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[bookmark: _Toc116291212]ABSTRACT
For any country, proper planning of the transmission system is important for creating a secure and reliable transmission grid. Government of Nepal has set out various targets in the power generation sector keeping abundantly available hydro resources of the country in view, along with the development of other renewable energy sources. For the evacuation of energy generated from these resources, development of a strong and reliable transmission system is crucial and the development of the strong and reliable transmission system is only possible by proper and rational planning of the transmission system.
In this thesis, an optimization model based on a mixed integer static linear programming method is proposed for the high voltage transmission network expansion planning of Bagmati Province of Nepal considering the generation-load growth scenario for the year 2040. The objective function of the model is defined to find the minimum cost option for the high voltage transmission line expansion planning of the region. 
This thesis can be divided into two parts. First, the existing transmission system of Bagmati province of Nepal is evaluated for the adequateness of the existing electrical transmission network for the generation-demand scenario for the year 2040. Then mixed-integer linear programming (MILP) based optimization model is formulated to determine the minimum-cost, high voltage transmission expansion plan for Bagmati Province of Nepal.
The static load flow analysis performed taking the existing network result shows that the existing transmission network of Bagmati province is not adequate for the generation load scenario for the year 2040. Out of 32 major transmission lines of voltage levels ranging from 66 kV to 400 kV, 14 lines are overloaded beyond their maximum thermal power transfer capacity. 
The expansion solution provided by the planning model shows that the Lapsephedi-Bhaktapur, Lamosangu-Bhaktapur, Balaju-Chapali, Chapali-Mulpani, Mulpani-Bhaktapur lines should be expanded with additional 220 kV Double circuit lines having “Twin Bison” ACSR Conductors. Also, the Suichatar-Patan line segment is further expanded by adding a 66 kV single Circuit line with “Wolf” ACSR conductor. The total expansion cost is determined to be 72.409 Million USD.
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[bookmark: _Toc116291219]Background 
The electric power system is composed of various generating sources and load centers which are connected through a network of transmission lines. The purpose of an electrical power transmission network is to transfer power to load centers securely, efficiently, reliably, and economically from generation facilities. For any power system to deliver a dependable and secure electric service a strong transmission network is essential and a strong and reliable network can only be achieved by proper and rational planning of the transmission system. 
With the growth in the economy, power demand will also increase. As the demand increases, the existing power system also needs to be expanded which needs careful planning of the electrical transmission network. The expansion planning of a power transmission system involves determining where, when, and how many transmission lines should be built to fulfill prospective demand in the future power system while taking into account a range of operational and economic restrictions (Chebbo, 2000). Hence, high voltage transmission expansion planning is a complex decision-making problem that requires extensive analysis to determine the time, location, type, and number of transmission facilities that are needed in the future power system (Choi, Mount and Thomas 2007).
Finding solutions to expand an existing transmission system while meeting predetermined economic and technical requirements is the major goal of Transmission Expansion Planning (TEP). It involves solving complex non-linear power flow equations subjected to multiple inequalities constraints (Akbari, 2018). Hence, TEP is naturally a large-scale, mixed-integer, nonlinear, and non-convex optimization problem and it is quite difficult to solve and the computation time is extremely long (Hui Zhang et al., 2013).
The main objective of the transmission expansion plan is to find out the least expensive network configuration that can meet the projected power demand of the system without compromising the physical integrity of the network. The problem of transmission expansion planning is often dealt by the engineers trying to find a less expensive option to expand the transmission system, but without solving a formal optimization problem (Seifi et al., 2007).
Because of high uncertainties in the power demand and generation growth, the decisions of expansion of power transmission systems need to be taken carefully as they are in general irrevocable because of their high investment costs (Esmaili et al., 2020). 
In the context of Nepal, with the increase in the generation and due to the problems in the evacuation of generated power by the various existing lines in the transmission network, in recent years focus is also shifted toward the transmission system planning. In 2015, a Master Plan for the transmission system of Nepal from the year 2015 to the year 2035 is presented by Nepal Electricity Authority (NEA). Also, an Integrated Master Plan for the evacuation of power from Nepal to India was proposed by the Joint Technical Team (JTT) of Nepal and India to facilitate the export of the energy from the developed hydropowers to India. (RPGCL, 2018). 
Since the development of transmission lines requires significantly high investment, optimal transmission expansion planning is essential for a secure and reliable transmission network. 
[bookmark: _Toc116291220]Rationale and Problem Statement
In the White paper published by the Ministry of Energy, Water Resources, and Irrigation in 2018, the government of Nepal has envisaged developing 15,000 MW of hydropower in 10 years and around 40,000 MW by the year 2040 (MOEWRI, 2018). To evacuate this large volume of generated power to various load centers in the country, a secure and reliable transmission network is required, which means more transmission lines needed to be installed in the existing power system. 
Bagmati Province covers the central region of Nepal and consists of 13 districts viz. Dolakha, Sindhupalchok, Rasuwa, Dhading, Nuwakot, Kathmandu, Lalitpur, Bhaktapur, Kavrepalanchok, Makwanpur, Chitawan, Sindhuli, and Ramechhap (GoN, 2015). It is one of the most industrialized Provinces and hosts 4 (Balaju, Bhaktapur, Patan, and Hetauda) out of 11 industrial estates along with three additional Special Economic Zones (SEZ) currently under study and under construction (IDML, 2076). Also, the region is the largest contributor to the national economy with a share of 39.6% of the national GDP, and has the largest per capita income of 2430 USD (CBS, 2021).
The existing transmission facilities in this province consist of transmission lines of voltage levels 66 kV to 400 kV encompassing large and small 40 substations 17 of which are major substations of voltage levels 132 kV to 400 kV (NEA, 2022). Some of the major hydro-projects in the region under planned for the development are: Budhi Gandaki Storage Hydropower Project (1200 MW), Sunkoshi-2 (1110 MW), Sunkoshi-3 (536 MW), and Tamakoshi-3 (650MW). Power generation from hydropower plants and load demand in this region is expected to reach about 6.32 GW and 4.48 GW respectively by the year 2040 (RPGCL, 2018).
Currently, New Dhalkebar-Hetauda section of the 400kV  East-West transmission line is under construction by NEA (NEA, 2022). Similarly, Lamosangu-Lapsiphedi-Ratmate 400kV transmission line is being planned to develop under MCC Nepal (RPGCL, 2018).
In this research, keeping in view the growing power demand and generation expansion in the future of the Bagmati Province, the following research questions are formulated:
· Is the existing transmission system adequate for taking the forecasted load demand for the year 2040?
· How to provide the optimal solution to the transmission expansion of the region through systematic study?
[bookmark: _Toc116291221]Objectives
[bookmark: _Toc116291222]Main Objective
The main objective of this study is to determine the optimal expansion plan for high voltage transmission lines in Bagmati Province of Nepal considering the generation-demand scenario for the year 2040 AD. 
[bookmark: _Toc116291223]Specific Objectives
The main objective of the study is guided by the following specific objectives:
· To evaluate the adequacy of the existing electric transmission system of Bagmati Province for the generation-load scenario for the year 2040.
· To formulate a Mixed-Integer Linear Programming (MILP) model for the transmission expansion planning of the Bagmati Province of Nepal using the DC load flow method.
· To determine the optimal transmission system of the Bagmati Province of Nepal based on forecasted data for the year 2040 using formulated MILP Model.
[bookmark: _Toc116291224]Limitations
This study shall be constrained by the followings assumptions and limitations:
· The transmission expansion planning model is based on the DC load flow method which does not takes system losses and reactive power flows into account.
· As all the line segments in the province is short length (i.e. below 80 km), line power transfer capability is determined based on the thermal limits of the conductors used.
· System contingency criteria are not considered for the study. That is, the effect of the failure of one or more transmission lines or generating units on the system loading has not been considered in the planning model. 
· The static type planning model is considered. That means, the investment dynamics, timeframe, and time worth of money are not taken into consideration.
· Social and environmental cost and cost of land acquisition are not represented in the planning cost parameters. Price variation due to various construction issues such as changes in the route alignment due to urban settlements along the route needs to be checked during the implementation of expansion solution.
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[bookmark: _Toc116291226]Background 
Transmission network expansion planning (TNEP) is an important research area in power systems. While conducting the literature survey it can be found that the study in this field dates back to the 1970s and it has received extensive attention in recent years. A large amount of research work has been conducted to simplify the problem and alleviate the computational burden. 
Garver, in 1970, solved the Transmission Expansion Planning problem by considering the problem with the transportation model and solving it using linear programming to find the shortest route between the generators and the loads. (Garver, 1970)
When similar studies' literature is examined, it becomes clear that the transmission expansion problem is typically categorized based on the following factors: methods for solving the problem, planning horizon, modeling perspective, reliability and uncertainties, coordination between TEP and generation expansion planning (GEP), objective function type, integration of renewable energy sources, and environmental concerns. (Latorre et al., 2003).
[bookmark: _Toc116291227]Transmission Expansion Planning Approaches
In General, the Transmission Expansion Planning (TEP)  problem is a large-scale, Mixed integer, non-convex, non-linear problem (Romero & Monticelli, 1994). The best way to solve this type of problem is through mathematical modeling. TEP models, based on the problem solution approach,  can be broadly segregated into: i) optimization models, ii) heuristic models, and iii) meta-heuristic models (Mutlu & Şenyiğit, 2021).
[bookmark: _Toc116291228]TEP with Optimization Models
Optimization modeling is more deterministic approach to solve the transmission planning problem. In an optimization model, subject to a certain set of constraints, a specific objective function is defined that must be either minimized or maximized. The objective function is usually defined to reduce the total cost of building new lines, the cost of strengthening of existing transmission lines, and the cost of maintenance of the lines over the specified planning horizon (Lumbreras, 2021).
The main mathematical optimization model used for transmission planning are: a) AC model, b) DC model, and c) transportation model (Dubey et al., 2010). Although they frequently place more stringent conditions on the model that must be optimized, mathematical programming techniques typically ensure the optimality of the solution. (Romero et al, 2003).
Due to incorporation of the reactive power calculations and system losses in the modeling, the AC model is considered to be the most accurate representation of the system (Mahdavi et al., 2018). However, due to non-linearity and non-convex constraints, the AC model is also the most complex and computationally challenging formulation.  Additionally, the AC model's nonlinear properties do not guarantee that the final result is the global optimum.  Because of these drawbacks, DC models, represented with linearized system constraints, are widely used for TEP modeling. With DC model, the TEP problems are easier to solve computationally and also ensure a global optimum results. (Akbari & Tavakoli Bina, 2014) (Farrag et al., 2019).
Deterministic optimization makes the assumption that the facts are accurate for the given task. The deterministic method yields precise and distinctive conclusions. Priority list (PL), linear programming method, Branch-and-Bound (B&B) method, and Lagrangian Relaxation, non-linear programming method are some of the techniques used in this type of modeling (Saravanan et al., 2013).
The fundamental problem with mathematical optimization models is that they frequently involve a significant amount of computer work and provide challenges to handle the expansion of medium and large power systems. In some cases, they may even experience convergence issues. This significant flaw in mathematical optimization models explains why the scientific community chose to use heuristics in addition to mathematics to solve the TEP problem (Henneaux et al., 2016).
Villanasa et al. formulated transmission planning as a simple linear programming (LP) problem with continuous decision variables. They proposed an LP method with continuous variables for optimal transmission planning by minimizing load curtailment (Villasana et al., 1985). 
A new approach for solving the real world transmission expansion planning problem with the Benders decomposition technique was proposed by Binato et al. where they used southeastern Brazilian system for the study (Binato et al., 2001).
Natalia Alguacil et al. proposed a mixed integer linear programming approach to solve the long-term, large-scale, transmission expansion static planning problem. Their formulation considered transmission losses in the system, and optimality was guaranteed when solving with the existing optimization softwares (Alguacil et al., 2003). 
Khodaei et al. introduced the concept of transmission switching in transmission and generation expansion planning problems. The authors propose a three-step optimization formulation for transmission and generation expansion planning using the Benders decomposition technique, and considered contingency analysis for all existing and candidate lines and integrated transmission switching to alleviate violations in line flows (Khodaei et al., 2010).
A nodal capacity market framework was proposed by Rudkevich (2012) for generation and transmission expansion planning. The author used the flow cancellation technique to represent a fixed list of contingencies in a reliability dispatch formulation, in which all resources are dispatched at zero costs, and load shedding will be penalized at the value of lost load (VOLL) price.
In context of Nepal, Sainju et al. formulated a linear mixed integer planning model. They used the model for solving the Garver 6-bus system and 132 kV network of Attaria-Butwal grid division of INPS. They suggested the future work to accommodate the line losses and different voltage level in the model (Sainju et al., 2016). 
In some of the literatures, combined Generation and Transmission Expansion Planning problems are also solved in a dynamic, multi-year, time frame. Fathtabar el. al. proposed  a framework with linearized AC model in Multi Carrier Energy Systems (MCES) for the solution of multi-year combined generation and transmission expansion planning. The results were then compared with that of DC model to establish its effectiveness. (Fathtabar el. al., 2018).
Aming to reduce the impact of a cascading failure, S. Armaghani et. al. introduced pseudo-dynamic, multi-stage/year Transmission Expansion Planning using a initiative process. They identified the most critical line based on its ability to initiate and propagate a cascading failure in a network and reinforcements of the entire network was performed (S. Armaghani, 2020).

[bookmark: _Toc116291229]TEP with Heuristics Models
The contemporary replacement for mathematical optimization models is heuristic approaches. Heuristics are all methods that develop solutions incrementally rather than addressing an optimization problem. These processes carry out local searches up until they are unable to locate a better answer; they then invoke the satisfaction of predetermined stopping criteria to halt the search. Heuristics, as opposed to quantitative optimization models, are thereby streamlined processes for finding workable solutions to complicated issues.
Heuristics methods do not always find the best expansion plan, especially when they are applied to real-world power systems, despite the fact that they do return feasible solutions fairly quickly. They also do not, mathematically speaking, provide bounds or proofs on the quality or optimality of their solutions. (Raider et al., 2008).
Moreno et al. (2013) employed a probabilistic method for the determination of transmission investment and operation cost by incorporating the system contingencies and corrective measure into operation cost estimation. Generation reserves and special protection schemes are considered additional corrective actions that can help system stability during contingencies and decrease operation costs by reducing load shedding.
[bookmark: _Toc116291230]Based on Planning Horizon
The transmission Expansion Planning approach can be classified as static or dynamic based on the handling of planning periods. In static transmission expansion planning, the problem is analyzed to figure out where the power lines should be expanded to meet the future demand considering a single planning period. Thus, the planning horizon is taken into account at once (Kaur et al., 2017).
In the dynamic planning approach, the planning horizon is divided into several sub-periods and the expansion decision and investment planning is analyzed over these sub-periods. It should be noted that a heavier computational effort is required for the multiyear consideration of investment decisions regarding the expansion planning which often becomes prohibitive when solved using the commercial solver. However, this approach can provide better solution because it is possible to obtain solutions that can anticipate the installation of new lines or strengthening of the existing lines to reduce the involved costs in terms of time value of money (Slednev et al., 2017).
[bookmark: _Toc116291231]Methods and Tools for Transmission System Planning
[bookmark: _Toc116291232]Consideration in Design of Transmission Line
For a given power to be transmitted over a given distance, a suitable line is selected based on the economic voltage level and selection of the economic size of the conductor.
The preliminary estimate for economic line Voltage is given by the following empirical formula given by “Power System Analysis and Design” (Gupta, B.R. , 2008):
	
	Eq. 2.1


Where,
V= line voltage in kV
L=distance in km
P= power to be transmitted in kW
Nc= No. of Circuits
Cos( ϕ) = Power factor
Selection of the economic size of the conductor is based on the continuous current carrying capacity and efficiency criteria. Overhead transmission line uses invariably the ACSR conductor.
The power transmission capacity of the lines in  MVA is calculated using the formula:
	
	Eq. 2.2


Where,
Pmax= Maximum apparent power transfer capacity of  a line in MVA
V= Line voltage in kV
I = Line current in Amp


[bookmark: _Toc116291233]Load Flow Methods
The solution to any Transmission planning problem involves the solution of load flow equations. The classical load flow problem requires considering four variables at each bus “i” of a power system. These variables are:
1. Pi( active power injection)
2. Qi(Net reactive power injection)
3. Vi(Voltage magnitude)
4.  α (Voltage angle)
The AC power flow model uses the exact expressions of the power flow equations based on Kirchhoff's current law where the active and reactive power injections at each bus i are calculated as follows:
	
	Eq. 2.3



	
	Eq. 2.4



Where,
θi , θj = Voltage angle at bus i, and j respectively
γij = line admittance angle of line connected between bus i and j
The above equations (2.3) and (2.4) are known as the static load flow equations. These equations are non-linear therefore can only be solved through numerical iterative solutions.
DC power flow model is a linearized, approximated model of the AC power flow model which considers only the real or active power flow in the power system while neglecting the transmission losses. 
The following key assumptions were made while approximating the AC load flow equations into the DC power flow model:
1) The series resistance ‘r’ of the line is neglected
2) The reactive power flow in the line is not considered
3) The voltage angle is small so that sinθ ≈ θ
4) The bus voltage magnitudes are assumed to be 1.0 p.u
Based on the above assumptions the ac power flow equation between bus ‘i' and bus ‘j’ is approximated as follows:
	
	Eq. 2.5


    
     Where Pij = Active power flow from bus i to j (in per unit)
           θi , θj = voltage angle of bus i and j
                xij = line reactance between bus i and j (in per unit)
Although the DC model does not represent accurately the AC power system as it neglects the system reactive power flow and line losses, it is computationally less complex. Furthermore, in comparison to the AC formulation, which may lead to a locally optimal solution, the DC power flow formulation represented by a linear objective function along with a set of linear constraints, guarantees a global optimum solution (Zhang et al., 2012).
[bookmark: _Toc116291234]Mixed-integer Linear Programming
The mathematical modeling method known as mixed integer linear programming (MILP) is useful for resolving challenging optimization issues. The method has many applications in operations research, including energy system optimization and planning for the expansion of power transmission systems. An integer linear programming (ILP) problem is created when some (or all) of the variables in an LP problem are limited to assuming only integer values. 
Mixed integer programming adds one extra requirement that at least one of the variables can only take on integer values. The mathematical representation of the mixed integer programming (MIP) problem is as follows:
Maximize (or minimize)  
	
	Eq. 2.6


subject to  
AX ≤ b, 
X ≥ 0,.
Where, X= [ x1, x2,….xn], decision variables (the unknowns)
             C = [c1, c2,…..cn], constants
             b = [b1, b2,….bn], bound constraints
Although, it is simple to express integrality constraints for a problem when modeling it, doing so frequently makes the problem more difficult (and perhaps impossible) to solve. Relaxing, or ignoring, the integrality constraints and solving the issue as if it were a typical LP issue where all the variables are taken to be continuous, is one method for determining the best integer solution to a problem. 
A branch-and-bound approach based on linear programming is typically used to handle mixed integer linear programming issues. Theoretically, using the B&B algorithm, we can answer every ILP problem by resolving a set of LP problems known as candidate problems.
[bookmark: _Toc116291235]Literature insights and identified gaps
From the above literature review, it can be seen that so far only a few studies have been done in the academic sector about the transmission expansion planning of Nepal. Only a few kinds of literature have endeavored to exploit the advantages of various scientific approaches in the transmission expansion planning of Nepal. Sainju et. al. opted to determine the optimal network configuration for a part of Nepal’s grid power system using the static mixed integer linear programming method. They confided their study only to the Attaria-Butwal grid division of the Integrated Nepal Power System focusing on the 132 kV voltage level (Sainju et al., 2016). Further, the transmission expansion planning models developed in most of the literatures are for the expansion planning of single voltage level only.
This research would be unique to provide the transmission expansion planning methodology for the planning of real power system while considering the different voltage level in the expansion planning solution.

[bookmark: _Toc116291236]RESEARCH METHODOLOGY
[bookmark: _Toc116291237]Research Methodology
Before commencing any research, developing a research methodology is the first step. To fulfill the objective of this study, a research framework as shown in figure 3.1 is adopted. The study methodology consists of issues identification, critical study of past literature in the field, and analytical model development, and discussion of results followed by conclusion and recommendation.
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[bookmark: _Toc115347991]Figure 3.1: Block Diagram of Research Methodology
[bookmark: _Toc116291238]Issue Identification
The main issue of this study is to find the optimal transmission expansion plan for the Integrated Nepalese Power system focusing on the forecasted demand for the year 2040.
[bookmark: _Toc116291239]Literature survey
A literature survey has been carried out to study the past work that. Survey is condected to find the extent of the past researches on the field. Approaches and methods for tackling the transmission expansion problem are reviewed. 
[bookmark: _Toc116291240]Data collection
In transmission expansion planning, it is necessary to have all the required input data at the very beginning of the planning. The planner should have at least the following data beforehand:
i) Forecasted Load and Generation data for future years
ii) Network data of existing Transmission system
iii) The investment cost data of different types of lines
iv) Technical parameters of the various types of transmission lines (line resistance, reactance, cost per km, power transmission capacity)
The load forecast data and generation data for the year 2040 are sourced from Rashtriya Prasaran Grid Company Limited (RGPCL, 2018). The data of the existing network is sourced from Nepal Electricity Authority (NEA, 2021). Various technical manuals, codes, articles, and manufacturers’ data sheets are referred to the various technical parameters of different types of transmission lines.
[bookmark: _Toc116291241]Load flow Analysis of Existing System
The adequacy of the existing transmission networks for catering the forecasted load demand for year 2040 is evaluated by running a static load flow analysis in the software ETAP (Electrical Transient Analyzer Program). Currently under construction lines are also taken into account while running the load flow analysis. 
In ETAP while modeling the transmission lines of different voltage levels, the minimum ground clearance and minimum phase to phase clearance  is referenced from that specified in the manual “COMPENDIUM OF TESTED TOWER DESIGNS FOR EHV TRANSMISSION LINES” (CEA, 2018).  The vertical and horizontal spacing between the conductors in the line of different voltage is given in the Table 3.1 below.
[bookmark: _Toc115347993]Table 3.1: Minimum Electrical Clearance between Conductors for different Voltage level
	Line Voltage (kV)
	No of Circuit
	Minimum electrical Clearance between Conductor (in meter)

	 
	 
	Vertical
	Horizontal

	66
	1 or 2
	2
	3.5

	132
	1 or 2
	3.9
	6.8

	220
	1 (Horizontal)
	-
	6

	220
	2
	4.9
	8.4

	400
	1 (Horizontal)
	-
	11.3

	400
	2 
	8
	13-16



Further the transmission network of this province is also connected with the substations of other provinces. The Matatitha substsaion is connected to the Marshyandi Substion of Gandaki Province via 220 kV double circuit lines and New-Khimti 220 kV substation and Hetauda 400 kV substations are further connected from the 220 kV double circuit line to the Dhalkebar substation of Madhesh Province.
The interconnection with the substations of the other provinces is represented by a grid/utility representation in ETAP having short-circuit MVA of respective voltage level based on their fault level. MVAsc value (based on a certain fault level) is the representation of the stiffness of a grid. Selection of a higher value of fault level than the actual value will surely affect the fault level at various busbars during short circuit condition however the steady state power flow remains the same. To verify the same, simulation was run by applying the various fault levels ranging from 10 kA to 60 kA while representing the interconnecting grid substation, the results for inter-provincial power flow was observed. 
The MVA short-circuit capacity of 19050 MVAsc and 43650 MVAsc is calculated to represent the grid having voltage level 220 kV and 400 kV respectively considering the fault level of 50 kA/1 sec and 63 kA/1 sec for 220 kV and 400 kV voltage levels respectively (CEA, 2013).

Newton-Rapson method is used for the analysis.
The detailed single line diagram representation of the high voltage transmission system of Bagmati Province is shown in APPENDIX-C.
[bookmark: _Toc116291242]Method selection and Model development 
There are a variety of models and considerations when formulating a TEP problem. In this study, MILP formulation based on the DC Optimal Power Flow (OPF) is used for optimization modeling.
In this study, the transmission expansion planning problem is dealt with a mixed-integer linear programming approach. The proposed transmission expansion planning model considers only the steady state of the network and adopts the linearized active power flow instead of the non-linear power flow due to the following reasons:
· Due to the low value of resistance-to-reactance (R/X) ratio of overhead transmission lines, the linearized model provides a good approximation  for power flows  in high voltage transmission networks  (Westerberg et al., 1977);
· It avoids convergence problems with multiple local minima that are common in non-linear power flow calculations (Zhang et al., 2012).
[bookmark: _Toc116291243]Transmission Expansion Planning Model Formulation
To systematically solve the problem of transmission expansion problem, a mathematical model is suggested.
The transmission system expansion planning problem is formulated as a mixed integer linear programming optimization problem that simulates the power flow in the transmission network into mathematical equations.
To have a linear optimization model, the network power flow equations are based on the DC load flow formulation. This means at all the buses a voltage magnitude of 1 per unit is assumed. Furthermore, the transmission system expansion planning problem is solved for a one-period horizon, i.e. a static planning methodology is adopted.
The objective function of the problem is to minimize the total investment cost associated with the expansion plan subject to constraints that assure the transmission capacity for load supply. Mathematically, the optimization problem is formulated as follows: 
Objective function:
The objective function is defined to minimize the total investment cost.
i.e.,
Minimize     
	
	Eq. 3.1



Where, 
i,j = Index of network buses ( i for sending end and j for receiving end)
N= set of all available buses
TL= set of all  line types for various Voltage level
Ck = Investment cost Per Unit length for line type k ($/km)
lij = Line length between buses i and j
u(i,j,k)= binary decision variable for the construction of line type k between buses i and j
k= index for high voltage line types based on voltage level and conductor used 
Based on the types of conductor mostly used in the exising high voltage transmission network of Nepal from the voltage level 66 kV to 400 kV, eight (8) different sets of lines types are selected to represent the existing lines in the network  and prospective lines for the expansion planning. 
As per the yearbook published by Nepal Electricity Authority in 2021, the mostly used conductors used in high voltage transmission system of Nepal are:
i) For 66 kV voltage level- “Wolf” ( Nominal conductor area- 150 sq. mm)
ii) For 132 kV voltage level- “BEAR” ( Nominal conductor area- 250 sq. mm) – about 70 % of existing transmission lines in Nepal 
iii) For 220 kV voltage level- “ Twin Bison” (Nominal conductor area -350 sq. mm per conductor) and “Twin Moose” ( Nominal conductor area- 500 sq. mm per conductor)
iv) For 400 kV voltage level- “ Twin Bison” (Nominal conductor area -350 sq. mm per conductor) and “Twin Moose” ( Nominal conductor area- 500 sq. mm per conductor)
The technical parameter of the above-listed conductor for a given voltage level is presented in Table 3.2.
[bookmark: _Toc115347994]Table 3.2: Parameters of Mostly used Conductor types for Various Voltage Levels
	Nominal Line Voltage (kV)
	No. of circuit
	Conductor Code Name
	Sub - conductor per pahse
	Current carrying capacity at 75 C
	Reactance / phase /km
	Max. cap. (MVA)
	Cost per km
	Line type index ‘k’

	66
	1
	Wolf
	1
	355
	0.008848
	40.58
	0.17
	1

	66
	2
	Wolf
	1
	355
	0.004425
	81.16
	0.20
	2

	132
	1
	Bear
	1
	481
	0.002216
	109.9
	0.26
	3

	132
	2
	Bear
	1
	481
	0.001236
	219.9
	0.29
	4

	220
	2
	Twin Bison
	2
	595
	0.0003114
	906.9
	0.60
	5

	220
	2
	Twin Moose
	2
	763
	0.0003061
	1163
	0.63
	6

	400
	2
	Twin Moose
	2
	763
	0.0001923
	2114.55
	0.89

	7

	400
	2
	Quad Moose
	4
	763
	0.0001582
	4229.1
	0.97
	8


Although the line loadabilty is limited by thermal, voltage regulation, and stability limit depending upon the line length, here maximum power transfer capability expressed in the above table is based on the thermal limit of the conductor only as all the line segments in the province are short lines having line length below 80 km.
Here the current carrying capacity of the conductor at 75 deg. C is based on the ambient temperature of 40 deg. C. The detailed electrical and mechanical properties of the ACSR conductors conforming to BS 215: part 2/1970 is attached in Appendix D.
The value of line reactance is based on the 100 MVA base and is taken from “Manual on Transmission Planning Criteria, Central Electricity Authority, New Delhi” (CEA, 2013).
Line cost per kilometer data is referenced from “Transmission System Development Plan of Nepal, Rastriya Prasaran Grid Company Limited, Nepal” (RPGCL, 2018). The cost/km data mentioned in the Table 3.2 is  after making the adjustment for the inflation taking the Consumer Price Index (CPI) of “Non –food and Service” sector as reference. The following formula is employed for inflation adjustment:
Real price in current year= (CPI in current year/ CPI in base year)*Price in base year
The National Consumer Price Index (CPI) of Nepal for the fiscal year 2018/19 is taken as base year and the CPI of fiscal year 2021/22 is taken as current year.  The detail of cost adjustment for inflation is mentioned in the Appendix E.
This objective function represented by eq. (3.1) is subjected to the following constraints:
i) Real power conservation at each node:
At each bus, the total power generated should be equal to the net power flowing out to the other connected buses and the total demand on that bus.
i.e.,             
	
	Eq. 3.2


Where, 
Gi= Set of all generators connected to the bus i
G= domain of a set of all generators 
Ni= set of all lines connected to the bus i
Pij= Line flow between bus i and j,
Di = Demand at bus i
ii) Line  flow constraints:
The powers flowing in existing transmission lines are determined by the equality constraint (3.3). Further, the power flow in the existing line and candidate lines shall be limited by their thermal loading limits as defined by equations (3.4) and (3.7)
	
	Eq. 3.3

	
	Eq. 3.4


Where,
bijk= Susceptance of the line type ‘k’ connected between buses i an j 
Pijmax = Maximum thermal loading capacity of the line between i and j
Similarly, the power flow in the candidate line is given by the following equation (4.5)
	
	Eq. 3.5


The equation (3.5)  is non-linear in nature as it has terms that contain two variables i.e discrete decision variable u(i,j,k) and voltage angle at bus i (or j) δi (or δj). This non-linear qualities equation represented by equation (3.5) can be transferred into linear inequalities by using a disjunctive parameter M, where  M  is a large positive parameter. This method of linearization has been well studied and described by (Akbari & Tavakoli Bina, 2014), (Kazemi & Ansari, 2022),  (Correa et al., 2014) and (Garcés et al., 2009). This parameter M is large enough so that the bus angle difference between any buses is enforced within an acceptable range regardless if there exists a transmission line between these two buses as formulated  by (3.6) 
	
	Eq. 3.6

	
	Eq. 3.7


Here the appropriate value for Big M parameter as suggested by (Soroudi, 2017) is :
	
	Eq. 3.8



iii) Generator dispatch Limits
The upper limit and lower limit of generators are governed by their output capacity and represented by the inequality equation (3.9)
	Pgmin  ≤ Pg ≤ Pgmax   
	Eq. 3.9


iv) Angle constraints
	∆δijmin ≤  (δi – δj)  ≤ ∆δijmax
	Eq. 3.10

	 δref = 0
	Eq. 3.11


Where,
 δref = Voltage angle of reference or slack bus
v) Decision variable
A binary variable is used for determining the selection  of candidate lines between substaions which is represented by the equations (3.12)
	u(i,j,k) ∈{0,1}
	Eq. 3.12


Where,
u(i,j,k) = Binary decision variable: u(i,j,k)=1 if line type k is built; u(i,j,k)=0 if not
[bookmark: _Toc116291244]Tools Selected
To run the load flow analysis to evaluate the capacity of the existing system based on the generation and load data of the specified planning horizon, an Electrical Transient Analyser Program (ETAP) software is selected.  ETAP is a very software and fully graphical electrical power system analysis program for power system studies.
General Algebraic Modeling System (GAMS) is selected to solve the optimization problem of transmission line expansion planning. GAMS is high-level modeling software for mathematical programming and optimization and is specially designed to solve large and difficult linear, non-linear and mixed-integer optimization problems quickly. The solver used for the optimization process is CPLEX. 
[bookmark: _Toc116291245]Model Writing and Model Testing
The mathematical optimization model thus formulated is coded in GAMS software. In the developed model, any line between two buses can be represented by one of the eight sets of line types. These line types are based on the voltage level to be selected and different types of a conductor in the given voltage level between 66 kv and 400 kV. 
The program written in GAMS to solve the transmission expansion planning problem is attached in APPENDIX F.
Before simulating the data of Bagmati province, first, the model thus developed is tested. The program is tested using Garver’s 6 bus test system.
[bookmark: _Toc116291246]RESULTS AND DISCUSSION
[bookmark: _Toc116291247]Load Flow Analysis of Existing Transmission System 
The main thesis work starts with the analysis of the adequacy of the existing transmission system of Bagmati Province of Nepal to handle the demand and generation for the year 2040. For this, a static load flow analysis is performed by taking the data of existing transmission facilities and load and generation data of the year 2040.
The Load forecast data for the Bagmati Province shows a total demand of the the region is expected to reach about 4880 MW. The major load centers supplying the power to various domestic, commercial, industrial, and transportation loads in the region are Hetauda, Balaju, and Matatirtha where demand is forecasted to reach 2250 MW, 400 MW, and 550 MW respectively. (RPGCL, 2018).
The detail of forecasted load data of Bagmati Province for the year is presented in Table 4.1.
[bookmark: _Toc115347995]Table 4.1: Load Demand of Bagmati Province for the year 2040
	S.N
	Substation
	Load (MW)
	Total

	1. 
	Khimti
	260
	

	2. 
	Bahrabise
	50
	4880

	3. 
	Bhaktapur
	220
	

	4. 
	Mulpani
	200
	

	5. 
	Balaju
	400
	

	6. 
	Chapali
	150
	

	7. 
	Harisidhi
	300
	

	8. 
	Matatirtha
	550
	

	9. 
	Suichatar
	150
	

	10. 
	Trishuli
	200
	

	11. 
	Ratmate
	150
	

	12. 
	Hetauda
	2250
	



The Bagmati province will have a generation capacity of 6315 MW from various hydropower projects. Budhi Gandaki storage (1200 MW), Upper Tamakoshi (456 MW), Upper Trisuli-1 (216 MW), Khimti Shivalaya storage (200 MW), and Langtang reservoir (300 MW) are the major generating station for this region. The details of generation data of Bagmati Province for year 2040 is given in APPENDIX-A.
The detail datat of existing  and under-constrution transmission lines of  bagmati Province is data is attached in APPENDIX-B.
The load flow analysis result considering Budhi Gandaki HEP (1200 MW) as a swing bus is presented in Table 4.2.
[bookmark: _Toc115347996]Table 4.2: Result of Load flow analysis for Branch Flow
	From
	To
	MW Flow
	Mvar Flow
	MVA Flow
	Line MVA Capacity
	% Line Loading 

	Bus no.
	Bus name
	Bus no
	Bus name
	
	
	
	
	

	1
	NewKhimti 400
	2
	Bahrabise 400
	106.03
	-56.136
	119.969
	4229.10
	2.84%

	2
	Bahrabise 400
	3
	Lapsephedi 400
	267.98
	25.148
	269.152
	4229.10
	6.36%

	3
	Lapsephedi 400
	5
	Ratmate
	114.84
	-144.19
	184.336
	4229.10
	4.36%

	31
	Lapsephedi 132
	18
	Bhaktapur 132
	174.17
	206.36
	270.038
	219.95
	122.77%

	4
	Lamosangu
	18
	Bhaktapur 132
	587.73
	357.144
	687.734
	219.95
	312.68%

	5
	Ratmate
	40
	Hetauda 400
	1090.4
	-97.87
	1094.8
	4229.10
	25.89%

	6
	Chilime HEP
	10
	Trisuli HEP
	22
	0
	22
	40.58
	54.21%

	10
	Trisuli HEP
	11
	Devighat
	37.426
	13.304
	39.7203
	40.58
	97.87%

	10
	Trisuli HEP
	33
	Balaju 66
	6.944
	-0.967
	7.01101
	40.58
	17.28%

	11
	Devighat
	34
	Chapali 66
	50.81
	20.84
	54.9178
	40.58
	135.32%

	14
	Chapali 132
	12
	Balaju 132
	192.68
	-22.17
	193.949
	219.95
	88.18%

	34
	Chapali 66
	15
	Chabel
	-52.72
	-30.77
	61.0382
	81.17
	75.20%

	14
	Chapali 132
	17
	Mulpani
	-231.3
	-45.59
	235.726
	219.95
	107.17%

	15
	Chabel
	16
	Lainchaur
	-53.33
	-31.725
	62.0555
	40.58
	152.91%

	16
	Lainchaur
	33
	Balaju 66
	-55.4
	-37.4
	66.8425
	40.58
	164.71%

	12
	Balaju 132
	13
	Suichatar 132
	-234.1
	-280
	364.957
	109.97
	331.86%

	33
	Balaju 66
	35
	Suichatar 66
	-34.73
	-27.69
	44.4174
	81.17
	54.72%

	35
	Suichatar 66
	23
	Teku
	0
	-0.048
	0.048
	219.95
	0.02%

	23
	Teku
	24
	K3 SS
	0
	-0.019
	0.019
	81.17
	0.02%

	17
	Mulpani
	18
	Bhaktapur 132
	-432.7
	-173.113
	466.031
	219.95
	211.88%

	35
	Suichatar 66
	20
	Patan
	-26.02
	-2.917
	26.187
	81.17
	32.26%

	20
	Patan
	19
	Baneshwor
	-26.24
	-3.16
	26.4306
	40.58
	65.13%

	19
	Baneshwor
	32
	Bhaktapur 66
	-26.42
	-3.46
	26.6456
	40.58
	65.66%

	13
	Suichatar 132
	36
	Matatirtha 132
	-456.3
	-490.852
	670.169
	219.95
	304.69%

	35
	Suichatar 66
	25
	Kulekhani-I
	-97.05
	-40.4
	105.123
	81.17
	129.52%

	22
	Matatirtha 220
	8
	Trisuli3B 220
	-1305
	369.935
	1356.22
	1163.00
	116.61%

	37
	Trisuli3B 132
	9
	Samundratar
	-264.8
	31.94
	266.737
	219.95
	121.27%

	8
	Trisuli3B 220
	7
	Chilime220
	-807.5
	134.153
	818.607
	906.93
	90.26%

	36
	Matatirtha 132
	26
	Kulekhani-II
	-238.4
	-137.72
	275.31
	219.95
	125.17%

	26
	Kulekhani-II
	27
	Hetauda 132
	-220.3
	-152.61
	268.021
	219.95
	121.86%

	25
	Kulekhani-I
	21
	Hetauda 66
	-30.91
	-14.25
	34.0366
	81.17
	41.93%

	27
	Hetauda 132
	28
	Bharatpur 132
	-46.3
	-22.86
	51.6368
	219.95
	23.48%



Table 4.4 shows that for the given load and generation scenario of the year 2040, 14 out of 32 lines (branch) are overloaded beyond their rated capacity. The result shows the Lamosangu- Bhaktapur 132 kV double circuit line, Lapsephedi- Bhaktapur 132 kV double circuit line, Balaju-Suichatar 132 kV single circuit lines, and Suichatar- Matatirtha 132 kV lines are overloaded by more than double their capacity.
The analysis also provides the result for inter-province power flow to the various substation of other provinces connected to the Bagmati Province. The result for out-of-province power flow is shown in Table 4.3.
[bookmark: _Toc115347997]Table 4.3: Result for Inter-Province Power Flow
	From
	To
	MW flow
	MVAr flow
	MVA Flow

	Matatirtha 220
	Marsyandi 220 (Gandaki Province)
	529.66
	-141.33
	548.19147

	Hetauda 400
	Dhalkebar 400 (Madhesh Province)
	-1340.8
	-1637.38
	2116.3076

	Khimti 220
	Dhalkebar 220 (Madhesh Province)
	2236.51
	-77.79
	2237.8624

	Bharatpur 220
	New Butwal 220 (Lumbini Province)
	-47.37
	-25.27
	53.688824



This result of the static load-flow analysis clearly shows that transmission expansion planning is needed to solve the problem of the overloading of the various lines while catering to the demand for the year 2040. 
[bookmark: _Toc116291248]Garver’s 6 bus test system 
The Garver’s 6 bus test system is one of the mostly used test system in transmission expansion planning researches. The system has 6 buses, 15 right-of-ways for the addition of new circuits where the total demand is 760 MW and the total generation capacity is equal to 1110 MW. The configuration of for Garver 6-bus system is shown in figure 4.2.
[image: F:\Personnal\1. Masters\Thesis_\1. Thesis_working\4. Mid Report and PPT\Garver 6-bus test system.JPG]
[bookmark: _Toc115347992]Figure 4.1: Garver 6 Bus Test System

All detailed parameters regarding this system are reported in the published work (Garver, 1970) which is also presented in Table 4.4 below.
[bookmark: _Toc115347998]Table 4.4: Input data for Garver 6 Bus Test system
	From
	To
	X (pu)
	Capacity (MVA)
	Cost (MUSD)
	Line Status

	1
	2
	0.4
	100
	40
	1

	1
	3
	0.38
	100
	38
	0

	1
	4
	0.6
	80
	60
	1

	1
	5
	0.2
	100
	20
	1

	1
	6
	0.68
	100
	68
	0

	2
	3
	0.2
	100
	20
	1

	2
	4
	0.4
	100
	40
	1

	2
	5
	0.31
	100
	31
	0

	2
	6
	0.3
	100
	30
	0

	3
	4
	0.59
	80
	59
	0

	3
	5
	0.2
	100
	20
	1

	3
	6
	0.48
	100
	48
	0

	4
	5
	0.63
	75
	63
	0

	4
	6
	0.3
	100
	30
	0

	5
	6
	0.61
	80
	61
	0


To test the model using the Garver test system data, some modification in the Garver six bus is made while keeping the original data of the test system intact. The data for the modified Garver six bus model is presented in Table 4.5.. The existing line capacity of the Garver test system is similar to a single circuit 132 kV line having a maximum power transfer capacity of 110 MVA. Taking the reactance values of these lines, cost parameter and line length parameters are assigned.
[bookmark: _Toc115347999]Table 4.5: Modified Garver Test System
	From
	To
	X (pu)
	x/km
	Capacity
	Status
	Length (km)
	Cost/km

	1
	2
	0.4
	0.002216
	100
	1
	180.51
	0.2216

	1
	3
	0.38
	0.002216
	100
	0
	171.48
	0.2216

	1
	4
	0.6
	0.002216
	80
	1
	270.76
	0.2216

	1
	5
	0.2
	0.002216
	100
	1
	90.25
	0.2216

	1
	6
	0.68
	0.002216
	72
	0
	306.86
	0.2216

	2
	3
	0.2
	0.002216
	100
	1
	90.25
	0.2216

	2
	4
	0.4
	0.002216
	100
	1
	180.51
	0.2216

	2
	5
	0.31
	0.002216
	100
	0
	139.89
	0.2216

	2
	6
	0.3
	0.002216
	100
	0
	135.38
	0.2216

	3
	4
	0.59
	0.002216
	80
	0
	266.25
	0.2216

	3
	5
	0.2
	0.002216
	100
	1
	90.25
	0.2216

	3
	6
	0.48
	0.002216
	100
	0
	216.61
	0.2216

	4
	5
	0.63
	0.002216
	80
	0
	284.3
	0.2216

	4
	6
	0.3
	0.002216
	100
	0
	135.38
	0.2216

	5
	6
	0.61
	0.002216
	80
	0
	275.27
	0.2216


Using the developed algorithm and above data, the Garver 6 bus test system is analyzed. The DC-load flow result for the modified Garver system is  presented in Table 4.6:
[bookmark: _Toc115348000]Table 4.6: DC-load flow result for Garver 6 bus System
	Bus
	Generation
	Voltage Angle
	Load

	1
	150
	 
	80

	2
	 
	0.027
	240

	3
	310
	0.118
	40

	4
	 
	-0.368
	160

	5
	 
	-0.031
	240

	6
	300
	0.327
	 


Further, the result for the expansion planning decision variables along with line flow is presented in Table 4.7.
[bookmark: _Toc115348001]Table 4.7: Result for  Decision Variable and Branch Power Flow  for Garver 6 Bus system
	From
	To
	Existing line type
	Result from the Planning model

	
	
	
	LT1 (Cap: 100 MVA)
	LT2 (Cap: 200 MVA)
	LT3 (Cap: 300 MVA)

	1
	2
	1
	dV= 1;
P12= (-6.836)
	 dV=0
	 dV=0

	1
	3
	0
	 
	 dV=0
	 dV=0

	1
	4
	1
	dV= 1;
P14= 61.266
	 dV=0
	 dV=0

	1
	5
	1
	dV= 1;
P15= 15.569
	 dV=0
	 dV=0

	1
	6
	0
	 
	 dV=0
	 dV=0

	2
	3
	1
	dV= 1;
P23= -45.569
	 dV=0
	 dV=0

	2
	4
	1
	dV= 1;
P24=  98.734
	 dV=0
	 dV=0

	2
	5
	0
	 dV=0
	 dV=0
	 dV=0

	2
	6
	0
	 dV=0
	 dV=0
	dV= 1;
P26=  -300.00

	3
	4
	0
	 dV=0
	  dV=0
	 dV=0

	3
	5
	1
	dV= 1;
P35=  74.810
	dV= 1;
P35=  149.62
	 dV=0

	3
	6
	0
	 dV=0
	 dV=0
	 dV=0

	4
	5
	0
	 dV=0
	 dV=0
	 dV=0

	4
	6
	0
	 dV=0
	 dV=0
	 dV=0

	5
	6
	0
	 dV=0
	 dV=0
	 dV=0


In the above Table, the term dV represents the decision variable. The value dV= 1 means the perspective line is to be built and dV=0 means not to build to the line.
The total cost of the transmission planning is found to be  129.89 Million USD. The result from the developed model is compared with the result reported by Alguacil et al., (2003). They reported that 2 no of lines should be built on 2-6 corridor, one no of the line should be added in 3-5 corridor and 2 no. of lines should be built on 4-6 corridor; each new line should have power transfer capacity 100 MVA.  According to their research, the total expansion cost would be 140 MUSD.
However, this study suggests building one line having a capacity of 200 MVA should be added to the corridor 3-5, and one line having a capacity of 300 MVA should be added in 2-6 corridors which results in a total expansion cost of 129.89 Million USD. 
[bookmark: _Toc116291249]Bagmati Province High Voltage Transmission Expansion Planning
After successfully testing the developed program, simulation is run for the data of Bagmati Province of Nepal for high voltage and extra high voltage transmission systems. Generation and demand connected to the various substation for the year 2040 is adjusted also considering the inter-provincial power flow as determined by the static load flow analysis. 
The adjusted load and generation data at various buses is presented in Table 4.8.

[bookmark: _Toc115348002]Table 4.8: Load and Generation data for Transmission Expansion Planning of Bagmati Province
	Bus no.
	Bus Name
	Generation (MW)
	Load (MW)
	Remarks

	1
	NewKhimti 
	2226.56
	2496.51
	2236.51 MW is added as load to this bus representing the power flow going to Dhalkebar Substation as determined by Static Load flow analysis.

	2
	Bahrabise 
	423.82
	50
	

	3
	Lapsephedi 
	22.9
	0
	

	4
	Lamosangu
	587
	0
	

	5
	Ratmate
	1305.67
	150
	

	6
	Chilime 
	822
	0
	

	7
	Trisuli3B 
	

	200
	

	8
	Samundratar
	279
	0
	

	9
	Balaju 
	60.1
	400
	

	10
	Suichatar 
	82
	450
	

	11
	Chapali 
	0
	150
	

	12
	Mulpani
	0
	200
	

	13
	Bhaktapur 
	17.5
	220
	

	14
	Matatirtha 
	0
	1079.66
	529.66 MW is added load to this bus representing the power flow going to the Marsyandi Substation of Gandaki Province.

	15
	Kulekhani-II
	32
	0
	

	16
	Hetauda 
	27.04
	2250
	1340.8 MW is added as a generation coming from Dhalkebar Substation of Madesh Province as determined by Static Load flow analysis

	17
	Bharatpur
	47.37
	0
	47.37 MW is added as a generation coming from New butwal Substation of Lumbine Province as determined by Static Load flow analysis

	18
	Kulekhani-1
	
	
	

	19
	Patan
	0
	150
	

	20
	Baneshwor
	0
	0
	

	21
	Chabel
	0
	0
	

	22
	Lainchaur
	0
	0
	

	23
	Trisuli HEP
	24
	0
	

	24
	Devighat HEP
	14
	0
	

	25
	ChilimeHEP
	22
	0
	


The result given by the model for decision variable i.e. for the selection of optimal transmission line between various buses are presented in the Table 4.9.
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	From
	To
	Existing Line Type
	Results generated by Model
	Remarks

	
	
	
	u1
	u2
	u3
	u4 
	u5
	u6
	u7
	u8
	

	Bus no.
	Bus name
	Bus no
	Bus name
	
	
	
	
	
	
	
	
	
	

	1
	NewKhimti 
	2
	Bahrabise 
	8
	0
	0
	0
	0
	0
	0
	0
	1
	No expansion need

	2
	Bahrabise 
	3
	Lapsephedi 
	8
	0
	0
	0
	0
	0
	0
	0
	1
	No expansion need

	3
	Lapsephedi 
	5
	Ratmate
	8
	0
	0
	0
	0
	0
	0
	0
	1
	No expansion need

	3
	Lapsephedi 
	13
	Bhaktapur 
	4
	0
	0
	0
	1
	1
	0
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	4
	Lamosangu
	13
	Bhaktapur 
	4
	0
	0
	0
	1
	1
	0
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	5
	Ratmate
	16
	Hetauda
	8
	0
	0
	0
	0
	0
	0
	0
	1
	No expansion need

	9
	Balaju 
	11
	Chapali 
	4
	0
	0
	0
	1
	1
	0
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	9
	Balaju 
	10
	Suichatar 
	1,3
	1
	0
	1
	1
	0
	0
	0
	0
	Line type 4 (132 kV Double Circuit Line with 'Bear' Conductor is to be added

	11
	Chapali 
	12
	Mulpani
	4
	0
	0
	0
	1
	1
	0
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	12
	Mulpani
	13
	Bhaktapur 
	4
	0
	0
	0
	1
	1
	0
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	10
	Suichatar 
	14
	Matatirtha 
	4
	0
	0
	0
	1
	0
	0
	0
	0
	No expansion needed

	14
	Matatirtha 
	7
	Trisuli3B 
	6
	0
	0
	0
	0
	1
	1
	0
	0
	Line type 5 (220 kV Double Circuit Line with Twin Bison Conductor is to be added

	7
	Trisuli3B 
	8
	Samundratar
	4
	0
	1
	0
	0
	 
	0
	0
	0
	No expansion needed

	6
	Chilime 
	7
	Trisuli3B 
	5
	0
	0
	0
	0
	1
	0
	0
	0
	No expansion needed

	14
	Matatirtha 
	15
	Kulekhani-II
	4
	0
	0
	0
	1
	0
	0
	0
	0
	No expansion needed

	15
	Kulekhani-II
	16
	Hetauda 
	4
	0
	0
	0
	1
	0
	0
	0
	0
	No expansion needed

	16
	Hetauda 
	17
	Bharatpur 132
	3
	0
	0
	1
	0
	0
	0
	0
	0
	No expansion needed

	11
	Chapali 
	21
	Chabel
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	21
	Chabel
	22
	Lainchaur
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	22
	Lainchaur
	9
	Balaju 
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	9
	Balaju 
	23
	TrisuliHEP
	2
	0
	1
	0
	0
	0
	0
	0
	0
	No expansion needed

	23
	TrisuliHEP
	24
	DevighatHEP
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	24
	DevighatHEP
	11
	Chapali 
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	25
	ChilimeHEP
	23
	TrisuliHEP
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	10
	Suichatar 
	19
	Patan
	2
	1
	1
	0
	0
	0
	0
	0
	0
	66 kV SC line needs to be added

	19
	Patan
	20
	Baneshwor
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	20
	Baneshwor
	13
	Bhaktapur 
	1
	1
	0
	0
	0
	0
	0
	0
	0
	No expansion needed

	10
	Suichatar 
	18
	Kulekhani-I
	2
	0
	1
	0
	0
	0
	0
	0
	0
	No expansion needed

	18
	Kulekhani-I
	16
	Hetauda 
	2
	0
	1
	0
	0
	0
	0
	0
	0
	No expansion needed

	Total Cost of expansion (in MUSD)
	72.409


 
The result generated by the planning model shows that Lapsephedi-Bhaktapur, Lamosangu-Bhaktapur, Balaju-Chapali, Chapali-Mulpani, Mulpani-Bhaktapur lines should be further supported by additional 220 kV Double circuit lines having “Twin Bison” ACSR Conductor. Also Double-Circuit 66 kV line should be added in the   Balaju-Suichatar line corridor.
The result shows that the transmission expansion planning of Bagmati province is mostly to be done either in the transmission corridors of Kathmandu valley or the line corridors connecting the substations of Kathmandu valley because of the highest concentration of the load. Further, the most of the lines resulted in the expansion planning is 220 kV Double-circuit types with “Twin Bison” conductor. The reason for that can be interpreted as, even using this type of conductor, the line loadability will not exceed 75% of line capacity and there is no need to choose the line type having higher power transfer capability with increased cost.
The result of the power flow in the transmission system and the status of the line loadability for the expansion solution is presented in the Table 4.10. 
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	From
	To
	No. of Circuit
	Length (km)
	Voltage level (kV)
	Conductor Type
	Power Flow (MW)
	Line Capacity (MW)
	% Line Loadability

	Bus no.
	Bus name
	Bus no
	Bus name
	
	
	
	
	
	
	

	1
	New-Khimti 
	2
	Bahrabise 
	2
	46
	400
	Quad moose
	-269.44
	4230.00
	6.37%

	2
	Bahrabise 
	3
	Lapsephedi 
	2
	60
	400
	Quad moose
	104.38
	4230.00
	2.47%

	3
	Lapsephedi 
	5
	Ratmate
	2
	28
	400
	Quad moose
	-385.83
	4230.00
	9.12%

	3
	Lapsephedi 
	13
	Bhaktapur 
	2
	14
	132
	Bear
	103.25
	220.00
	46.93%

	3
	Lapsephedi 220
	13
	Bhaktapur 220
	2
	14
	220
	Twin Bison
	409.85
	907.00
	45.19%

	4
	Lamosangu
	13
	Bhaktapur 
	2
	48
	132
	Bear
	118.12
	220.00
	53.69%

	4
	Lamosangu
	13
	Bhaktapur 
	2
	48
	220
	Twin Bison
	468.87
	907.00
	51.69%

	5
	Ratmate
	16
	Hetauda 
	2
	41
	400
	Quad moose
	769.84
	4230.00
	18.20%

	9
	Balaju 
	11
	Chapali 
	2
	5.5
	132
	Bear
	-104.41
	220.00
	47.46%

	9
	Balaju 220
	11
	Chapali 220
	2
	5.5
	220
	Twin Bison
	-414.41
	907.00
	45.69%

	9
	Balaju 
	10
	Suichatar 
	1
	4.9
	132
	Bear
	79.97
	110.00
	72.70%

	9
	Balaju 
	10
	Suichatar 
	2
	4.9
	132
	Bear
	143.38
	220.00
	65.17%

	9
	Balaju 66
	10
	Suichatar 66
	2
	4.9
	66
	Wolf
	54.07
	81.20
	66.58%

	11
	Chapali 
	12
	Mulpani
	2
	3.5
	132
	Bear
	-132.50
	220.00
	60.23%

	11
	Chapali 220
	12
	Mulpani 220
	2
	3.5
	220
	Twin Bison
	-525.93
	907.00
	57.99%

	12
	Mulpani
	13
	Bhaktapur 
	2
	3.5
	132
	Bear
	-172.75
	220.00
	78.52%

	12
	Mulpani 220
	13
	Bhaktapur 220
	2
	3.5
	220
	Twin Bison
	-685.67
	907.00
	75.60%

	10
	Suichatar 
	14
	Matatirtha 
	2
	4
	132
	Bear
	-218.50
	220.00
	99.32%

	14
	Matatirtha 
	7
	Trisuli3B 
	2
	42
	220
	Twin Moose
	-649.23
	1163.00
	55.82%

	14
	Matatirtha 
	7
	Trisuli3B 
	2
	42
	220
	Twin Bison
	-638.18
	907.00
	70.36%

	7
	Trisuli3B 
	8
	Samundratar
	2
	52
	132
	Bear
	-216.00
	220.00
	98.18%

	6
	Chilime 
	7
	Trisuli3B 
	2
	40
	220
	Twin Bison
	822.00
	907.00
	90.63%

	14
	Matatirtha 
	15
	Kulekhani-II
	2
	36
	132
	Bear
	-11.58
	220.00
	5.26%

	15
	Kulekhani-II
	16
	Hetauda 
	2
	8
	132
	Bear
	20.41
	220.00
	9.28%

	16
	Hetauda 
	17
	Bharatpur
	1
	73
	132
	Bear
	-47.37
	110.00
	43.06%

	11
	Chapali 
	21
	Chabel
	2
	5
	66
	Dog
	5.73
	40.50
	14.15%

	21
	Chabel
	22
	Lainchaur
	1
	7
	66
	Wolf
	5.73
	40.50
	14.15%

	22
	Lainchaur
	9
	Balaju 
	1
	2
	66
	Wolf
	5.73
	40.50
	14.15%

	9
	Balaju 
	23
	TrisuliHEP
	2
	29
	66
	Wolf
	-38.70
	81.20
	47.66%

	23
	TrisuliHEP
	24
	DevighatHEP
	1
	4.56
	66
	Wolf
	2.02
	40.50
	4.99%

	24
	DevighatHEP
	11
	Chapali 
	1
	29.3
	66
	Wolf
	16.12
	40.50
	39.80%

	25
	ChilimeHEP
	23
	TrisuliHEP
	1
	39
	66
	Wolf
	22.00
	40.50
	54.32%

	10
	Suichatar 
	19
	Patan
	2
	6.4
	66
	Wolf
	73.86
	81.20
	90.95%

	10
	Suichatar 
	19
	Patan
	1
	6.4
	66
	Wolf
	36.97
	40.50
	91.28%

	19
	Patan
	20
	Baneshwor
	1
	3.6
	66
	LGJ 120
	-39.17
	40.50
	96.72%

	20
	Baneshwor
	13
	Bhaktapur 
	1
	10.8
	66
	LGJ 120
	-39.17
	40.50
	96.72%

	10
	Suichatar 
	18
	Kulekhani-I
	2
	29
	66
	Wolf
	-35.47
	81.20
	43.68%

	18
	Kulekhani-I
	16
	Hetauda 
	2
	16
	66
	Wolf
	44.52
	81.20
	54.83%


In the above Table 4.10, the highlighted line segment are the additional lines to be added in the high voltage transmission system of Bagmati Province. The expansion solution generated by the model shows that addition of the eight new lines can solve the problem of the line overloading.  
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[bookmark: _Toc116291251]Conclusions
In this thesis, the transmission system of Bagmati province of Nepal has been studied considering the load-generation scenario of the year 2040. This static Load flow analysis of the transmission system of the region for the load-generation scenario for the year 2040 suggests that out of 32 high voltage lines, 14 will be overloaded beyond their maximum power transfer capability. Mainly, Lamosangu- Bhaktapur 132 kV double circuit line, Lapsephedi- Bhaktapur 132 kV double circuit line, Balaju-Suichatar 132 kV single circuit lines, and Suichatar- Matatirtha 132 kV lines are overloaded by more than double their capacity.
To find out the optimal expansion plan for the region, an expansion planning procedure is proposed based on mixed integer linear programming. The planning model is developed to solve the Transmission Expansion Planning (TEP) problem involving different voltage levels which have not been considered in the past literatures.
The developed planning model has been implemented in the General Algebraic Modelling Language (GAMS) software. Before implementing the model for solving the realistic transmission expansion problem of Bagmati Province of Nepal, the developed model is successfully tested using the Garver 6 bus test system. The result for the expansion of modified Garver six bus system is found to be 129.86 Million USD while that reported by Alguacil et al., (2003) is 140 Million USD. This shows that the proposed model for high voltage transmission planning provides more economic solution to the netwok planner without compromizing the technical requirements.
In implementing the model to solve the transmission expansion problem of Bagmati province, the result generated by the planning model shows that Lapsephedi-Bhaktapur, Lamosangu- Bhaktapur, Balaju-Chapali, Chapali-Mulpani, and Mulpani-Bhaktapur lines should be further supported by additional 220 kV Double circuit lines having “Twin Bison” ACSR Conductors. Also, the Suichatar- Patan line corridor should be expanded with the additional Single Circuit 66 kV lines having “Wolf” conductor.  The expansion cost for the whole expansion of high voltage networks of Bagmati Province is found to be 72.409 Million USD. However, this is to be noted that the expansion cost resulted from the modeling is for the Supply of the material and construction of the lines only and it does not include the cost of various social factors including the land acquisition.
[bookmark: _Toc116291252]Recommendations
While this thesis work provides an insight into a simple yet useful methodology of transmission expansion planning of a real power system taking the case of transmission system of Bagmati Province and considering the different voltage level into the expansion planning, the research work presented here has certain limitations and some of these limitations can be explored in further research works. The following further work can be proposed:
· Consideration for the system losses in the modeling: Since transmission line losses are not taken into account while modeling, a more accurate model can be formulated taking the transmission line losses in the modeling.
· Transmission expansion planning with N-1 security constraints can added in the planning model for to check the reliability of the transmission system.
· Use of power flow controller and transmission line switching are other areas that can also be explored in the future researches.
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	Hub/Substation
	Hydropower
	Capacity (MW)
	Total

	Ratmate
	Budhi Gandaki Storage Hydropower Project
	1200
	1305.67

	
	Trishuli Galchhi
	75
	

	
	Ratmate Cluster 1
	3.67
	

	
	Balaju Cluster
	23.7
	

	
	Ratmate Cluster 2
	3.3
	

	New Hetauda
	Kulekhani-II
	32
	81.04

	
	Kulekhani III
	14
	

	
	Bagmati Nadi
	22
	

	
	New Hetauda Cluster
	13.04
	

	Trishuli 3B
	Upper Trishuli-1
	216
	476.77

	
	Upper Trishuli 3B
	37
	

	
	Upper Trishuli 3A
	60
	

	
	Middle Trishuli Ganga nadi
	65
	

	
	Trishuli
	24
	

	
	Trishuli 3B Cluster 1
	25.55
	

	
	Trishuli 3B Cluster 2
	49.22
	

	Samundratar
	Samundratar Cluster
	44.69
	69.39

	
	Super Melamchi Hydropower Project
	24.7
	

	
	Super Aankhu Khola Hydropower Project
	25.4
	179.6

	
	Akhu Khola-2 HPP
	20
	

	
	Tatopani khola HPP
	24.3
	

	
	Ilep Tatopani Khola HPP
	25
	

	
	Upper Ankhu Khola
	35
	

	
	Ankhu Khola
	42.9
	

	
	Ankhu Khola Cluster
	7
	

	Chilime
	Upper Trishui-2 HPP
	102
	844.15

	
	Sanjen
	42.5
	

	
	Mathillo Langtang HEP
	24.35
	

	
	Chilime
	22
	

	
	Sanjen Khola
	78
	

	
	Rasuwagadhi
	111
	

	
	Rasuwa Bhotekoshi
	120
	

	
	Lantang Khola Reservoir Hydropower Project
	310
	

	
	Chilime Cluster 1
	34.3
	

	 
	Kulekhani-I
	60
	89.71

	Kulekhani I
	Kulekhani-I Cluster
	29.71
	

	Lapsephedi
	Lapsephedi Cluster
	22.9
	22.9

	Bahrabise
	Madhya Bhotekoshi
	102
	128.25

	
	Bahrabise Cluster
	26.25
	

	Lower Balephi hub
	Upper Balephi A
	36
	93.08

	
	Balephi
	23.52
	

	
	Balephi Cluster
	33.56
	

	Upper Balephi Hub
	Nyasim Hydropower Project
	35
	209.68

	
	Upper Balephi Cluster
	7.27
	

	
	Upper Brahmayeni HEP
	20.07
	

	
	Brahmayani HPP
	40
	

	
	Balephi Khola HEP
	42.14
	

	
	Upper Nyasim Khola
	43
	

	
	Upper Balefhi
	22.2
	

	Bhotekoshi
	Upper Chaku A
	45
	210.68

	
	Upper Bhotekoshi
	46
	

	
	Middle Bhotekoshi -1
	40
	

	
	Bhotekoshi 1 Hydropower Project
	44
	

	
	Bhotekoshi Cluster
	35.68
	

	Lamosangu
	Lower Balephi
	20
	89

	
	Lamosangu Cluster
	9
	

	
	Bhotekoshi 5
	60
	

	Singati
	Khani Khola - 1
	40
	287.79

	
	Khare Hydropower Project
	24.1
	

	
	Khani Khola (Dolakha
	30
	

	
	Tamakoshi-V
	87
	

	
	Sagu Khola HEP
	20
	

	
	Singati Cluster 1
	51.24
	

	
	Singati Cluster 2
	35.45
	

	New Khimti
	Tamakoshi-3 TA-3
	650
	1002.02

	
	Lower Likhu
	28.1
	

	
	Khimti -I
	60
	

	
	Khimti II
	48.8
	

	
	New Khimti Cluster
	15.12
	

	
	Khimti Shivalaya Storage HPP
	200
	

	Garjyang Hub
	Khimti Shivalaya Cluster
	30.23
	87.73

	
	Nupche Likhu HEP
	57.5
	

	Likhu Hub
	Likhu Khola HPP
	30
	296.92

	
	Likhu-4
	52.4
	

	
	Likhu Khola 'A'
	51
	

	
	Likhu Cluster
	31.52
	

	
	Likhu -2
	55
	

	
	Likhu -1
	77
	

	Lapche
	Upper Lapche Khola
	52
	274

	
	Lapche Khola
	160
	

	
	Jum Khola Hydropower Project
	62
	

	Up Tamakoshi Hub
	Rolwaling Khola
	22
	566

	
	Rolwaling Khola HPP
	88
	

	
	Upper Tamakoshi HPP
	456
	




[bookmark: _Toc116291255]APPENDIX B: EXISTING AND UNDER COSTRUCTION TRANSMISSION LINES OF BAGMATI PROVINCE
	From
	To
	Length (km)
	Voltage level (kV)
	Conductor Type
	No of Circuit

	Bus no.
	Bus name
	Bus no
	Bus name
	
	
	
	

	1
	NewKhimti
	2
	Bahrabise
	46
	400
	Quad moose
	2

	2
	Bahrabise
	3
	Lapsephedi
	60
	400
	Quad moose
	2

	3
	Lapsephedi
	5
	Ratmate
	28
	400
	Quad moose
	2

	3
	Lapsephedi
	18
	Bhaktapur
	14
	132
	Bear
	2

	4
	Lamosangu
	18
	Bhaktapur
	48
	132
	Bear
	2

	5
	Ratmate
	27
	Hetauda
	41
	400
	Quad moose
	2

	6
	Chilime HEP
	10
	Trisuli HEP
	39
	66
	Wolf
	1

	10
	Trisuli HEP
	11
	Devighat
	4.56
	66
	Wolf
	1

	10
	Trisuli HEP
	12
	Balaju
	58
	66
	Dog
	2

	11
	Devighat
	14
	Chapali
	26.5
	66
	Dog
	2

	14
	Chapali
	12
	Balaju
	5.5
	132
	Bear
	2

	14
	Chapali
	15
	Chabel
	5
	66
	Dog
	2

	14
	Chapali
	17
	Mulpani
	3.5
	132
	Bear
	2

	15
	Chabel
	16
	Lainchaur
	7
	66
	XLPE cable
	1

	16
	Lainchaur
	12
	Balaju
	2
	66
	Panther
	1

	12
	Balaju
	13
	Suichatar
	4.9
	132
	Bear
	1

	12
	Balaju
	13
	Suichatar
	7
	66
	Wolf
	2

	13
	Suichatar
	23
	Teku
	4.1
	66
	Bear
	2

	23
	Teku
	24
	K3 SS
	2.8
	66
	XLPE cable
	2

	17
	Mulpani
	18
	Bhaktapur
	3.5
	132
	Bear
	2

	13
	Suichatar
	20
	Patan
	6.4
	66
	Wolf
	2

	20
	Patan
	19
	Baneshwor
	2.7
	66
	Wolf
	1

	19
	Baneshwor
	18
	Bhaktapur
	10.8
	66
	Wolf
	1

	13
	Suichatar
	22
	Matatirtha
	4
	132
	Bear
	2

	13
	Suichatar
	25
	Kulekhani-I
	29
	66
	Wolf
	2

	22
	Matatirtha
	8
	Trisuli3B
	42
	220
	Twin Moose
	2

	8
	Trisuli3B
	9
	Samundratar
	52
	132
	Bear
	2

	8
	Trisuli3B
	7
	Chilime220
	40
	220
	Twin Bison
	2

	22
	Matatirtha
	26
	Kulekhani-II
	36
	132
	Bear
	2

	26
	Kulekhani-II
	27
	Hetauda
	8
	132
	Bear
	2

	25
	Kulekhani-I
	27
	Hetauda
	16
	66
	Wolf
	2

	27
	Hetauda
	28
	Bharatpur
	73
	132
	Twin Bison
	2



[bookmark: _Toc116291256]APPENDIX C: ETAP LOAD FLOW MODEL OF BAGMATI PROVINCE
[image: F:\Personnal\1. Masters\Thesis_\1. Thesis_working\4. Mid Report and PPT\ETAP_model-province.JPG]
ETAP Transmission line model of Bagmati Province 

[bookmark: _Toc116291257]APPENDIX D: PROPERTIES OF ACSR CONDUCTOR
[image: F:\Personnal\1. Masters\Thesis_\1. Thesis_working\4. Mid Report and PPT\Counductor current carrying capacity_.JPG]Properties of ACSR conductor ( Conforms to BS 215 : part 2/1970 )


[bookmark: _Toc116291258]APPENDIX E: INFLATION ADJUSTMENT FOR LINE COST
	S.N
	Line Voltage level
	Cost per/km (for base year 2018/19)
	**CPI for Non-food and Services in 2018/19
	**CPI for non-food and Services in 2021/22
	*Inflation Adjusted cost per km

	1
	66 kV S/C Wolf
	0.15
	129.55
	149
	0.17

	2
	66 kV D/C Wolf
	0.17
	129.55
	149
	0.20

	3
	132 kV S/C BEAR
	0.23
	129.55
	149
	0.26

	4
	132 kV D/C BEAR
	0.25
	129.55
	149
	0.29

	5
	220 kV D/C Twin Bison
	0.52
	129.55
	149
	0.60

	6
	220 kV D/C Twin Moose
	0.55
	129.55
	149
	0.63

	7
	400 kV D/C Twin Bison
	0.77
	129.55
	149
	0.89

	8
	400 kV D/C Quad Moose
	0.84
	129.55
	149
	0.97



*Real price in current year= (CPI in current year/ CPI in base year)*Price in base year
**Source: Nepal Rastra Bank, Quaterly Economic Bulletin, 2022, Volume 56, Number 3

[bookmark: _Toc116291259]APPENDIX F: GAMS CODE FOR TRANSMISSION EXPASION PLANNING
GAMS code for Transmission Expansion Planning of Bagmati Province
set i /1*25/;
set para /len,ELT/
    linepara       / x,cost,cap /
    Gen      Generators  / g1*g18 /
    gp generators parameretes /Pmax,Pmin/
    slack(i) reference bus /1/
    LT linetype     /LT1*LT8/;
Set GB(i,Gen) 'connectivity index of each generating unit to each bus'
/
   1.g1
   2.g2
   3.g3
   4.g4
   5.g5
   6.g6
   7.g7
   8.g8
   9.g9
   10.g10
   13.g11
   15.g12
   16.g13
   17.g14
   18.g15
   23.g16
   24.g17
   25.g18
/;

alias(i,j) ;
Parameter   M;
Scalar
   Sbase /  100 / ;
Table Demand(i,*) 'demands of each bus in MW'
        Pd
   1    2496
   2    50
   3    0
   4    0
   5    150
   6    0
   7    200
   8    0
   9    400
   10   450
   11   150
   12   200
   13   220
   14   1079
   15   0
   16   2250
   17   0
   18   0
   19   150
   20   0
   21   0
   22   0
   23   0
   24   0
   25   0
;
Table Linedata(i,j, *)
          len    ELT
 1 .2     46     8
 2 .3     60     8
 3 .5     28     8
 3 .13    14     4
 4 .13    48     4
 5 .16    41     8
 9. 10    4.9    3
 9 .11    5.5    4
 11.12    3.5    4
 12.13    3.5    4
 10.14    4      4
 14.7     42     6
 7 .8     52     4
 6 .7     40     5
 14.15    36     4
 15.16    8      4
 16.17    73     3
 11.21    5      1
 21.22    7      1
 22.9     2      1
 9 .23    29     2
 23.24    4.56   1
 24.11    29.3   1
 25.23    39     1
 10.19    6.4    2
 19.20    3.6    1
 20.13    10.8   1
 10.18    29     2
 18.16    16     2
;
 Table gendata(gen,*)
        Pmax        Pmin
 g1     2226.56     0
 g2     423.82      0
 g3     22.9        0
 g4     587         0
 g5     1305.67     0
 g6     822         0
 g7     452.77      0
 g8     279         0
 g9     60.1        0
 g10    82          0
 g11    17.5        0
 g12    32          0
 g13    1367.84     0
 g14    47.37       0
 g15    80          0
 g16    24          0
 g17    14.1        0
 g18    22          0
;
Table LD(LT,*)       'Characteristic values of different linetype for expansion planning'
       x             cost       cap
LT1    0.00885       0.17       40.5
LT2    0.00443       0.20       81
LT3    0.002216      0.26       110
LT4    0.001236      0.29       220
LT5    0.0003114     0.60       906
LT6    0.0003061     0.63       1163
LT7    0.0001923     0.89       2115
LT8    0.0001582     0.97       4229 ;

Set conex(i,j);
conex(i,j)$(linedata(i,j,'len')) = 1;
conex(j,i)$conex(i,j)        = 1;
linedata(j,i,'len')$linedata(i,j,'len')=linedata(i,j,'len');
linedata(j,i,'ELT')$linedata(i,j,'ELT')=linedata(i,j,'ELT');

Parameter    Bij(i,j,LT);
Bij(i,j,LT)$conex(j,i)=0;
Bij(i,j,LT)$conex(j,i)= 1/(LD(LT,'x')*linedata(i,j,'len'));
M = smax((i,j,LT)$conex(i,j),Bij(i,j,LT)*3.14*2) ;

Variable OF,lineFlow(i,j,LT);
variable Pg(Gen), delta(i);
Binary Variable u(i,j,LT);
u.l(i,j,LT) = 0;
lineflow.l(i,j,LT)=0;
u.fx(i,j,LT)$(conex(i,j) and ord(LT)= linedata(j,i,'ELT') and linedata (i,j,'ELT')>0) = 1;
equation eq1,eq2,eq3,eq4,eq5,eq6,eq7;
eq1..
  OF =e= 1000000*sum((i,j,LT)$conex(i,j), 0.5*LD(LT,'cost')*linedata(i,j,'len')*u(i,j,LT)$(ord(LT)<>linedata(j,i,'ELT')));
eq2(i)..
    +sum(Gen$GB(i,Gen), Pg(Gen))-sum((LT,j)$conex(j,i), lineFlow(i,j,LT)) =e=Demand(i,'Pd')/Sbase ;

eq3(i,j,LT)$conex(j,i)..
   lineFlow(i,j,LT) - (delta(i) - delta(j))/(linedata(i,j,'len')*LD(LT,'x')) =l=  M*(1 - u(i,j,LT));

eq4(i,j,LT)$conex(j,i)..
   lineFlow(i,j,LT) - (delta(i) - delta(j))/(linedata(i,j,'len')*LD(LT,'x')) =g= -M*(1 - u(i,j,LT));

eq5(i,j,LT)$conex(j,i)..
   lineFlow(i,j,LT)   =l= u(i,j,LT)*LD(LT,'Cap')/Sbase;

eq6(i,j,LT)$conex(j,i)..
   lineFlow(i,j,LT)   =g= -u(i,j,LT)*LD(LT,'Cap')/Sbase;

eq7(i,j,LT)$conex(j,i)..
   u(i,j,LT) =e= u(j,i,LT);

Pg.lo(Gen) = gendata(Gen,'Pmin')/Sbase;
Pg.up(Gen) = gendata(Gen,'Pmax')/Sbase;
delta.up(i)   = pi/6;
delta.lo(i)   =-pi/6;
delta.fx(slack) = 0;
lineFlow.up(i,j,LT)$conex(j,i) = 1*LD(LT,'cap')/Sbase;
lineFlow.lo(i,j,LT)$conex(j,i) =-1*LD(LT,'cap')/Sbase;

Model DCloadflow / all /;
solve DCloadflow minimizing OF using MIP;
Parameter report(i,*),pij(i,j,LT), Bm (i,j,LT);
report(i,'Gen(MW)')    = sum(Gen$GB(i,Gen), Pg.l(Gen))*sbase;
report(i,'Angle')      = delta.l(i);
report(i,'load(MW)')   = Demand(i,'Pd');
Pij(i,j,LT) = lineflow.l(i,j,LT)*sbase ;
display report,Pij, OF.l, u.l;
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