation cases where flexibility was more for the optimizer due to capacity expansion. For normal GDP winter, the rise in COE was relatively smooth with increase in CO2 mitigation targets, as shown in Figure 9d. The average rise in COE was 7.8%, 9.4%, 11.3%, 15.0% and 15.5% for CO2 mitigation targets of 1–10%, 2–20%, 3–30%, 4–40% and 5–50%, respectively. Optimal energy mix for fuel balancing for the 4–40% CO2 mitigation target for all scenarios is shown in Figure 10. The increased electricity demand for normal GDP resulted in more load shift towards the new proposed hydroelectric and other non-fossil fuel power plants (under capacity expansion) because the available non-fossil fuel power plants were already used.




4.3. CO2 Mitigation Using CCS Technology


CO2 mitigation was achieved using CCS technology and the results are discussed in this section. The CCS system was supposed to install on new fossil fuel based power plants with the carbon capture level of 90%. The model was developed considering all the factors such as carbon capture cost and energy penalty for CCS, and the results were compiled for the rise in COE along with the percentage reduction in CO2 emission. Average CO2 emission reductions were observed to be 35.4%, 8.7%, 39.6% and 37.2% for low GDP summer, low GDP winter, normal GDP summer and normal GDP winter, respectively, and are shown in Figure 11. The corresponding rise in COE due to capital and operational cost associated with CCS was 12.4%, 4.8%, 2.7 and 7.7%, respectively, as shown in Figure 12. The electricity output of all fuel type power plants (fossil, hydroelectric and other non-fossil) for CO2 mitigation by CCS system is shown in Figure 13 for all scenarios. It was observed that the optimizer selected the fossil and non-fossil power plants optimally, and the COE was high due to the presence of the CCS system. Since the capacity of power plants decreased with implementation of CCS due to the energy penalty associated with it, the capacity expansion was considered in normal GDP to meet the energy demand. In capacity expansion, 6 hydroelectric, 10 wind, 7 solar, 10 NGCC and 6 PC power plants were selected. Details of capacity expansion results are given in Appendix A.



CO2 emissions for the reference case were higher than the CCS case, as expected, except for low GDP winter 2026–2029. The optimizer selected no new fossil fuel power plant during 2026–2029 and shifted the load towards the existing fossil fuel power plants to avoid the cost of CCS. During the mentioned period, the reference case used only new NG based power plants. However, in order to avoid the cost of CCS, when the load was shifted towards existing fossil fuel power plants, some local coal power plants using cheaper fuel were selected by the optimizer but at the cost of higher CO2 emissions. The CO2 emissions were reduced after 2021 for summer scenarios and after 2023 for winter scenarios in the CCS case, and finally increased during the last few years. This was due to expected completion of 2950 MW hydroelectric and 1825 MW other non-fossil power projects. A decrease in CO2 emissions for 2024–2026, in the reference case, was due to the expected completion of hydroelectric and nuclear power projects during this period. For the reference case, CO2 emissions were increased for 2027–2030 due to the installation of 567 MW coal power plants each year. For low GDP winter, the rise in CO2 emissions during 2027–2030 was due to less production of power from solar, wind and hydroelectric power plants resulting in more load shifted towards existing fossil fuel power plants (in order to avoid the cost of CCS). For normal GDP summer and winter, the rise in CO2 emissions for 2027–2030 was due to new proposed fossil fuel power plants without CCS under capacity expansion as the optimizer shut down power plants using costly imported coal and LNG by proposing new NG and local coal based power plants. The reduction in CO2 emissions was significant in the CCS case for summer scenarios of both low and normal GDP due to a large share of fossil fuel power plants with CCS to meet the relatively high energy demand, as shown in Figure 11a,c. However, a reduction in CO2 emissions for low GDP winter was negligible due to a small share of fossil fuel with CCS to meet a relatively low energy demand, as shown in Figure 11b. Moreover, the reduction in CO2 emissions was more for normal GDP due to a relative higher share of fossil fuel power plants with CCS, selected for capacity expansions in addition to existing and new planned power plants.



As expected, COE for CCS turned out to be higher than the reference case except for normal GDP summer 2028–2030, as shown in Figure 12c. This was due to capacity expansion for the normal GDP case, which resulted in the selection of 23 renewable power plants causing lower COE than the reference case. It is true that capacity expansion was also considered for the reference case also but it was required only for 2030 with fewer power plants. The COE for the CCS case almost followed the same trend as that of the reference case. Furthermore, the average COE for the whole time horizon with CCS case was the same (6.4–6.5 cents/kWh) for all the scenarios. The optimal energy mix for the CCS case is presented in Figure 13. It can be observed that the load shift towards the hydroelectric power plants was increased from 2018 to 2030. However, in normal GDP, dependence on new proposed hydroelectric power plants (under capacity expansion) was increased due to increased electricity demand as compared to low GDP. Moreover, capacity expansion results for the selection of some new power plants and the details are provided in Appendix A.



Upon further analysis, it was found that many fossil fuel power plants were set to zero power output in meeting the electricity demand and CO2 mitigation targets for all four scenarios. Thus, keeping in consideration their capital investment and operational complexities, another case was developed with 30% operational constraint on new and existing fossil fuel based power plants. The constraint was set in such a manner that the fossil fuel based power plants must operate at least 30% of their maximum power output. For this case, the results of CO2 emissions and COE are presented in Figure 14 and Figure 15, respectively.



As expected, CO2 emissions for CCS with 30% operational constraint over fossil fuel power plants were slightly higher than the CCS case for most of the periods. For normal and low GDP summer for the years 2018–2021, as shown in Figure 14a,c, CO2 emissions were identical for both CCS and CCS with 30% operational constraint on fossil fuel power plants showing the same selection made for the power plant operation. The COE was also same for these periods in summer scenarios, as shown in Figure 15a,c. At some of the periods, CO2 emissions for CCS were higher than its rival case. This was because for the CCS case, more load was shifted towards existing fossil fuel power plants (to avoid the cost of CCS) as no CCS was implemented on the existing fossil fuel power plants. This resulted in a slight decline in CO2 emissions for CCS with 30% operational constraint. Average CO2 emissions for CCS with 30% operational constraint over CCS case were found to be 6.9%, 5.8%, −0.3% and 6.4% higher for low GDP summer, low GDP winter, normal GDP summer and normal GDP winter, respectively, as shown in Figure 14.



The COE for CCS with 30% operational constraint was higher than the CCS case due to involvement of fuel price and CCS operational cost as the optimizer was forced to select all fossil fuel based plants with at least 30% of its maximum capacity. However, the significant rise in COE due to 30% operational constraint was in winter low GDP and winter normal GDP scenarios, as shown in Figure 15b,d. The average rise in COE over the complete time horizon for CCS with 30% operational constraint over CCS with no constraint was 5.1%, 25.4%, 6.1% and 19.2% for low GDP summer, low GDP winter, normal GDP summer and normal GDP winter, respectively. The operational constraint of 30% on fossil fuel power plants avoids the optimizer setting zero power, resulting in a selection of fewer new proposed power plants under the capacity expansion compared to CCS, as shown in Appendix A.




4.4. COE Comparison for All Cases


A comparison of the COE for all cases (reference case, fuel balancing, CCS, etc.) for summer low GDP scenarios of 2018, 2024 and 2030 is presented in Figure 16. The current COE was taken from the State of Industry Report by NEPRA [44], and the COE for all other cases was obtained against their respective optimal energy mix. The results of the COE for all cases were compared to the current generation cost. This comparison revealed that under the reference case with no CO2 mitigation constraint, about 1.8 cents decline in the COE was observed compared to the current generation cost due to the load shift on hydroelectric power plants rather than fossil fuel based power plants. Load shift was also observed from high carbon fuel (e.g., coal, oil) to low carbon fuel (e.g., NG). Whereas, the COE for the reference case and fuel balancing case was almost the same with 40% CO2 mitigation achievement until the year 2030, for the scenario under discussion. Upon installing the CCS system on new power plants, the COE was almost 0.9 and 1.4 cents higher compared to the corresponding reference case, due to the associated CCS costs for the year 2024 and 2030, respectively. However, the COE was raised by 1.4 and 1.3 cents than the corresponding reference case when 30% operational bound was set on fossil fuel based power plants for the year 2024 and 2030, respectively. No COE was increased in the year 2018 for both of the CCS cases as the CCS has not started yet during the first year of the time horizon. It can be established from the above discussion that to achieve CO2 mitigation without a significant increase in the COE, fuel balancing should be preferred over CCS, as fuel balancing involves no retrofitting or additional operating and maintenance costs.



The comparison of average COE over the entire time horizon for all the four scenarios and all the cases is represented in Figure 17. For the fuel balancing case of the 4–40% CO2 mitigation target, the average COE is high only for normal GDP summer compared to that of the reference case. Other scenarios of fuel balancing attained almost the same average COE as that of the reference case. The average COE for the CCS case was the same for all scenarios and slightly higher than the reference case. However, due to the consumption of a significant portion of energy for CCS, more new power plants will be proposed under capacity expansion and hence more deviation from government plans. Finally, the average COE for the CCS case with 30% operational constraint was significantly higher than the reference case, especially for the winter scenarios.





5. Conclusions and Future Recommendations


The main objective of this study was to optimize the power output selection of each power plant by minimizing the overall cost considering all the associated constraints such as the electricity demand and CO2 mitigation targets. An MPMIP model was developed for this purpose and implemented in GAMS for 13 years from 2018 to 2030. Four different scenarios were investigated including: (1) summer low GDP scenario, (2) summer normal GDP scenario, (3) winter low GDP scenario, and (4) winter normal GDP scenario. The power sector of Pakistan was optimized to minimize the COE considering all the necessary constraints such as electricity demand, plant capacities and CO2 mitigation constraints. Fuel balancing and CCS were the two CO2 mitigation techniques employed in this study and compared with the reference case involving no CO2 mitigation constraint. Furthermore, an additional case was developed by modifying the CCS case with 30% operational constraint on new and existing fossil fuel based power plants. This constraint was set to operate the fossil fuel based power plants at at least 30% of their maximum power output. The following conclusions may be drawn from the results of this study.



	
Lower value for the reference case COE as well as COE with CO2 mitigation targets was achieved compared to the current, which confirmed the possibility of cheap electricity generation with reduced GHG emissions by optimizing the energy mix of Pakistan.



	
For low GDP summer and winter scenarios of the fuel balancing case, the CO2 mitigation target by fuel balancing can be increased beyond 50% with some increase in COE. However, several new proposed power plants under capacity expansion were considered to meet the electricity demand.



	
For the normal GDP winter scenario of fuel balancing case, the rise in COE was relatively higher with a large number of new proposed power plants under capacity expansion.



	
CCS technology for the mitigation of CO2 emissions when adopted on new fossil fuel power plants was also found effective with reasonable increase in COE. Average CO2 emissions were reduced by 35.4%, 8.7%, 39.6% and 37.2% with the corresponding increase in the COE by 12.4%, 4.8%, 2.7% and 7.7% for low GDP summer, low GDP winter, normal GDP summer and normal GDP winter, respectively.



	
A constraint on fossil fuel power plants to operate at least 30% of their maximum capacity contributed only a few percent CO2 emission reduction but with a significantly higher rise in COE.



	
Fuel balancing up to 4–40% CO2 mitigation target was found to be a more feasible CO2 mitigation technique than CCS because it did not involve any significant rise in the COE. This study shows that Pakistan should go for fuel balancing in order to mitigate CO2 up to 40% by 2030 as proposed by Pakistan INDC. Furthermore, capacity expansion was more for the case of CCS compared to fuel balancing. This was the indication of deviation from government planning, which should be avoided without significant benefits.






This paper can be considered as a preliminary study for the development of a general methodological framework, which can exploit more techniques and comprehensive data available in practice to improve the future policies and planning especially for the power sector of Pakistan. The economic and emission related data for the present work is claimed to be realistic and comprehensive for a practical study. However, predictions for prices and demand forecasting may be improved. The uncertainties in the available or predicted data should also be incorporated. Furthermore, various other CO2 mitigation techniques can be employed for the optimal energy planning. Some of the recommendations for future research are given as follows.



	
Fuel switching may be employed on the existing fossil fuel based power plants. This may reduce CO2 emissions to a certain level but at the expense of the retrofitting cost involved in fuel switching implementation.



	
A CCS system may be employed on the existing fossil fuel based power plants after incorporating retrofitting and CCS related costs.



	
For long term power planning, the renewable power potential of Pakistan must be investigated and planning should be done to promote the renewable power sources instead of conventional fossil fuel based power plants, which use highly carbon intensive fuel.



	
This model should also be modified to incorporate multi-period load fluctuations on an hourly, monthly, and yearly basis.
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Nomenclature




	
Indices




	
i

	
Fossil fuel based existing power plant




	
j

	
Fuel type for fossil fuel based existing power plants (coal, NG, LNG, FO)




	
u

	
Non-fossil fuel based existing power plants




	
p

	
New power plant




	
q

	
Fuel type for new power plants (FF, NF)




	
a

	
New proposed fossil fuel power plants




	
c

	
New proposed non-fossil fuel power plants




	
t

	
Time horizon consisting of 26 periods and 13 years from 2018-2030 including summer and winter in each year (for summer t = 1, 3, 5,……, 25 and for winter t = 2, 4, 6,……, 26)




	
Parameters




	
Fixijt

	
Fixed cost for fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t” ($/MW)




	
GCapijt

	
Gross capacity for fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t” (MW)




	
Varijt

	
Variable cost for fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t” ($/MWh)




	
Vjt

	
Fuel cost for fuel type of “j” in the time period “t” ($/GJ)




	
Gij

	
Heat rate of fuel for fossil fuel based existing power plants “i” with fuel type of “j” (GJ/MWh)




	
Fixut

	
Fixed cost for non-fossil fuel based existing power plants “u” in the time period “t” ($/MW)




	
GCaput

	
Gross capacity for non-fossil fuel based existing power plants “u” in the time period “t” (MW)




	
Varut

	
Variable cost for non-fossil fuel based existing power plants “u” in the time period “t” ($/MWh)




	
Fixpqt

	
Fixed cost for new power plants “p” of fuel type “q” in the time period “t” ($/MW)




	
GCappqt

	
Gross capacity for new power plants “p” of fuel type “q” in the time period “t” (MW)




	
Varpqt

	
Variable cost for new power plants “p” of fuel type “q” in the time period “t” ($/MWh)




	
Vqt

	
Fuel cost for fuel type “q” in the time period “t” ($/GJ)




	
Gpq

	
Heat rate of fuel for new power plants “p” of fuel type “q” (GJ/MWh)




	
Fixat

	
Fixed cost for new proposed fossil fuel power plants “a” in the time period “t” ($/MW)




	
GCapat

	
Gross capacity for new proposed fossil fuel power plants “a” in the time period “t” (MW)




	
Varat

	
Variable cost for new proposed fossil fuel power plants “a” in the time period “t” ($/MWh)




	
Vat

	
Fuel cost for new proposed fossil fuel power plants “a” in the time period “t” ($/GJ)




	
Ga

	
Heat rate of fuel for new proposed fossil fuel power plants “a” (GJ/MWh)




	
Fixct

	
Fixed cost for new proposed non-fossil fuel power plants “c” in the time period “t” ($/MW)




	
GCapct

	
Gross capacity for new proposed non-fossil fuel power plants “c” in the time period “t” (MW)




	
Varct

	
Variable cost for new proposed non-fossil fuel power plants “c” in the time period “t” ($/MWh)




	
CapCostpqt

	
Capital cost for new power plants “p” of fuel type “q” in the time period “t” (m$/MW)




	
CapCostat

	
Capital cost for new proposed fossil fuel power plants “a” in the time period “t” (m$/MW)




	
CapCostct

	
Capital cost for new proposed non-fossil fuel power plants “c” in the time period “t” (m$/MW)




	
CCSpq

	
Carbon capture and sequestration cost for new power plants “p” of fuel type “q” ($/ton CO2)




	
CCSa

	
Carbon capture and sequestration cost for new proposed fossil fuel power plants “a” ($/ton CO2)




	
   C a p F a c t o  r  i j t     

	
Capacity factor for fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t”




	
   C a p F a c t o  r  u t     

	
Capacity factor for non-fossil fuel based existing power plants “u” in the time period “t”




	
   C a p F a c t o  r  p q t     

	
Capacity factor for new power plants “p” of fuel type “q” in the time period “t”




	
   C a p F a c t o  r  a t     

	
Capacity factor for new proposed fossil fuel power plants “a” in the time period “t”




	
   C a p F a c t o  r  c t     

	
Capacity factor for new proposed non-fossil fuel power plants “c” in the time period “t”




	
CO2ijt

	
CO2 emissions from fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t” (Mton/MWh)




	
CO2pqt

	
CO2 emissions from new power plants “p” of fuel type “q” in the time period “t” (Mton/MWh)




	
CO2at

	
CO2 emissions from new proposed fossil fuel power plants “a” in the time period “t” (Mton/MWh)




	
EDt

	
Annual electricity demand in the time period “t” (MW)




	
  ε  

	
Percent CO2 captured




	
Q

	
A multiplication factor, number of hours in a time period of six months (summer or winter)




	
Binary Variables




	
xijt

	
1 if ith plant is used with jth fuel type in the time period “t” otherwise 0




	
yut

	
1 if uth plant is used in the time period “t” otherwise 0




	
zpqt

	
1 if pth plant is used with qth fuel type in the time period “t” otherwise 0




	
nat

	
1 if ath plant is used in the time period “t” otherwise 0




	
bct

	
1 if cth plant is used in the time period “t” otherwise 0




	
Continuous Variables




	
Eijt

	
Electricity output from fossil fuel based existing power plants “i” with fuel type of “j” in the time period “t” (MW)




	
Eut

	
Electricity output from non-fossil fuel based existing power plants “u” in the time period “t” (MW)




	
Epqt

	
Electricity output from new power plants “p” of fuel type “q” in the time period “t” (MW)




	
Eat

	
Electricity output from new proposed fossil fuel power plants “a” in the time period “t” (MW)




	
Ect

	
Electricity output from new proposed non-fossil fuel power plants “c” in the time period “t” (MW)








Abbreviations




	ADB
	Asian Development Bank



	CEL
	CO2 emission limit



	CO2
	Carbon dioxide



	EIA
	Energy Information Agency



	exi
	Existing power plants



	FF
	Fossil fuel



	GDP
	gross domestic product



	GJ
	Giga Joule



	LNG
	Liquefied natural gas



	MW
	Mega Watts



	NEPRA
	National Electric Power Regulatory Authority



	new
	New power plants



	NG
	Natural gas



	NGCC
	Natural gas combined cycle



	NTDC
	National Transmission and Despatch Company



	PC
	Pulverized coal



	CF
	Capacity factor



	COE
	Cost of electricity (cents/kWh)



	EPA
	Environmental Protection Agency



	f
	Cumulative cost of electricity over whole time horizon ($)



	FO
	Furnace oil



	GHG
	Greenhouse gas



	IEA
	International Energy Agency



	m$
	Million Dollar



	MWh
	Mega Watt hour



	NETL
	National Energy Technology Laboratory



	NF
	Non-fossil



	NREL
	National Renewable Energy Laboratory



	O&M
	Operating and maintenance



	WAPDA
	Water and Power Development Authority
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Table A1. Details of the Plants Installation under Capacity Expansion: Normal GDP Reference Case.
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Table A2. Details of the Plants Installation under Capacity Expansion: Low GDP Fuel Balancing (2–20% Mitigation).
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Table A3. Details of the Plants Installation under Capacity Expansion: Low GDP Fuel Balancing (3–30% Mitigation).
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Table A4. Details of the Plants Installation under Capacity Expansion: Low GDP Fuel Balancing (4–40% Mitigation).
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Table A5. Details of the Plants Installation under Capacity Expansion: Low GDP Fuel Balancing (5–50% Mitigation).
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Table A6. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (1–10% Mitigation).
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Table A7. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (2–20% Mitigation).






Table A7. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (2–20% Mitigation).





	 [image: Energies 13 04571 i007]










[image: Table] 





Table A8. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (3–30% Mitigation).
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Table A9. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (4–40% Mitigation).
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Table A10. Details of the Plants Installation under Capacity Expansion: Normal GDP Fuel Balancing (5–50% Mitigation).
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Table A11. Details of the Plants Installation under Capacity Expansion: Normal GDP CCS on New PP’s.
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Table A12. Details of the Plants Installation under Capacity Expansion: Normal GDP CCS on New PP’s (with 30% Operation Constraint on FF).
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Boxes with red color indicate previous years which were not considered in capacity expansion.



	
Boxes with red acent 2 lighter 40 % color and broken lines indicate the construction years and arrow shows the starting year of construction. During construction, no power is produced.



	
Total ten hydroelectric power plants of different capacities were considered in this study. In order to differentiate these were named as hydro1, hydro2, etc.
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Figure 1. Pakistan 2018 energy mix. 
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Figure 2. CO2 emissions projection of Pakistan. 
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Figure 3. Fuel price projection. 
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Figure 4. Electricity demand of Pakistan. (a) Summer. (b) Winter. 
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Figure 5. Steps involved in methodology. 
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Figure 6. Superstructure representation for the optimization of the power sector. 
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Figure 7. Cost of electricity for the reference case. 
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Figure 8. Optimal energy mix at the reference case. 
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Figure 9. Cost of electricity for various CO2 mitigation targets under fuel balancing. 
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Figure 10. Optimal energy mix for fuel balancing at the 4–40% mitigation target. 
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Figure 11. CO2 emission under the carbon capture and sequestration (CCS) case (with CCS) and reference case (with no CCS). 
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Figure 12. Cost of electricity under the CCS case (with CCS) and reference case (with no CCS). 
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Figure 13. Optimal energy mix under the CCS case. 
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Figure 14. CO2 emissions for CCS case at 30% operational constraint on fossil fuel based power plants compared with the CCS case without such constraint. 
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Figure 15. Cost of electricity for CCS case at 30% operational constraint on fossil fuel based power plants compared with the CCS case without such constraint. 
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Figure 16. Cost of electricity comparison for all cases of summer low GDP. 






Figure 16. Cost of electricity comparison for all cases of summer low GDP.



[image: Energies 13 04571 g016]







[image: Energies 13 04571 g017 550] 





Figure 17. Average cost of electricity comparison for all cases. 
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Table 1. Cost of electricity from different types of power plants in Pakistan.
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	Power Plant Type
	COE (Cents/kWh)
	Power Plant Type
	COE (Cents/kWh)





	Solar
	5.25
	LNG
	9.36



	Wind
	4.3
	NG
	6.51



	Local Coal
	8.38
	Hydro
	8.2



	Imported Coal
	8.8
	Biomass
	8.28



	Furnace Oil
	11.74
	Nuclear
	6.44
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Table 2. Number of different types of power plants in Pakistan.
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	Thermal PP
	82
	Hydroelectric PP
	68





	Solar Power
	35
	Wind Power
	41



	Biomass/Bioenergy
	36
	Nuclear PP
	10
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Table 3. Solution statistics.
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Solution Statistics for Reference Case






	

	
Low GDP

	
Normal GDP

	

	
Low GDP

	
Normal GDP




	
Blocks of Equations

	
29

	
502

	
Single Equations

	
14,041

	
25,295




	
Blocks of Variables

	
31

	
54

	
Single Variables

	
19,993

	
34,841




	
Non Zero Elements

	
60,157

	
152,738

	
Discrete Variables

	
5978

	
16,874




	
Solution Statistics for Fuel Balancing Case (4–40% Mitigation)




	
Blocks of Equations

	
56

	
56

	
Single Equations

	
24,058

	
25,678




	
Blocks of Variables

	
54

	
54

	
Single Variables

	
36,921

	
40,041




	
Non Zero Elements

	
179,619

	
223,299

	
Discrete Variables

	
17,914

	
19,474




	
Solution Statistics for CCS Case




	
Blocks of Equations

	
30

	
220

	
Single Equations

	
14,067

	
23,298




	
Blocks of Variables

	
32

	
55

	
Single Variables

	
20,019

	
34,867




	
Non Zero Elements

	
60,663

	
151,221

	
Discrete Variables

	
5978

	
16,874












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Net
Capacity  No.
Plant  (MW)  of
Summer/ PP’

Winter

18

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030






media/file27.png
COE (cents/kWh)

=M= Low GDP Summer
—@®— Low GDP Winter
| —A—=Normal GDP Summer
—>X=Normal GDP Winter

~
I

=)
I

W
I

SN
|

2018 2020 2022 2024 2026 2028 2030

Year





media/file43.png
COE (cents/kWh)

COE (cents/kWh)

11

10 -

(a) Low GDP Summer
—4- cost with CCS

1 —@)— cost with CCS 30

COE (cents/kWh)

11

10 -

2018 2020 2022

2024
Year

(¢) Normal GDP Summer

2026

2028

2030

COE (cents/kWh)

2018 2020 2022

2024
Year

2026

2028

2030

11

10 -

- (b) Low GDP Winter

11

10 -

2018

(d) Normal GDP Winter

2020

2022

2024
Year

2026

2028

2030

2018

2020

2022

2024
Year

2026

2028

2030





media/file14.jpg
ENERGY MIX 2018

Solar,
Nuclear _ wind etc. .
8% 39 Fossil
Hydro Fuel
68%

21%





media/file35.png
2

CO_ Emissions (Mton)

CI[}2 Emissions (Mton)

90 -
80 -
70 4

60 -

40
30 4
20 4

10 4

| (a) Low GDP Summer

—- with no CCS
—4)—with CCS

_,.-l""
= ®
e
* Te—g

S

i-l".

90 -
80 -
70 -
60
50 -
40 -
304
20-
101

{ (¢) Normal GDP Summer

I ! | ! |
2018 2020 2022
Year

H—N

."--../'.'""'l—l -

~m

-,:1:: AN /

.'---._.-.-

' T ' | ' | ' | !
2024 2026 2028 2030

2024 2026 2028 2030

Year

2018 2020 2022

CO, Emissions (Mton)

CO, Emissions (Mton)

30 -
20 4

10 4

| (b) Low GDP Winter

-
™
""’—-l—t——l—ix-

e

Sp—a—-87

90
80 -
70 1
60 -
50 -
40 -
30 -
20
10 -

T T T T T T T T '
2024 2026 2028 2030

Year

1 T I T I
2018 2020 2022

] (d) Normal GDP Win ter

u
./ B | - '""u. — ®
ot
-
ey a0 .\' e

.'-..._. ~

L

2024 2026 2028 2030

Y ear

2018 2020 2022





media/file20.jpg
~so000| 4" PP (@) Summer
g Normal
g h GDP
360,000
H
& 40,000 -
= 20,0004
2018 2020 2022 2024 2026 2028 2030
cars
£ 8000 { ZZLow GoP (b) Winter
= \|Normal GDP
2 60,0004 igh GDP.
H
2 40,000
= 20,0004

2018 2020 2022 2024 2026 2028 2030





media/file10.png
oy
T
s 7
o
et
it
et
[l
o
T
s 1
T
s
s
s S oy
"
Ty
—
-
-
=
—
e —
—
o
—

s

-
-
=
-
-

- el I”
3
3
3





media/file5.png
Plant

Net
Capacity
(MW)
Summer/

Winter

739/480.5
705/470
1318/854

PP’s

2018

2019

2020

2027

2028

2029

2030






media/file19.png
Fuel Cost ($/GJ)

20~

18

S S
o N
'l I 'l I 'l

ok
[\
]

10

m:

—=— FQO
—o— LNG
—A— Imported Coal

—v— Local Coal
—o— NG

e A A A

.’M

2018

2020

2022

2024

years

2026 2028 2030





media/file45.png
S
\

NN NINININIZNI NI NI NI NN NN NN NN NI NI NN NN NI NI NN NN NN NN NN NI NN\ \Z\]
v0000000000000000000000000000000000000000000000000000000000000000000000000000000000

00000000000000000000000000000&

1902026762 % %% %% %
10000200 00 %0 0 20 %0 0 20 %0 00 20 %0 00 %0 %000 20000 %00 00 %60 %6 %6 %026 %60 26 %66 26 %6 % % %!

007777777777

.
_

-
o
-
Q\

ZmHmmmoi

“0000000
“0000000000000

000000000000M0Mououonononon0Monououononononononououonononononom
0,90, 0,.90.0.0.0,.0.0.0.0.0.0.0.0.0,.0.0,0.0,0.0,0.0,0.0,0,0.0,.0,0,0.¢

ii» \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Vv v .v.v.v.v v,V vV V.V V. V.V vV V. V.V .V VvV VvV VvV vV vV V. V.V VvV vV v .V
L0 00 %00 %0 %00 %0 %070 %0 %000 %0 %0 %026 %00 %6 %026 %6 %070 %6 %% %6 %4 % % %%
P00 20 %0 %0000 %0 %0 %0 0 %0 %0 %00 %62 %6 %0 026 %6 %0026 % %6 %4 %4 % % % %%
2 0.0.90.0.0.0.0.0.0.0.0.0.0.0.0.0,.0.0,0.0,0.0,0.0,0.0,.0,.0.0,0.0,0.00,

o

V.V V.V V. V. V. V.V V.V vV, v v v vV vV vV vV vV vV vV v vV vV vV vV v v v v Vv vV v
RO0I0HHIHIHIRIHIHINIRNIIRNIRNRIARIRNNK
L0 00 %00 00 %00 %0 %070 %0 %00 %0 %00 %0 %020 %6 %070 %6 %076 %6 %026 % %6 % % %0 %
K5ORSI

»iv\\\\»\\\\\\\\\\\\\\\\\\\\\\\x

CCS Case (30 %)

Fuel Balancing  CCS Case

Ref. Case

Current





media/file6.png
Net
Capacity

Plant (MW)
Summer/

Winter

Hydro2 739/480.5

705/470
1318/854
2/7
44/14

20.4/15.58
Solar 102778
Solar__1224/935
NGCC 126
NGCC

405

0.
of

Slala (===

EIISIE

]
o

2030





nav.xhtml


  energies-13-04571


  
    		
      energies-13-04571
    


  




  





media/file11.png
) e In
3
4
4

s





media/file41.png
CO2 Emissions (M tons)

CO2 Emissions (M tons)

48 - 48 - :
(a) Low GDP Summer (b) Low GDP Winter
-l CO2 with CCS
40 —@— CO2 with CCS 30 40 |
)
=
S
32- = 32-
e
=
8=
24 224
£
=l
I
-
16 - O 16 -
8 I T I T I T I T I T I T I 8 I T I I T I T I T I T I
2018 2020 2022 2024 2026 2028 2030 2018 2020 2022 2024 2026 2028 2030
48 - Year 48 - ) Year
(c) Normal GDP Summer - (d) Normal GDP Winter
=
40 - \ 40 -
.~. _
\/ °* * T
§. Y g
32- = ~ | 32-
\.’. Z
g AN
7 —
24 £ .\:\. - /=
s \-/ -~ \
o \.Ql -/.
16 - O 16 u o
N
- B
8 I T I T I T I T I T I T I 8 I T I I T I T I T I T I
2018 2020 2022 2024 2026 2028 2030 2018 2020 2022 2024 2026 2028 2030
Year Year





media/file2.png
Plant

5

Net
Capacity  No.

2

MW)

Summer/ PP’s

Winter
739/480.5

705/470
1318/854

2018

2019

2020

2021

2027

2028

2029

2030





media/file37.png
COE (cents/KWh)

COE (cents/KWh)

] (a) Low GDP Summer

8.0
1 —l— with no CCS
7.5 1 . ®
| @ with CCS -
6.5 / \ / "—g—m—m—-m =
6.0 - %
. =
5.5- . )
® —B
. a—e ~m” =
501 =g u O
. \ o
4.5 - ]
4.0 -
2018 2020 2022 2024 2026 2028 2030
Year
8.0—- (¢) Normal GDP Summer u
7.5
0] /-/.,o
. /e =
6.5- =9 =
6.0 - m Z
] ‘.—. =
o
5.5- a=H ® )
' S
5.0 - S
' |
4.5 -
4.0 -
2018 2020 2022 2024 2026 2028 2030

Year

] (b) Low GDP Winter
8.0- (b) P g—a=f—
7.5-
7.04 /

. o
6.0 - /0/-
5.5- ./l
o/
4.5 - /./
4.0 - /! /l | | | | | |

2018 2020 2022 2024 2026 2028 2030
Year

8.0] (d) Normal GDP Winter o

- ~e O
7.5+ /u ~e—e~

_ o/ “H—pg_g
7.0 - n
6.5 °
. 7

. o—o m
6.0- o~
5.5- /-/
5.0 - n

- O
4.5- / /
40] _-O_n
. s=m

2018 2020 2022 2024 2026 2028 2030
Year





media/file46.jpg
ow GDP Summer

ow GDP Winter

&R Normal GDP Summer
Normal GDP Winter

Ref. Case Fuel Balancing CCS Case (30 %)





media/file40.jpg
110w GOP Wi

- cormimces
o S-conmccsn

zn zn
EE B
£ £
.

i u Tr
i H\/\\ ’
zn e .
H Sas Z .
i et /
i
"

P T T TR M)

Yar e





media/file16.jpg
160

B summer

140 winter

n (Mton COz)

CO: Emi

2018 2020 2022 2024 2026 2028 2030

years





media/file12.png
=7

IR SRR RN R

T
5
Fl
£’





media/file3.png
&

Net
Capacity N

2 2 8 §E 8§ 8 2 8 8 8 8 8 8
Plant MW) of
MW of 2 8§ 8§ 8 S8 8 8§ 8 R 8 R R
Summer/ PP’s

‘Winter
739/480.5
705/470






media/file22.jpg
Step 1

Step2

Step3

Step 4

Steps

Problem Statement

What is optimal energy mix of different electricity supply sources
(coal, NG, oil, hydro, nuclear, wind, biomass etc.) which satisfy.
electricity demand in each period, while satisfying CO; emission

targets at minimum cost ‘

Literature Review

Comprehensive literature review of research on multi-period

optimization. 3

Data Gathering

The data gathering may include: Electricity demand forecast, Fuel
price projections, Heat rate of different fuels, Fixed and Variable
&M costs of different power plants, Capital costs of new power
plants, CO; emissions of diffe er plants etc.

Model Development

Objective Function: Minimize total anmual cost associated with
electricity

Constraints: Electricity demand, Capacity constraints on existing, new
planned and new proposed power plants, CO; emission, construction
Lead time constraints etc.

Model Application

Tmplement the model for reference case, fuel balancing and CCS on
new power plants studies in GAMS.






media/file25.png
Power

Supply
Demand

Existing

Power
Plants

N\

Exi FF New FF

P
O
\W4
E
R
&
E
N
E
R
A
T
|
O
N
)
|
C
|
S
|






media/file26.jpg
COE (cents/kWh)

= Low GDP Summer
Low GDP Winter

—A~—Normal GDP Summer
== Normal GDP Winter

2018 2020 2022 2024
Year

2026

2028

2030





media/file34.jpg
€O, Emissions (Mion)

ss2383832

(@) Low GDP Summer

it o CCs
~@-vin ccs

0, Emisions Oton)

'

<t

e

(0 Normal GDP Summer

O, Emissons Oton)

-538888

Wi Wm0 e Wm0

(@ Normal GDP Winter

W wn wm

e
ool

E3

£

£

Wis W w20





media/file13.png





media/file31.png
COE (cents/KWh)

COE (cents/KWh)

8.8 -
8.0 1
72
6.4 -
s6-
4.8 -

4.0 4

(a) Low GDP Summer —l-no mltlgat.l(.)n .
1-10 % mitigation
::: 2-20 % mitigation
3-30 % mitigation
x 4-40 % mitigation
~- 5-50 % mitigation

mf=t=g

8.8 -
8.0 4
72
6.4 -
s6-
4.8 4

4.0 4

2018 2020 2022 2024 2026 2028 2030

Year

(¢) Normal GDP Summer

. 3
‘/
L

N

Ny

g=

2018 2020 2022 2024 2026 2028 2030

Year

COE (cents/KWh)

COE (cents/KWh)

8.8 -
8.0-
72-
6.4—-
s6-
4.8-

4.0 4

(b) Low GDP Winter

8.8 -
8.0 4
72-
6.4-
s6-
4.8 4

4.0 4

%
2018 2020 2022 2024 2026 2028 2030
Year
(d) Normal GDP Winter
. —e
4‘3;5‘:‘"
. —'—.:.
*—
¢

2018 2020 2022 2024 2026 2028 2030

Year





media/file39.png
32,000 -

28,000 -
§24,000 .
20,000 -
5 .
£16,000 -
o |
£12,000+
<3| -

8,000 -

32,000 -
28,000 -
£24,000 -
20,000
g f
£16,000
o |
£12,000-
H 4
8,000

4,000 -

0

2018

2018

(a) Low GDP Summer

1| Y4 fossil
EEEE hydro
m non-fossil

2020 2022 2024

Year

(¢) Normal GDP Summer

2020 2022

2024
Year

2026

2028

2030

32,000_- (b) Low GDP Winter
28,000 1

24,000 -

MW

~ 20,000 -

put

£ 16,000

12,000 -+

Elec Ou

5,000~ o  77/H e
1001V Um Ui 8 Ui

O nEE)oe

------
mandele XYY 1V /HHRSS
-----

-------

2028

0
2018 2020 2022 2024

Year

2026

32,000_- (d) Normal GDP Winter
28,000 1
§ 24,000 1

~ 20,000 -

put (M

= 16,000

Ou

g 12,000

Ele

8,000 -

4,000 -

0-
2018

2028

2030 2020 2022 2024 2026

Year





media/file18.jpg
Fuel Cost (S/GJ)

20

18

16

14

12

10

—=—FO
——LNG
—— Imported Coal

—v— Local Coal
——NG

2018 2020 2022 2024 2026 2028 2030

years





media/file9.png
Hydro2
Hydro4
Hydro6
Hydro7
Hydro8
Wind
Wind
Solar
Solar
Solar
NGCC

NGCC

17(
1318/854
2070/1334
629.5/409
22/7
44/14
20.4/15.58
10.2/7.8
122.4/93.5
126

405

1
1
1
1
1
25
25
20
10
18
2
2





media/file42.jpg
@ cost with CCS 30
£ £
56 He
, = 5 -
i .,
&

Year Yaar





media/file23.png
Step 1

Step 2

Step 3

Step 4

Step 5

Problem Statement

What 1s optimal energy mix of different electricity supply sources
(coal, NG, oil, hydro, nuclear, wind, biomass etc.) which satisfy

electricity demand in each period, while satisfying CO; emission

targets at minimum cost -‘_

Literature Review

Comprehensive literature review of research on multi-period

optimization. *

Data Gathering

The data gathering may include: Electricity demand forecast, Fuel
price projections, Heat rate of different fuels, Fixed and Variable
O&M costs of different power plants, Capital costs of new power

plants, CO; emissions of different power plants etc.

Model Development

Objective Function: Minimize total annual cost associated with
electricity

Constraints: Electricity demand, Capacity constraints on existing, new

planned and new proposed power plants, CO; emission, construction
lead time constraints etc.

Model Application

Implement the model for reference case, fuel balancing and CCS on
new power plants studies in GAMS.






media/file36.jpg
s0] ) Low GP Winter
o f—-=-::
i

7
Vs

F T T T T Ty ETRTITR






media/file15.png
ENERGY MIX 2018

Solar,
Muclear wind etc.
8% 3%

Hydro
21%

Fossil
Fuel
68%






media/file28.jpg
32000

"
oo
2000

a0

)

20000
16000

120

Fles Output (MW

sam
om0

Lhkll

@ Lo GO Summcr
Do

Hsiro
non-foss

LLhi

T T

Year
(@ Normat GOP Summe

Elec Ouput (¥

s o wm o W

00

om0

s o mm

LL i

s

@ Veur

s am o wm oame 2w

Year

i

0





media/file32.jpg
19901 @ Low GOP Summer 9001 () Low GOP Winter
2o
2500 Gy 25000
B non-ossit- o
£ 0m-
] i

7
1500
%
7 10000
7 i o 9
j E som. B
E

Mo xm ek s és o me W xm W w2 o
var var
300007 () Normal GDP Summer 300001 (@) Normal GDP
200 20
Saio £ 200
E 7 :
e 7 Eisom
oo Z om0, %
suo o

R |
Wis aw wm ok wpe W0 ww om0 wm e 206 W %0
Yar Yoar:





media/file24.jpg
Power
Supply
Existing R Demand

Power.
Plants






media/file29.png
(d) Normal GDP Winter Year

32.000 |(b) Low GDP Winter

(¢) Normal GDP SummerYear

[ Hydro
m non-fossil

1 Fossil

32,000 - (a) Low GDP Summer

— —
= = = = = = S —No\ S
= = = = = = = =
R =T — o o e ] Ay o
(@] (@] (@] — — o)

Year

Year





media/file7.png





media/file33.png
&
(o0)
DOOOOOOOOOL <
RARARARAARANEY N
N NN EREEEEEEEEE
> o]
o
DOOOOOOOOLL <
Pererstatetereretst AR
R e NN eEEEEE===EEEsm:
\O
o
<<<<<< =
o
B NN E SN EEEEzmN
-
o
<<<<<<< =
o o
..........
e REEaaazaas
-m n
= )
o
= Y - cva s
) N EEEE
@) —
o
= f—
=) o
- HEHHH
) IIIIIII
£ o0
g y—(
(o)
I ' 1 1 1 1 1 v 1 2
& & & & & & (o]
& & & & & &
< < < < < <
& \r; (o) \ (o] \
(op) o (@) - o
(AN IndinQ 2904 -
(o0)
<
o
HFH R A R
> o]
o
4444444444444 (o)
RERIBAAAAXRK] N
\O
o
OO0 nU
RRIBBAIABABEY
N N e R EEEEEEEEEEE:
&
N —— S
= R
- (@)
7 = =
B 2 o PR o
a2 _ o <& e EEEEm ==
© p—( o |
O Z2s g =
e~z 2 P
W S = = S
\]
] ﬂﬁm N a==aaaa
) IIIIIIIIIIIIIIII
< 7 ©
g —
(o)
I 1 ' 1 1 1 1 1 2
& & & & & & (o]
& & & & & &
< < < < < <
& \, (o) \ (o] \
(op) o

(@] — —
(AIA) 3ndinQ 219

Year

Year

30,0007 (¢) Normal GDP Summer

2030

BOOOOOOOOOOOON
wRelelelelele20%0 0202020 %07
ENEEEEEENEEEEENEEENENNEEEEEEEEE
lllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllll

2028

“““““““
DCOOOCOOOOOOOO0OOC
1202002020202 %0 2020 %0 %0 %

2026

44444444444
DOBBBDODEDN
50505052505¢5¢505¢505¢4

2024
Year

4444444444
DOBDBDODDS
5¢5¢525¢5¢5¢5¢5¢S!

T
Y
~
=
-
= R
A S
D ““““ 2
e TTHHH
M — |
s =
£ S
T
= (@]
7z T
_—
= o]
A o
o)
I ' 1 1 1 1 1 1 2
& & & & & & <&
o] o] o] o] o] o]
= = = = = S
< \f, o) g o] g
e (@] (@ — -
(AIN) IndinQ 2919 -
e
44444444444444444 <

)

PPPPPP

O 0000006060 006060 0000
HReeteeteoletelete o te e te e tede!

2028

2026

nﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
elelelelelelelelete 20200000t

2024
Year

PO IIIIOCHN ]
0.0.0.0.0.0.0.0.0.0000
LSOO 0000000000
---------------------
---------------------
---------------------

2022

PO KOO
0,0.0.0.0.0.0.0.0.6.04
LS00 0000000,
----------------
----------------
----------------

2020

2018

25,000 -

(@] — —
(AIN) IndinQ 2919





media/file44.jpg
COE (cents/kWh)

Current

€CS Case (30






media/file47.png
COE (cents/kKWh)

o
]

=)
l

/4 Low GDP Summer

1 N Low GDP Winter

R Normal GDP Summer

| E Normal GDP Winter

I ' I
Ref. Case Fuel Balancing

]
CCS Case

CCS Case (30 %)





media/file38.jpg
7

sonfos

som

]

s Output (1)

g

®rLow

e

W

P Summer

B

o B

B

(@) Normal GOP Winter

%

|

s 20

B

B

B

o





media/file0.png





media/file17.png
CO: Emission (Mton CQO»)

160 -

B summer
B winter

2018 2020

2022

2024

years

2026

2028

2030





media/file30.jpg
COE (cemsKWh)

COE (cemsKWh)

DP Summer - no mition

. 110 % mitigation -
330 % mitigation -
e
e
o e
S s
{€) Normal GDP Summer 887 (d) Normal GDP Winter
8





media/file8.png
Net
Capacity

Plant

S /

Winter

Hydro2  739/480.5
Hydro4  705/470

Hydro6  1318/854

Hydro7 2070/1334

Hydro8  629.5/409
Wind 22/7

Wind 4414
Solar  20.4/15.58
Solar 10.2/7.8
Solar _ 122.4/93.5
NGCC 126
NGCC 405
NGCC 5!

2021

2028

2029

2030





media/file21.png
OO OOCOOOD

PPPPPPPPPPPPPPPPPPPPPPPPPP

e
ANNANNNNNNNNNNNNNNNNY

OO

PPPPPPPPPPPPPPPPPPPPPP

LS LSS /7 ST 77
ANANNNNNNNNNNNNNNN

SOOI

PPPPPPPPPPPPPPPPPPPP

LIS LS SIS LA
ANNNNNNNNNNNNNNNY

“““““““““““

PPPPPPPPPPPPPPPPPP

LSS LSS S VTSI o
ANNNNNNNNNNNNNNN

OO

PPPPPPPPPPPPPPPP

2
ANANNNNNNNNNNN

SOOOCOCOOOOOOOO

PPPPPPPPPPPPPPP

e
ANNNNNNNNNNNNG

vd0‘0d‘d’d’d‘d’(’d’(’d’(’ﬁ

PPPPPPPPPPPPP

/.
IANNNNNNNNNNNNY

OO0

A A A A At ataaaVa A

/Y
ANNNNNNNNNNNG

SO

PPPPPPPPPP

L LSS LY.
AANNNNNNNNN

SO

PPPPPPPPPP

/e
ANNNNNNNNN

»,6.6.6.6.06 0.0 ¢

PPPPPPPP

(a) Summer

““““
PPPPPPPP

/Y
ANNNNNNNY

SOOOCOD

PPPPPPP

LSS
ANANNNNG

Normal GDP

A Low GDP
DN
B33 High GDP

000 —
000

L2

60,
40,
20,000

|
S
S
—
o
>

(

MIA) puBwR( WY

2020 2022 2024 2026 2028 2030

2018

years

SO

PPPPPPPPPPPPP

PPPPPPPPPPPP

PPPPPPPPPP

PPPPPPPPP

PPPPPPPP

AT AT A AT A A A

PPPPPPP

PPPPP

(b) Winter
3
N
N

{ N\ Normal GDP

$0,000 | B Low GDP
60,000 -| B High GDP

~

M) puswd( 9

2020 2022 2024 2026 2028 2030

2018

years





