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Abstract—Nowadays, the use of electric vehicles is increasing, 

due to the positive impact on climate change. This situation 

requires new methodologies that allow its inclusion in electricity 

distribution networks. For this reason, a methodology that allows 

to determine the location and optimal sizing of battery swap 

stations (BSS) for electric vehicles in distribution networks is 

proposed, which objective is to minimize investment costs and 

technical losses of the network. The set of constraints is 

associated with technical and operational characteristics of the 

system. To solve the mathematical model, an evolutionary 

algorithm is used. To verify the efficiency of the methodology, a 

Colombian distribution system is used, where the locations of 

BSS allow reducing the investment and operation costs in the 

distribution systems. 
 

Index Terms—Charging stations, power systems, electric 

vehicles, genetic algorithms. 

 
 Resumen—Hoy en día el uso de vehículos eléctricos está 

aumentando, debido a su impacto positivo en el cambio climático. 

Esta situación requiere nuevas metodologías que permitan su 

inclusión en las redes de distribución eléctrica. Por este motivo, 

se propone una metodología que permite determinar la ubicación 

y el tamaño óptimo de las estaciones de intercambio de batería 

(BSS) para vehículos eléctricos en redes de distribución, cuyo 

objetivo es minimizar los costos de inversión y las pérdidas 

técnicas de la red. El conjunto de restricciones está asociado a las 

características técnicas y operativas del sistema. Para resolver el 

modelo matemático se utiliza un algoritmo evolutivo. Para 

verificar la eficiencia de la metodología, se utiliza un sistema de 

distribución colombiano, donde las ubicaciones de BSS permiten 

reducir los costos de inversión y operación en los sistemas de 

distribución. 

 
 

This manuscript was sent on April 25, 2019 and accepted on September 23, 
2019. This work was supported by the Universidad Tecnológica de Pereira, 
Colombia, under Grant 6-19-8.  

   
F. A. Osorio-Cruz is with the Department of Electrical Engineering at the 

Universidad Tecnológica de Pereira, Carrera 27 #10-02 Barrio Álamos, 
Risaralda – Colombia (fabioandresosorio@utp.edu.co). 

R. A. Hincapié-Isaza is Professor in the Department of Electrical 
Engineering at the Universidad Tecnológica de Pereira, Carrera 27 #10-02 
Barrio Álamos, Risaralda – Colombia (ricardohincapie@utp.edu.co). 

R. A. Gallego-Rendón is Professor in the Department of Electrical 
Engineering at the Universidad Tecnológica de Pereira, Carrera 27 #10-02 
Barrio Álamos, Risaralda – Colombia (ragr@utp.edu.co). 

 
 

 

 Palabras claves— Estaciones de recarga, sistemas de potencia, 

vehículos eléctricos, algoritmos genéticos.   

I. INTRODUCTION 
HE latent increase in environmental pollution of the 
planet has grown since the mid-twentieth century in an 

accelerated manner, for which the world has seen the need to 
take strong actions to reduce the change of this problem. Thus, 
agreements such as the Kyoto Protocol and government 
policies have been launched as a primary objective to reduce 
the said emissions. To minimize the problem, various 
strategies have been proposed, among which the possibility of 
integrating electrical vehicles (EV) into the transport system 
stands out. 

Because of this, in recent years there has been a growing 
interest due to the rising price of oil, government incentives 
that facilitate the acquisition of these vehicles and the progress 
of technological developments that allow the EV to be 
competitive in the vehicular market [1]. 

According to Navigant Research, the average price of fuel 
will probably continue to rise during this decade, boosting the 
EV demand. This is corroborated by the sales of electric 
vehicles in the global car market. Some studies have estimated 
that throughout the year 2030 the proportion of EV would 
reach 64% of the total of light vehicles. Regarding Colombia, 
a large increase in the use of EV is expected for the next years. 
Within this context, the International Energy Agency 
estimates that the transport sector will represent the 10% of 
the total energy consumed in 2050 due to the increase in EV 
[2]. 

However, integrating EV into the electrical power system 
has several repercussions since their inclusion generates a high 
impact in the distribution network, by consuming a large 
amount of electrical energy that can cause undesirable peaks 
in the demand curve and possible overloads in transformers 
and primary circuits. Additionally, it can affect the quality of 
the electrical power by modifying voltage profiles, causing 
imbalances in the network, and generating harmonics, among 
others [3].  

Therefore, introducing electric vehicles brings new 
challenges and discussions in relation to the operation and 

Optimal Location of Battery Swap Stations for 
Electric Vehicles 

Ubicación Óptima de Estaciones de Intercambio de Baterías para Vehículos 
Eléctricos  

F. A. Osorio-Cruz ; R. A. Hincapié-Isaza ; R. A. Gallego-Rendón  

T 

mailto:casaldarriaga@utp.edu.co
mailto:casaldarriaga@utp.edu.co
mailto:casaldarriaga@utp.edu.co
https://orcid.org/0000-0002-5950-1948
https://orcid.org/0000-0001-8282-7826
https://orcid.org/0000-0002-0160-8929


Scientia et Technica Año XXIV, Vol. 24, No. 03, septiembre de 2019. Universidad Tecnológica de Pereira 378 

planning of electric power distribution systems, which is why 
issues related to energy quality, study of scenarios, market of 
electricity, response to demand, demand management, stability 
of electrical systems, connection of the vehicle to the network 
and charging stations and battery exchange have been 
investigated [4]. 

The investigations related to EV begin in the '70s [5], in 
which studies on their electrical requirements and the impact 
they generate on the distribution network and the generating 
plants are carried out. In 1993, expectations of the sale of 
energy for the vehicles were inquired, emphasizing in the 
peaks of the curve demand that they can produce in hours of 
high demand, arriving at the conclusion that the distribution 
systems of the time would not be able to withstand EV 
penetration greater than 20% [6].  

In 1999, the impact of super loaders on the distribution 
network was studied using the Montecarlo simulation, with the 
intention of finding the optimal level of penetration to avoid a 
strong impact of harmonics [7]. Likewise, in [8] an optimal 
planning of battery exchange stations is looked for, when 
charging during off-peak hours, increasing the efficiency of 
the power systems. Additionally, in [9] a comparison of the 
benefits of the battery change stations with the battery 
recharging stations is done, concluding that the exchange 
stations are more suitable to be implemented in the public 
transport sector. 

Regarding the optimal location of battery charging or 
recharging stations, we find some investigations like [10]-[12], 
where the search for capacity and location of fast charging 
stations is sought taking into account the costs it brings to the 
network operator and the users.   

In order to solve the problem of the optimal location of BSS 
for EV in distribution systems, this paper proposes a 
methodology that uses an evolutionary algorithm as a solution 
technique. To formulate the problem, a mixed whole nonlinear 
mathematical model is proposed, which minimizes the 
investment cost of battery exchange stations and the cost of 
energy losses. The set of restrictions considers the technical 
and operational aspects of the problem. To verify the proposed 
methodology, a real distribution system of a Network Operator 
in Colombia is used. 

This paper is organized as follows. A description of the 
problem and its mathematical formulation are presented in 
sections II and III, respectively. Section IV describes how the 
new planning model is solved. Numerical results are presented 
in section V, and conclusions in section VI.  

II. PROBLEM DESCRIPTION 
Locating battery exchange stations at any point in the 

network without analyzing the operating conditions of the 
system, can imply large energy losses (which translates into 
economic losses) and technical consequences on the network 
(overloading of elements and inadequate regulation of 
voltage). To avoid the above, a methodology that allows to 
locate BSSs is proposed, generating the least amount of 
possible losses, considering investment costs, operational 
costs and the transportation network. The model takes into 

account the following considerations: 
 

 The technical losses in the system are evaluated in one year 
of operation. 

 The cost of construction of charging stations. 
 The cost of the land. 
 The minimum power to be installed in the system. 
 Voltage and current limits. 
 Restriction of distance between BSS. 
 Minimum number of BSS. 

 
The mathematical model that describes the problem is 

presented in (1)-(16). The objective function of (1) is 
composed of two terms: i) the cost of constructing a BSS and 
ii) the value of energy losses of the distribution system.  
 

min z = ∑(𝛼𝑗 ∗ 𝑦𝑗) 

𝑗∈𝐽

+ 𝐵 ∗ 𝑇 ∑ 𝑖𝑚𝑛
2 ∗ 𝑅𝑚𝑛

𝑚𝑛∈𝐿

  (1) 

   
s.a. 𝑆𝑖

𝐺 = 𝑆𝑖
𝐷 + ∑ 𝑉𝑗 ∙ 𝑖𝑖𝑗

∗
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𝑖∈𝑁

+ 𝐾𝑢 ∙ 𝜇𝑘𝑗        

                                                 ∀𝑗 ∈ Ω𝑖 , ∀𝑖 ∈ 𝑁 
(2) 

 𝑆𝑛
𝐺 ≤ 𝑆𝑚𝑛

𝑚𝑎𝑥              ∀𝑗 ∈ Ω𝑁 (3) 
 𝑖𝑚𝑛 ≤ 𝑖𝑚𝑛

𝑚𝑎𝑥            ∀𝑚, 𝑛 ∈ 𝐿 (4) 
 𝑉𝑚𝑖𝑛 ≤ 𝑣𝑛  ≤ 𝑉𝑚𝑎𝑥        ∀𝑛 ∈ 𝑁 (5) 
 𝐾𝑢 ∙ 𝜇𝑘𝑗 ≤ 𝐶 ∙ 𝑦𝑗          ∀𝑗 ∈ 𝐽 (6) 

 ∑ 𝑦𝑗
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≥ 𝐾 (7) 

 𝐾𝑢 ∑ 𝜇𝑘𝑗

𝑗∈𝐽

≥ 𝐹 (8) 

 𝑦𝑖 + 𝑦𝑘 ≤ 1  ∀𝐷𝑖𝑘 ≤ 𝑘𝑑,     ∀𝑖, 𝑘 ∈ 𝐽 (9) 
 𝑦𝑖 + 𝑦𝑘 ≤ 2  ∀𝐷𝑖𝑘 ≥ 𝑘𝑑,     ∀𝑖, 𝑘 ∈ 𝐽 (10) 
 𝑖𝑚𝑛 ∈  ℝ (11) 
 𝑆𝑛

𝐷 ∈  ℝ (12) 
 𝑆𝑛

𝐺 ∈  ℝ (13) 
 𝜇𝑘𝑗 ∈ {0,1,2,3} (14) 
 𝑣𝑛 ∈ ℝ (15) 
 𝑦𝑗 ∈ {0,1} (16) 

 
In (2) the power balance equation is presented, in which the 

Kirchhoff Laws and Ohm's law are considered. In (3), (4) and 
(5) the limits of injected power, the capacity of the network 
lines and the voltage limits in each node respectively are 
considered.   

In (6) it is guaranteed that the maximum load for each 
constructed BSS does not exceed its maximum allowed limit. 
In (7) it is ensured that a minimum number of recharging 
stations must be built. In (8) it is indicated that the load of all 
the BSSs is greater than a determined value. In (9) and (10) it 
is intended that the location of the BSSs be separated by a 
distance greater than a predefined value. In (11) to (16) the 
nature of each variable is shown. 

III. SOLUTION METHODOLOGY 
To solve the mathematical model described in Section II, a 

genetic algorithm (GA) is used, which, contrary to heuristic 
techniques, has mechanisms for escaping optimal local 
solutions; however, it must be taken into account that these 
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types of techniques do not guarantee a global optimum. 
Despite this, these algorithms have been used to solve various 
optimization problems, finding high-quality solutions [13]. 

GA is a search method that follows Charles Darwin's theory 
of evolution to solve different problems. This process 
represents the natural selection present in nature, where the 
best-gifted individuals compete with other individuals with 
limited resources. To do this, we start from an initial 
population from which the most outstanding individuals are 
selected according to the function of adaptation to then 
reproduce and/or mutate them, and finally obtain a new 
generation of individuals that will be more suitable than the 
previous generation.  

The algorithm starts with a set of solutions (represented by 
chromosomes) that is known as the initial population. The 
solutions of a population are taken and used to form a new 
population. This is motivated by the fact that the new 
population will be better than the previous one. The solutions 
that are selected to form new solutions (offspring) are selected 
based on the most appropriate according to the adaptation 
function. This is repeated until a certain condition is fulfilled 
(for example, the number of generations). The general steps of 
the GA are as follows:  

 
i. Generate an initial population. 

ii. Calculate the objective function of each configuration of 

the population and store the incumbent (best 

configuration), with the objective of knowing which of the 

previous configurations are the most suitable. 

iii. Apply a selection operator to choose the individuals that 

will move on to the next generation. 

iv. Perform recombination. 

v. Apply mutation and finish generating the new population 

for the next generation. 

vi. Verify the stop criterion. If it has not been met, return to 

step ii. 

 
Some of the aspects considered are described below. The 

initial population is generated randomly and has a total of 200 
individuals. One selection per tournament is used. Regarding 
the coding, there are three input vectors: i) the vector of load 
blocks (ukj), ii) the binary variables (yj) and iii) the possible 
nodes (J) to install BSS. The vector ukj represents the load 
blocks with an integer codification with a range of [0-3], 
where 0 means that there is no load, and the numbers 1, 2 and 
3 are associated with BSS values of 30 kW, 60 kW, and 90 
kW, respectively. 

Figure 1 shows how this problem is coded, where 𝑢𝑘𝑗, 𝑦𝑗  y 
𝐽 are row vectors that contain the load, the decision binary 
variable and the candidate nodes respectively. It is important 
to note that the candidate node in position x is given the load 
of 𝑢𝑘𝑗 in the same position. For example, to node 1 
corresponds a load of 3 (90 kW) and to node 2 a load of 2 (30 
kW). It is observed in the second vector that nodes 6 and 9 
have no proposal for the location of BSS. 

 
 

 
 

 Load blocks 
𝑢𝑘𝑗= 3 2 0 1 0 

      
 Binary variable 

𝑦𝑗= 1 1 0 1 0 
      
 Candidate nodes 

𝐽= 1 3 6 8 9 
 

Fig. 1. Codification of the problem 

IV. NUMERICAL RESULTS 
To verify the methodology described in Section II, a 

distribution system of 123 nodes is used, which topology is 
radial and operates at a voltage level of 13.2 kV. The 
methodology is implemented in Matlab. The database of the 
test system can be consulted in [14].  

To better illustrate the behavior of the methodology, 
different study cases are presented in the following way. 
Initially, the location and loading of the BSS are shown, 
starting with the losses of the distribution system (second term 
of the objective function). Then the next term of the objective 
function (construction cost of the BSS) and the constraints 
described in Section II are added gradually. 

The results obtained are shown graphically in Fig. 2 to Fig. 
6, where the distribution system is represented by solid lines, 
the nodes with an adjacent number are possible points to 
install BSS, and the nodes with an X represent the location 
selected by the methodology. A square represents the 
substation and the nodes are shown with small circles. 

Figure 2 shows the results taking into account the second 
term of the objective function that corresponds to the losses of 
the distribution system (Case 1). As you can see, there are no 
nodes selected to install BSS. The results are as expected since 
the GA seek to minimize the terms corresponding to the 
objective function, so adding any additional load increases its 
value. 

Due to the above, there is a need to add certain restrictions 
that make the algorithm locate BSS. Figure 3 shows the results 
taking into account the second term of the objective function 
(losses of the network) and a restriction that establishes a 
minimum amount of demand of 210 kW (Case 2), which is 
divided into the nodes 9, 14 and 16, all with a value of 90 kW 
(consumption of the BSS) is added.  

As can be seen, the selected nodes are the closest to the 
substation because they only consider the energy losses, 
generating the value of the objective function be low. 

In Fig. 4 the two terms of the objective function that 
correspond to investment costs in BSS and energy losses 
(Case 3) are considered. In the same way, the demand is 
established in 210 kW, which is distributed in nodes 33, 44 
and 54, all of them with a value of 90 kW. When comparing 
these results with Case 2 (see Fig. 3), it can be observed how 
the investment costs in BSS are affected, placing them at a 
greater distance from the source. 
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Fig. 2. Location of BSS – Case1 
 
 
 
 

 
 

Fig. 3. Location of BSS – Case 2 
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Fig. 4. Location of BSS – Case 3 
 
 
 

 
Fig. 5. Location of BSS – Case 4 
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Fig. 6. Location of BSS – Case 5 

 
 
 

 
Fig. 7. Evolution of the GA (Generations vs Objective function) 
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Case 4 can be observed in Fig. 5, which maintains a 
minimum load of 210 kW and the restriction of placing at least 
4 BSS is added, distributing the load in nodes 33, 34, 54 and 
55 with values of 90 kW, 60 kW, 30 kW, and 30 kW, 
respectively. Most of the load is located in the nodes 
electrically closest to the source and to comply with the 
minimum amount of BSS, the methodology assigns them the 
minimum load value to the farthest nodes. 

Finally, in case 5 (Fig. 6) the distance restriction is added. 
This case considers the entire mathematical model presented 
in (1)-(16). This restriction forces the algorithm to locate the 
BSSs with spacing between them greater than a specific value. 
As can be seen in Fig. 6 the chosen nodes are more distributed 
along the circuit, where the distribution of the load is made for 
nodes 9 (90 kW), 33 (90 kW), 51 (90 kW), 55 (60 kW), 70 (30 
kW), 100 (30 kW), 106 (30 kW) and 119 (30 kW). For this 
case a minimum load of 450 kW is established, a minimum 
number of BSS equal to 8 and a spacing between them greater 
than 300 meters. 

Figure 7 shows the behavior of the GA, where on the 
horizontal axis are the generations used by the algorithm and 
on the vertical axis the objective function. In this figure you 
can find two behaviors: i) points that correspond to the 
average value and ii) (X) that represent the best value of each 
generation. The first generation is obtained randomly, giving 
the objective function a high value. For the next generations, 
you can see how the results of the objective function are better 
each time, until the best value in the solution space is found. 
In this case, a stopping criterion of 50 generations was used 
without improving the incumbent of the problem. 

V. CONCLUSIONS 
Due to the growing demand for electric vehicles, a 

methodology that optimally locates BSS was proposed, 
reducing operating costs in electricity distribution networks. 
For this, a mixed whole nonlinear mathematical model was 
developed and implemented that allows us to find the location 
and capacity of BSS for electric vehicles in distribution 
systems taking into account factors such as costs, distribution 
of battery exchange stations and operative limits of the 
distribution network, allowing network operators to have a 
good quality reference point for the planning and analysis of 
their networks. 

The results show that the genetic algorithm applied to 
problems of localization and capacity of BSS, offers results of 
good quality since they manage to minimize the investment 
and operation costs that entail to include these elements in the 
distribution system. 
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