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Abstract—The rapid proliferation of electric vehicles (EVs)
necessitates the strategic deployment of charging infrastructure
to ensure grid stability, user convenience, and economic viability.
This paper presents a comprehensive multi-objective optimiza-
tion framework for the simultaneous determination of optimal
locations and capacities of EV charging stations (EVCSs) within
urban distribution networks. The proposed framework considers
four conflicting objectives: minimization of total investment and
operational costs, minimization of power losses in the distribution
network, maximization of user accessibility and convenience,
and minimization of voltage deviation across network buses. A
modified Non-dominated Sorting Genetic Algorithm II (NSGA-II)
enhanced with adaptive operators and local search mechanisms
is developed to solve the formulated multi-objective problem.
The framework incorporates realistic constraints including trans-
former loading limits, voltage magnitude bounds, EV charging
demand patterns, traffic flow characteristics, and land-use com-
patibility. A comprehensive case study on a modified IEEE 33-
bus distribution system integrated with an urban transportation
network demonstrates the effectiveness of the proposed approach.
Results indicate that the optimized placement achieves a 23.7%
reduction in power losses, 31.2% improvement in user accessibil-
ity, and maintains voltage profiles within acceptable limits while
reducing total costs by 18.5% compared to conventional planning
approaches.

Index Terms—Electric vehicle charging stations, multi-
objective optimization, distribution network planning, NSGA-II,
capacity planning, smart grid.

I. INTRODUCTION

The global transition toward sustainable transportation has
accelerated the adoption of electric vehicles (EVs) as a viable
alternative to conventional internal combustion engine vehi-
cles. According to the International Energy Agency (IEA),
the global EV fleet surpassed 10 million units in 2020 and is
projected to reach 145 million by 2030 [1]]. This exponential
growth presents both opportunities and challenges for power
system operators, urban planners, and policymakers.

The successful integration of EVs into the transportation
ecosystem fundamentally depends on the availability of ade-
quate and accessible charging infrastructure. Electric Vehicle
Charging Stations (EVCSs) serve as the critical interface be-
tween the transportation and power systems, and their strategic

© 2026 IRJIET All Rights Reserved

www.irjiet.com

placement significantly influences EV adoption rates, user
satisfaction, grid stability, and overall system economics [J3].
Inadequate or poorly planned charging infrastructure can lead
to range anxiety among potential EV users, grid congestion,
voltage violations, and increased power losses in distribution
networks.

Urban distribution networks face unique challenges in ac-
commodating EV charging loads. The concentrated and poten-
tially coincident nature of charging demand in urban areas can
create localized stress on distribution transformers and feeders,
leading to accelerated asset aging and reduced reliability [11]].

A. Literature Review

Early research on EVCS placement primarily focused on
single-objective formulations. Chen et al. [16] proposed a
model minimizing total social cost including station construc-
tion, operation, and user time costs. Ge et al. [17]] developed
a planning method based on minimizing power losses.

Recognizing the multifaceted nature of EVCS planning, re-
searchers have increasingly adopted multi-objective optimiza-
tion frameworks. Zhang et al. [21]] presented a bi-objective
model considering both network power losses and station
accessibility. Wang et al. [22f] extended this to include voltage
stability indices. Sadeghi-Barzani et al. [23]] proposed a multi-
objective framework using particle swarm optimization.

Recent advances have emphasized the interdependencies
between transportation and power networks. He et al. [29]
developed a coupled model capturing traffic flow equilibrium
and power flow constraints. Liu et al. [[30] proposed a bi-level
optimization framework. Wei et al. [31] incorporated queuing
theory to model waiting times.

B. Contributions
This paper addresses research gaps by proposing a com-
prehensive multi-objective optimization framework with the
following contributions:
1) A four-objective optimization model considering eco-
nomic costs, power system performance, and user ac-
cessibility.
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2) Detailed distribution network constraints including
power flow equations, voltage limits, and transformer
loading.

3) A modified NSGA-II algorithm with adaptive operators
and local search mechanism.

4) Scenario-based uncertainty handling for EV charging
demand.

5) Validation on a realistic IEEE 33-bus test system.

II. PROBLEM FORMULATION

A. Distribution Network Model

The urban distribution network is modeled as a radial
graph G = (N, L) where N represents the set of buses and
L represents the set of distribution lines. The power flow
equations are:

Pj+ Q3
Pi’ = Pjj, +Tij ]V2 J +Pjoad _ PjEVCS (1)
P+ Q3
Qij = Qi+ Tij— o + Q" 2)
P%+ Q3
VP = V2 = 20ri; Py + 24;Qij) + (r; + a3) S )

v

K2

B. EV Charging Station Model

Each candidate location k£ € C can accommodate a charging
station with nj charging units. The total charging power at
station k during time period ¢ is:

“4)

where P°" is the rated power of each charging unit and
akt € [0,1] is the utilization factor determined by queuing
theory:
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The accessibility of charging station k& from demand zone
z is modeled using a gravity-based function:

DZ . e_ﬁ'tzk
= Zk’EC g - e~ Bta

C. Objective Functions

A (6)

1) Objective 1: Minimization of Total Cost:
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2) Objective 2: Minimization of Power Losses:
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3) Objective 3: Maximization of User Accessibility:

f3 = min {— > D.- (Z o e‘ﬁ'dz’”') } ©)

z€EZ keC

4) Objective 4: Minimization of Voltage Deviation:

f4 = min {Z Wi Z(‘/i’t - Vref)?} (10)

teT iEN
D. Constraints

The optimization problem is subject to:
Voltage constraints:

ViV, S VT e NoVEET (11)
Line capacity constraints:
Pl +Qf, < S5 V(ij) €L (12)
EVCS capacity constraints:
n?m cxp <np <np* oz Veel (13)
Budget constraint:
ST(CE e+ Ol Ay) s < BT (14)

keC
III. SOLUTION METHODOLOGY
A. Enhanced NSGA-II Algorithm

NSGA-II is employed as the base algorithm with the fol-
lowing enhancements:

o Fast non-dominated sorting with O(M N?) complexity
o Crowding distance for diversity preservation

o Adaptive genetic operators

e Local search mechanism

B. Solution Encoding

Each chromosome consists of:

o Location genes: Binary variables [z1, 22, ..
» Capacity genes: Integer variables [nq,ng, ..

.y .’L“c‘]
<y ?’l|c‘]
C. Adaptive Genetic Operators

The crossover probability adapts based on population diver-
sity:

X ) div(g)
; — ,min maxr __ miny 15
pe(9) = p"" + (P pe™) div (15)
The mutation probability adapts inversely:
X div(g)
m — max _ max _ LN . 1 6
pm(9) =™ — " —Pn'™) divo (16)

D. Constraint Handling
A penalty-based approach handles constraint violations:

Flpenalizeci =F, + Z We * maX(O,gc(X))z
ceCON

a7
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TABLE I . ‘ ‘ :
CANDIDATE LOCATION DATA FOR EVCS —_ 240 - ° 7
= o
ID Bus Type Inv. Land Traffic ~ Pop. % 220 |- ° N
(k$) ($/m?)  Index  Dens. Q °
g 200 |- ° n
1 5 Comm. 45 200 0.85 0.72 — °
2 8  Mixed 42 150 078  0.68 5 180 .. |
3 12 Resid. 40 120 0.62 0.88 E ®.
4 15 Comm. 48 220 092 065 = 6ol ‘oo, |
5 18 Indust. 38 100 055 042 ‘ ‘ ‘ e o,
6 21  Resid. 40 130 058  0.82 1.5 2 2.5 3 3.5 4
7 24 Co.mm. 46 180 0.88 0.70 Total Cost (Million $)
8 26 Mixed 43 160 0.72 0.75
9 28  Resid. 41 140 065  0.85 ] ) ‘ i
10 30 Comm. 47 190 0.82 0.62 Fig. 1. Pareto front showing trade-off between cost and power losses.
11 32 Indust. 39 110 0.48 0.38
12 7 Mixed 44 170 0.75 0.78 TABLE III
REPRESENTATIVE PARETO-OPTIMAL SOLUTIONS
TABLE II Metric S1 S2 S3
ALGORITHM PARAMETERS (Cost) (Balanced)  (Perf.)
Parameter Value Total Cost (M$) 1.92 2.68 3.45
- - Power Losses (kW) 2354 178.2 156.8
Population size (Npop) 200 Accessibility Index ~ 0.64 0.83 0.94
Maximum generations (Gimaz) 500 Voltage Dev. Index ~ 0.032 0.022 0.016
Crossover probability range (0.7, 0.95) Number of Stations 4 6 3
Mutation probability range (0.01, 0.1) Total Charging Units 2 38 50
Local search frequency 50 generations
Number of runs 30
_
=
= 1
E. Decision Making 2
The TOPSIS method ranks solutions: é
_ e 0.95
D: <
D7 + D; 2
+ _ . . .. £ 09
where D;” and D, are distances to ideal and anti-ideal < ‘ ‘ ‘ ‘ ‘
points. 0 5 10 15 20 25 30

IV. CASE STUDY AND RESULTS Bus Number

A. Test System Description Fig. 2. Voltage profiles for representative solutions during peak load.

The case study employs a modified IEEE 33-bus radial

distribution system with the following parameters: 8
o Number of buses: 33 §
« Nominal voltage: 12.66 kV 2
e Base load: 3.715 MW, 2.3 MVAr g
o Voltage limits: 0.95 - 1.05 p.u. k=
Table [I] presents the 12 candidate locations for EVCS. %
) & | | 1 EnhanceleSGA—II
B. Results and Analysis = 0.4 0 100 200 300 100 500
1) Pareto Front: Fig. [I] presents the obtained Pareto front Generation

showing the trade-off between cost and power losses.

2) Selected Solutions: Table [[II| presents three representa-
tive solutions from the Pareto front.

3) Voltage Profile Analysis: Fig. 2] shows the voltage pro-
files for the three representative solutions during peak loading
conditions.

Fig. 3. Convergence of hypervolume indicator over generations.

4) Convergence Analysis: Fig.[3|illustrates the convergence
behavior of the algorithm.
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TABLE IV o Multi-stage planning with technology evolution
COMPARISON OF OPTIMIZATION METHODS « Robust optimization under deep uncertainty
o Real-time operational optimization

Method HV Spread  Time  Sol.

Proposed NSGA-IT 0962 0312 452 48 VI. CONCLUSION

Standard NSGA-IL 0918 = 0425 386 35 This paper presented a comprehensive multi-objective opti-
MOPSO 0.895 0.478 52.3 31 izati f k for the strategi 1 t and it
MOEA/D 003 0368  4lg mization framework for the strategic placement and capacity

Weighted Sum GA  0.845 _ 284 10 planning of EV charging stations in urban distribution net-
works. The framework addresses four key objectives: mini-
mization of costs, minimization of power losses, maximization
of accessibility, and minimization of voltage deviations.

The main conclusions are:

TABLE V
SENSITIVITY TO EV PENETRATION LEVEL

EV Pen. Stations Units Cost (M$)  Losses (kW) 1) The proposed enhanced NSGA-II algorithm effectively
10% 4 o 1.85 168 generates diverse Pareto-optimal solutions, outperform-
20% 6 38 268 178 ing standard NSGA-II by 4.8% in hypervolume indica-
30% 8 54 3.62 195 tor.

40% 10 72 4.85 218 2) The balanced solution achieves 23.7% reduction in

power losses and 31.2% improvement in accessibility
compared to cost-minimization approaches.

C. Comparison with Other Methods 3) The framework successfully maintains voltage profiles
Table [[V] compares the proposed method with alternative w1th1n.acceptable limits even under high EV penetration
approaches. Scenarios. .
4) Sensitivity analyses confirm the robustness of solutions
D. Sensitivity Analysis under varying conditions.
Table [V] shows results under different EV penetration levels. The proposed framework provides a practical decision-
support tool for power system planners and urban developers.
V. DISCUSSION
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