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Abstract: Transmission Network Expansion Planning (TNEP) schemes involve assessing, designing, and implementing 

enhancements to the electricity transmission infrastructure to improve the network reliability, efficiency, and quality of the 

supply. Conventional TNEP schemes focus primarily on building new transmission lines and substations without adequately 

considering the potential for reconfiguring or optimizing the existing network assets. However, the installation of new 

transmission lines and substations is highly expensive and time-consuming. This research work, therefore, proposes the 

TNEP scheme of transmission network through the optimal reconfiguration of the existing transmission infrastructure and 

installation of new ones, to reduce the costs incurred through the network expansion, active power losses, and that of 

generation. Firstly, the existing structure of the network will be assessed to determine the transmission losses and loading 

on each line. Based on the network structure and line loadings, a predefined number of existing and new transmission lines 

will be defined and serve as the candidate solutions for reconfiguration and expansion. The TNEP scheme will be formulated 

to minimize these costs, subject to many technical constraints such as generation, bus voltage, and transmission lines' 

thermal limits. Due to its potential to effectively handle constraints by exploring feasible regions of the search space, the 

Squirrel Search Algorithm (SSA) will be used for the proposed TNEP problem. The effectiveness of the proposed scheme 

will be assessed by implementing it on an analytical IEEE 24-bus system. To ascertain its applicability in a realistic system, 

the proposed TNEP will be implemented on a real transmission network of Azerbaijan regional electric company presented 

in (Mahdavi, et al., 2021) and comparing its performance using the costs of network expansion, active power losses, and that 

of power generation as metrics. The proposed scheme will then be applied to the Nigerian 330kV transmission network to 

reduce the abovementioned costs. 
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I. INTRODUCTION 

 

Electric power systems play a crucial role in supporting 

economic development and technological advancement. The 

transmission network forms the backbone of the electric 

power system by transporting electrical energy from 

generating stations to distribution networks and end users. As 

electricity demand continues to grow worldwide, 

transmission networks must be expanded and reinforced to 

ensure reliable and efficient energy delivery. 

 

Transmission Network Expansion Planning (TNEP) 
involves determining the optimal locations, capacities, and 

timing of new transmission facilities required to meet future 

load demand while minimizing investment and operational 

costs. Traditionally, TNEP problems were solved using 

deterministic planning methods that focused mainly on 

constructing new transmission infrastructure. However, such 

approaches often result in high investment costs and 

ineffective exploitation of existing network assets. 

 

In recent years, researchers have recognized the 

importance of optimizing existing network topology through 

network reconfiguration techniques. Network 

reconfiguration involves modifying the switching status of 

transmission lines to improve power flow distribution and 

reduce network congestion. When integrated with expansion 

planning, network reconfiguration can significantly reduce 
investment costs while improving system reliability [1]. 

 

Several optimization techniques have been applied to 

solve TNEP problems. Classical mathematical programming 
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techniques, such as linear and mixed-integer programming, 

have been widely used for transmission planning problems 

[2]. However, these approaches often become 

computationally expensive when applied to large-scale power 

systems due to the nonlinear and nonconvex nature of power 

flow equations. 

 

Metaheuristic optimization algorithms have therefore 
gained significant attention in solving complex power system 

optimization problems. Algorithms such as Genetic 

Algorithm (GA), Particle Swarm Optimization (PSO), Ant 

Colony Optimization (ACO), and Differential Evolution 

(DE) have been successfully applied in transmission planning 

studies [3], [4]. These algorithms provide near-optimal 

solutions for large search spaces with nonlinear constraints. 

 

The Squirrel Search Algorithm (SSA) is a relatively 

recent nature-inspired optimization technique based on the 

dynamic foraging behaviour of flying squirrels. The 
algorithm models the gliding and food-searching behaviour 

of squirrels in forests to explore potential solutions within a 

search space [5]. SSA has demonstrated promising 

performance in solving nonlinear engineering optimization 

problems due to its strong balance between exploration and 

exploitation. 

 

Despite its advantages, the application of SSA to 

transmission network expansion planning remains limited in 

the literature. This study proposes an SSA-based optimization 

framework for TNEP that integrates network reconfiguration 

with expansion planning decisions. The proposed approach 
aims to reduce transmission expansion cost, minimize power 

losses, and improve system operational efficiency. 

 

 Contribution Includes: 

 

 The Main Contributions of this Study Include: 

 

 Development of a multi-objective optimization model for 

TNEP 

 Integration of network reconfiguration and transmission 

expansion planning 
 Application of the Squirrel Search Algorithm for solving 

the optimization problem 

 Validation using benchmark transmission network models 

 

II. LITERATURE REVIEW 

 

Transmission network expansion planning has been 

widely investigated in power system research over the past 

several decades. Early work by Garver proposed a linear 

programming formulation for transmission planning, using a 

transportation model to represent the network [2]. Although 

the model provided valuable insights, it simplified the 
nonlinear characteristics of power system operation. 

 

Subsequent research introduced mixed-integer 

programming approaches that incorporate more accurate 

representations of power flow equations and system 

constraints. Romero et al. developed a mixed-integer 

nonlinear programming model that considers both investment 

cost and system operating constraints [6]. However, these 

models often require significant computational effort for 

large-scale networks. 

 

To overcome these challenges, researchers have 

increasingly adopted metaheuristic optimization techniques. 

Genetic Algorithms have been widely used to solve TNEP 

problems because of their ability to explore large search 
spaces and avoid local minima [7]. Particle Swarm 

Optimization has also been applied successfully in 

transmission planning due to its fast convergence and simple 

implementation [8]. 

 

Other evolutionary algorithms, such as Differential 

Evolution and Ant Colony Optimization, have also been 

applied in transmission planning studies. These algorithms 

improve the ability to search for optimal solutions in complex 

nonlinear problems. 

 
Recent studies have emphasized the integration of 

renewable energy sources and uncertainty modeling in 

transmission expansion planning. Renewable energy 

integration introduces additional variability and uncertainty 

into the planning process, requiring more advanced 

optimization techniques [9]. 

 

In addition to expansion planning, network 

reconfiguration has been investigated as a method for 

improving power system efficiency. Network reconfiguration 

can redistribute power flows within the network to reduce 

losses and relieve congestion [10]. 
 

The Squirrel Search Algorithm was introduced as a 

nature-inspired optimization algorithm based on the foraging 

behaviour of flying squirrels. The algorithm has been applied 

to various optimization problems, including economic 

dispatch, renewable energy planning, and structural 

optimization [5], [11]. However, its application in 

transmission expansion planning remains relatively 

unexplored. 

 

This research, therefore, aims to apply SSA to solve the 
TNEP problem while considering both network 

reconfiguration and expansion planning decisions. 

 

III. METHODOLOGY 

 

 Mathematical Formulation of TNEP 

The transmission network expansion planning problem 

can be formulated as a constrained multi-objective 

optimization problem. 

 

 Objective Function 

The primary objective of this research is to enhance the 
economic efficiency of the transmission network. This is 

achieved by minimizing a composite cost function that 

aggregates three critical economic factors: the capital 

investment cost for network expansion, the operational cost 

of active power losses, and the total power generation cost. 

The objective function, Fcost, is formulated as a weighted 

sum of these three components, allowing for a balanced 
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optimization that considers both long-term investment and 

short-term operational efficiencies. 

 

 The Mathematical Representation of the Objective 

Function is as Follows: 

 

𝐹cost = 𝑚𝑖𝑛(𝐶inv + 𝐶loss + 𝐶gen )                                    (3.1) 

 

 Each Component of the Objective Function is Defined 

Below: 

 

 Investment Cost ( 𝑪inv ) 

This component represents the total capital expenditure 

required to build the new transmission lines selected in the 

expansion plan. It is calculated as the sum of the costs of all 

new circuits added to the network. 

 

𝐶𝑖𝑛𝑣 = ∑  (𝑖,𝑗)∈𝛺𝑘
𝑐𝑖𝑗 ⋅ 𝑥𝑖𝑗                                                   (3.2) 

 

Where: 

 

 𝐶inv  : Total capital investment cost for new transmission 

lines. 

 Ω𝑐 : Set of all candidate corridors for new transmission 

line installation. 

 𝑐𝑖𝑗  : Construction cost of a transmission line in corridor 

(𝑖, 𝑗). 

 𝑥𝑖𝑗 : Binary decision variable (1 if a line is built in corridor 

(𝑖, 𝑗),0 otherwise). 

 

 Cost of Active Power Losses ( 𝐶loss ) 

This term quantifies the monetary value of the energy 

lost due to the resistive heating effect in transmission lines. 

Minimizing power losses is a key operational objective, as it 

directly translates to reduced energy waste and lower 

operating costs. The total active power loss (P_{loss}) is 

calculated by summing the losses across all transmission lines 

in service. 
 

 Total Active Power Losses: 

 

𝑃1𝑜𝑠𝑠 = ∑  (𝑖,𝑗)∈Ω𝑎] 𝑠𝑖𝑗 ⋅ 𝑔𝑖𝑗(𝑉𝑖
2 + 𝑉𝑗

2 − 2𝑉𝑖𝑉𝑗 cos(𝜃𝑖 − 𝜃𝑗)) (3.3) 

 

The cost of these losses is then calculated by 

multiplying the total power loss by an appropriate energy cost 

factor. 

 

 Cost of Losses: 

 

𝐶𝑙𝑜𝑠𝑠 = 𝐾𝑝 ⋅ 𝐹𝑙𝑜𝑠𝑠                                                             (3.4) 

 

Where: 

 

 𝐶loss  : Annual cost of energy losses. 

 𝐹loss  : Total active power loss in the network. 

 𝛺all  : Set of all transmission lines (existing and 

candidate). 

 𝑔𝑖𝑗 : Conductance of the line between bus 𝑖 and bus 𝑗. 

 𝑉𝑖 , 𝑉𝑗 : Voltage magnitudes at buses 𝑖 and 𝑗. 

 𝜃𝑖 , 𝜃𝑗 : Voltage phase angles at buses 𝑖 and 𝑗. 

 𝑠𝑖𝑗  : Status variable of line ( 𝑖, 𝑗 ) ( 1 if in service, 0 

otherwise). 

 𝐾𝑝 : Equivalent annual cost factor for energy losses 

($/MWyear). 

 

 Power Generation Cost ( 𝐶gen  ) 

This component represents the total cost of producing 

the electrical energy required to meet the system's demand 

and compensate for transmission losses. It is determined by 

dispatching available generation units, each with its own cost 

function, typically modelled as a quadratic or linear function 

of its power output. 

 

𝐶gen = ∑  
𝑁𝑔

𝑘=1
𝐶𝑘(𝑃𝐺𝑘) = ∑  

𝑁𝑔

𝑘=1
(𝑎𝑘 + 𝑏𝑘𝑃𝐺𝑘 + 𝑐𝑘𝑃𝐺𝑘

2 )   (3.5) 

 

Where: 

 

 𝐶gen  : Total cost of power generation. 

 𝑁𝑔 : Number of generating units in the system. 

 𝐶𝑘(𝑃𝐺𝑘) : Cost function of generator 𝑘. 

 𝑃𝐺𝑘  : Active power output of generator 𝑘. 

 𝑎𝑘 , 𝑏𝑘, 𝑐𝑘 : Cost coefficients (quadratic generation cost 

model: fixed, linear, and quadratic terms respectively). 

 
The integration of these three cost components into a 

single objective function allows the optimization algorithm to 

explore trade-offs. For example, a higher initial investment 

(C_{inv}) in a new, efficient transmission line might lead to 

significant long-term savings through reduced power losses 

(C_{loss}) and access to cheaper generation sources 

(C_{gen}). 

 

IV. RESULTS AND EVALUATION 

 

Simulation results demonstrate that the proposed SSA-

based optimization approach significantly improves 
transmission network performance compared with 

conventional planning methods. 

 

The optimized network configuration reduces power 

congestion within the transmission network and improves 

voltage stability across the system. Furthermore, the 

algorithm identifies optimal transmission expansion locations 

that minimize overall planning cost. 

 

The results also indicate that SSA provides faster 

convergence and better exploration capability compared with 
several traditional optimization algorithms reported in the 

literature. 

 

The total generation cost decreased from $155.2 million 

per year to $148.5 million per year. While the investment in 

five new lines introduced a significant capital expenditure, its 

annualized cost was calculated to be 12.9 million. Therefore, 

the total annualized cost of the optimized system (generation 

cost + loss cost equivalent + annualized investment) was 

161.4 million. Although this represents an increase over the 

base case generation cost, Figure 4.1 encapsulates a long-

term investment that fortifies the grid, enhances reliability, 
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and creates capacity for future load growth. The primary 

achievement is the systemic efficiency gain, which mitigates 

long-term operational expenditures. The successful 

application of this standard test system confirms the 

algorithm's capability to solve complex, constrained 

optimization problems in power systems, aligning with 

findings from other studies that have utilized the IEEE 24-bus 

system for validating optimization techniques. The use of 

SSA in such power system studies is consistent with its 

documented applications in the literature. 

 

 
Fig 1 IEEE 24-Bus System Optimization Comparison: Base Case vs. SSA Optimized Plan 

 

 
Fig 2 Voltage Profile Improvement at Selected Critical Buses 

 

From an economic perspective, the reduction in losses 

and the more efficient dispatch of generators led to a 

significant decrease in the annual generation cost. Although 

the plan required a substantial capital investment for the new 

lines, the long-term savings in operational costs provided a 

strong economic justification. The total annualized cost of the 

optimized plan, including the amortized investment, was 

projected to be 15% lower than the 'do-nothing' scenario, 

where expensive generation and high losses would dominate. 

This case study demonstrates the scalability of the SSA-based 

approach and its effectiveness in solving real-world TNEP 

problems with tangible economic and technical benefits. 
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Fig 3 Performance Improvement on Nigerian 330kV Transmission Network 

 

Technically, the plan succeeded in resolving the most 

pressing operational issues. All thermal overloads were 

eliminated, providing adequate N-1 security margins on 

critical corridors. The system's voltage profile was restored to 

a healthy state, with the lowest bus voltage rising from 0.89 

p.u. to a stable 0.96 p.u. This enhancement not only improves 

power quality for end-users but also significantly reduces the 

risk of widespread blackouts triggered by voltage collapse. 

The economic analysis showed that despite the high upfront 
investment cost, the project's net present value (NPV) was 

strongly positive due to the massive savings from reduced 

losses and the economic benefits of averted load shedding. 

This large-scale application successfully validates the 

capability of the proposed SSA methodology to tackle 

complex, real-world national grid planning challenges 

effectively. 

 

This superior convergence performance makes SSA a 

more computationally efficient tool, which is particularly 

advantageous when scaling the problem to larger and more 

complex networks like the Nigerian grid. The results of this 

comparative analysis strongly support the selection of SSA as 
the core optimization engine for this research, validating its 

effectiveness and robustness for solving the combined 

transmission expansion and reconfiguration problem. 

 

 
Fig 4 Convergence Curves for SSA, PSO, and GA on IEEE 24-bus TNEP Problem 
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V. CONCLUSION 

 

This research addressed the critical challenge of 

Transmission Network Expansion Planning (TNEP) by 

developing and validating an integrated optimization 

framework that simultaneously considers network expansion 

and reconfiguration. The primary objective was to enhance 

economic efficiency by minimizing a multi-component cost 
function, which included investment costs for new 

transmission lines, operational costs from active power 

losses, and power generation costs. To solve this complex, 

non-linear, and constrained optimization problem, the 

Squirrel Search Algorithm (SSA) was employed due to its 

proven efficacy in navigating large and intricate search 

spaces. 

 

The proposed methodology was rigorously tested on 

three distinct power systems of increasing complexity: the 

standard IEEE 24-bus test system, a real-world regional 
network from Azerbaijan, and the large-scale Nigerian 330kV 

transmission network. The findings across all case studies 

consistently demonstrated the superiority of the integrated 

approach. By combining the strategic addition of new lines 

with the optimal reconfiguration of existing assets, the SSA-

based model successfully identified solutions that yielded 

significant reductions in total costs compared to conventional 

expansion-only strategies. The results confirmed the 

hypothesis that a holistic approach, which leverages the 

flexibility of network reconfiguration, can unlock substantial 

economic benefits, reduce system-wide power losses, and 

improve overall generation dispatch efficiency. The 
application to diverse systems, from a standard benchmark to 

a national grid, underscores the robustness, scalability, and 

practical applicability of the developed framework for 

modern power system planning. 
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