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Electric vehicles are becoming an increasingly popular eco-friendly option for urban transportation. 

Their adoption is led by developed nations, while developing countries like Bhutan also aim for 100% EVs 

by 2050. Despite the rising popularity, there are still challenges to their widespread adoption. Range anxiety 

arising from limited range and inadequate charging stations is one of them. The American Automobile 

Association survey shows that 58% of respondents have range anxiety, fearing that the charge will deplete 

before reaching their destination. One way to alleviate range anxiety is the establishment of strategic place-

ment of charging infrastructure. However, establishing such infrastructure is costly and necessitates opti-

mization to minimize the total network cost. 

EVs exhibit distinctive path selection behaviors when it comes to long-distance travel stemming from 

their specific charging requirements, including the presence and characteristics of charging infrastructure 

along the route. Therefore, this research proposes a method to optimize charging station locations in a road 

network. The method is formulated as the total cost minimization problem under user equilibrium con-
straints. 
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1. INTRODUCTION 
 

In the evolving context of the automotive industry, 

Electric Vehicles (EVs) stand out as a key part, offer-
ing numerous benefits compared to conventional 

fuel-based vehicles. In terms of comfort, EVs are rec-

ognized for their contribution to diminishing noise 

pollution owing to their quieter performance. More-
over, they typically demand lower operating costs as 

they avoid the consistent maintenance associated 

with internal combustion engines in traditional vehi-
cles. Perhaps the most distinguished advantage of 

EVs is their ability to minimize greenhouse gas emis-

sions, thus playing a vital role in mitigating the ef-

fects of climate change by promoting a cleaner and 
more sustainable environment. For these reasons, 

numerous countries, such as China, Japan, South 

Korea, Singapore, and Taiwan, among many others 
are promoting EV adoption through various 

subsidiesNote 1). Through the report on Data Collection 

Survey for Electric Vehicles Promotion in Bhutan 
compiled out by Japan International Cooperation 

Agency (JICA) in 2016, it could be learnt that even 

Bhutan, a smaller and less developed nation, is also 
encouraging EV usage by offering substantial tax 

exemptions on the import of EVs which for fuel-

based vehicles goes upto 110% of the original cost 

Note 2). Futher, from the United Nations Development 
Programme (UNDP) Bhutan’s website, initiatives on 

installing charging infrasture in Bhutan can also be 

seen whose long term goal is to achieve 100% EV 
utilization within its borders by 2050 Note 3 and Note 4). 

Despite the substantial advantages of Electric 

Vehicles (EVs) and governmental endorsements, 
their widespread adoption continues to come across 

significant obstacles. Initial high costs, a restricted 

selection of models, and limited battery capacities are 

few of the critical barriers. The limited driving range 
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of EVs induces 'range anxiety' among drivers. A 

survey conducted by the American Automobile 
Association reveals that 58% of participants express 

concerns about EV batteries running out before 

reaching their destinationsNote 5). Alleviating such 

range anxiety can be realized through two strategies: 
enhancement of battery technology and the adequate 

establishment of charging stations in the network. 

Installation of EV charging insfrastructure is a 
financially intensive endeavor1). Thus, this research 

concentrates on developing a strategy in selecting 

optimal locations for charging infrastruture 
installation within a network under a limited budget 

so that it can be a guide to countries like Bhutan in 

deciding locations for EV charging infratsucture  

which helps in achieveing the lowest long term cost. 
BEV drivers’ route and charging preferences are 

dependent on the route attributes, vehicle-related 

variables, charging characteristics, and socio-
economic factors2). Hence, EVs in general exhibit 

unique path selection behaviors during long distance 

journeys, which are mainly dictated by their charging 
necessities. The positioning and characteristics of 

charging infrastructures in a network thus become 

pivotal and influences the route choice of drivers. 

Research has been developing in this field. Bao and 
Xie3) developed a novel model to solve for optimal 

locations for installing EV charging station in an 

intercity network. The governing objective in their 
study was to minimize the total travel cost in the 

network and this was carried out under the 

consideration of the limited range of EVs and 

associated routing behaviour as well as the limited 
budget for installation of the charging stations. A 

similar study was carried out by Li, Xie and Bao4). In 

their study, a metanetwork approach of solving the 
locating charging station in the network was 

presented. However, these two studies have not 

accounted for the time taken by the EV during 
charging and waiting in line for charging which for 

an EV is a part of their travel time.  

Hence, this paper offers a method that optimizes 

the location of charging stations in an intercity 
network through a total network cost minimization 

problem under user equilibrium constraints. The total 

network cost includes cost associated with travelling, 
charging and waiting in line at charging stations as 

well as the cost associated with installation of EV 

charging stations. 
 

 

3. ASSUMPTIONS 

 
In this research the following assumptions have 

been made: 

1) All vehicles in the network are electric vehi-

cles. 
2) All vehicles start the journey from the origin 

at full battery. 

3) The cost of charging is excluded in this 

study. 
4) The battery consumption of EVs depends 

only on the trip length.  

5) The cost to install a charging station is the 
same for all potential nodes for the same de-

sign of charging stations. 

6) A vehicle is fully charged at a charging sta-
tion. 

 

 

4. PROBLEM FORMULATION 

 
In this study, a network comprised of set of nodes, 

N and set of links, A is taken as the scope of the study. 

The set of nodes is comprised of set nodes, 𝑁𝑐, which 

represent candidates of charging stations and the set 

of nodes, 𝑁𝑛, which are normal nodes where charg-

ing is not possible, i.e., 𝑁 = 𝑁𝑐 ∪ 𝑁𝑛. Note that, both 

origin and destination nodes are included in 𝑁𝑛. The 

problem selects node(s) from 𝑁𝑐 which are served as 
charging station(s). The selection of charging station 

node(s) is carried out such that the overall costs asso-

ciated with the network is minimized. The flows in 
the network are calculated based on user equilibrium 

principle. For expressing charging station choice be-

havior, dummy links and charging links are intro-

duced. These links are not physical links on the 
ground. The charging link is used for expressing the 

charging time and waiting time in line at charging sta-

tion. After passing through the charging link, EV’s 
battery level becomes 100%. As for the dummy link, 

it is just a link that represents the EV’s choice to not 

charge at the node with charging station. EVs can 
pass through the dummy link by consuming neither 

time nor electricity. Here are the notations used for 

the problem formulation:      

 
(1) Notations 

Following are the notations used. 

N Set of nodes in the network 

𝑁𝑐 Set of candidates of charging station nodes 

𝑁𝑛 Set of normal nodes  

𝑁𝑖,𝑗 Set of nodes on path j between o-d pair i 

A Set of links in the network 

𝐴𝑝 Set of actual physical links in the network 

𝐴𝑐 Set of charging links in the modified net-

work 

I Set of o-d pairs in the network 

𝐽𝑖 Set of paths serving o-d pair 𝑖 ∈ 𝐼  in the 

network 
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𝐹𝑖,𝑗 Flow on path 𝑗 ∈ 𝐽𝑖 

𝑓𝑎 Flow on link a ∈ A 

𝑐𝑖,𝑗 Cost associated with path 𝑗 ∈ 𝐽𝑖 

𝑡0𝑎 Free flow travel time on link a 

𝑐𝑝𝑎 Capacity on link a 

𝛼,  𝛽 BPR parameters 

𝑡𝑎(𝑓𝑎) Time required for passing through link 𝑎 ∈
𝐴 (when 𝑎 ∈ 𝐴𝑐, 𝑡𝑎 represents waiting and 

charging time)     

𝑡𝑐0 Average charging time for each EV 

𝛾, 𝜁 Parameters associated with waiting and 
charging time 

𝑡𝑖,𝑗 Average time on path j serving o-d pair 𝑖 ∈

𝐼 

𝑒𝑎,𝑖,𝑗 Variable which equals one when 𝑗 ∈ 𝐽𝑖  

path passes through link 𝑎 ∈ 𝐴, and zero 
otherwise       

𝑉𝑂𝑇 Value of time   

𝑃𝑛  Price of setting up EV Charging station at

 node n 

𝐵𝐿𝑖,𝑗,𝑛 Battery Level of an EV on node n during 

its journey for o-d i through path j where 

n∈ 𝑁𝑖,𝑗 

𝜃 Battery level of an EV below which EV 

will cease to stop unless charged at a 

charging station 

𝐵𝐶𝑗,𝑎 Battery Consumption of link 𝑎 ∈ 𝐴 on 

path j    

B Budget limit in monetary value 

𝑥𝑛 Charging station indicator on node n which 
equals 0 when node n is not a charging sta-

tion and 1 when node n is a charging station  

𝑞𝑖  Demand for o-d pair 𝑖 ∈ 𝐼   

𝑌𝑖,𝑗  Path useability indicator 

 

(2) Formulation 

The main objective function in solving for optimal 

location of EV charging station is taken as minimiz-

ing the total cost in the network that includes the cost 
that arises from the total time spent on the network 

(travel, charging and waiting time) and the cost of 

setting up the charging station/s. 

𝑚𝑖𝑛 ∑ ∑ 𝐹𝑖,𝑗 ∙ 𝑐𝑖,𝑗

𝑗∈𝐽𝑖
𝑖∈𝐼

+ ∑ 𝑃𝑛 ∙ 𝑥𝑛

𝑛∈𝑁𝑐

 (1) 

with respect to 

𝑥𝑛 = {0,1}    ∀𝑛 ∈ 𝑁𝑐         (2) 

subject to 

∑ 𝑃𝑛 ⋅ 𝑥𝑛 𝑛∈𝑁𝑐
≤ 𝐵                   (3) 

This constraint ensures that the solution is limited to 

the available budget. When 𝑃𝑛 is 1, B is the maximum 
number of charging stations that can be installed. 

And to the Beckmann transformation which ensures 

that the route choice behavior and traffic distribution 

in the network happen under user equilibrium condi-

tion 

𝑓𝑎  ∈ 𝑎𝑟𝑔𝑚𝑖𝑛 ∑ ∫ 𝑡𝑎(𝑤)

𝑓𝑎

0𝑎∈𝐴

ⅆ𝑤
 

(4) 

which is further subjected to non-negativity con-

straints and flow conservation constraints. 

 

𝑓𝑎 ≥ 0   ∀𝑎 ∈ 𝐴                    (5) 

𝐹𝑖,𝑗 ≥ 0   ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽𝑖         (6) 

∑ 𝐹𝑖,𝑗 . 𝑌𝑖,𝑗𝑗∈𝐽𝑖
= 𝑞𝑖     ∀𝑖 ∈ 𝐼        (7) 

The definition of 𝑌𝑖,𝑗 is explained later. The relation 

between link flow and path flow is represented as 

   𝑓𝑎 = ∑ ∑ 𝑒𝑎,𝑖,𝑗 ∙ 𝐹𝑖,𝑗𝑗∈𝐽𝑖𝑖∈𝐼  ∀𝑎 ∈ 𝐴              (8) 

The travel times on actual links are governed by the 

popular BPR function. 

𝑡𝑎(𝑓𝑎) = 𝑡𝑜𝑎 ∙ {1 + 𝛼 (
𝑓𝑎

𝑐𝑝𝑎
)

𝛽
} ∀𝑎 ∈ 𝐴𝑝       (9) 

The time spent on charging and waiting in queue to 

get charged is also represented by a BPR type func-
tion and is allocated to the charging links in the mod-

ified network. 

𝑡𝑎(𝑓𝑎) = 𝑡𝑐𝑜 ∙ {1 + 𝛾 (
𝑓𝑎

𝑐𝑝𝑛
)

𝜁

}  ∀𝑎 ∈ 𝐴𝑐              (10) 

The path travel time is inclusive of the travel times 

on the actual links as well as charging and waiting 

time incurred on the charging links 

𝑡𝑖,𝑗 = ∑ 𝑒𝑎,𝑖,𝑗 ∙ 𝑡𝑎(𝑓𝑎)𝑎∈𝐴𝑝
 ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽𝑖                   (11) 

And this can be converted into monetary value by the 

using value of time. 
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𝑐𝑖,𝑗 = 𝑉𝑂𝑇 ⋅ 𝑡𝑖,𝑗   ∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽𝑖                   (12) 

Due to the limited range of an electric vehicle, every 

path for an o-d pair in a network may not be useable 

to an EV. Non useable paths occur when an EV can-

not complete the trip without its battery getting 
drained. A non-useable path can be converted into a 

useable one by installing charging stations at proper 

location on the path. As users will only choose to 
travel on useable paths, the traffic allocation for the 

network will be distributed among the useable paths. 

Thus, a path useability indicator 𝑌𝑖,𝑗 which takes on 

values 1 when the path j for od i is useable and 0 when 

it is not useable is introduced. 

𝑌𝑖,𝑗 = {
1, if  𝐵𝐿𝑖,𝑗,𝑛 ≥ 𝜃 ∀𝑛 ∈ 𝑁𝑖,𝑗  

0,          Otherwise                      
   

∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽𝑖                      

(13) 

The path useability indicator is based on the battery 
level (BL) of an EV at every node of path. When an 

EV starts its journey from the origin, it starts at 100% 

BL and as it crosses links, the battery level will de-

crease until the next node. Hence, if BL of an EV 

does not drop below 𝜃, a minimum BL till which and 

EV can continue its journey, at every node on the path 

including the destination node, it means the battery 
has not been drained totally, throughout the journey 

on the path thereby deeming the path useable. How-

ever, in a path, at any node if the calculated BL drops 

below 𝜃 into negative values, it indicates that the EV 
could not reach that node and got stuck on the previ-

ous link due to its battery getting exhausted. Hence, 

the EV cannot complete its journey on that path. Thus, 
in such case the path is deemed not-useable. This is 

indicated in equation (13).  

As for computing the BL at each node on a path it can 

be calculated from the BL of the previous node on the 
path by subtracting the battery consumption on the 

link between the two nodes belonging to the path. 

Hence the BL of an EV on o-d i travelling through 
path j at node s(a) can be calculated from BL at the 

previous node r(a) by subtracting the battery con-

sumption on link a, the link directed from node 𝑟(𝑎) 

to node 𝑠(𝑎) on path j. Note that 𝑟(𝑎) and 𝑠(𝑎) are 
the mappings to return the tail node and head node of 

link a.  

𝐵𝐿𝑖,𝑗,𝑠(𝑎) = 𝐵𝐿𝑖,𝑗,𝑟(𝑎) − 𝐵𝐶𝑗,𝑎    

∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐼𝑖 , 𝑎 ∈ 𝐴 

(14) 

This equation can be applied to find the 𝐵𝐿𝑖,𝑗,𝑛 and 

can be applied for all the nodes present in modified 

network which includes actual links, charging links 

and dummy links. However, for the typical unmodi-

fied network, the battery level at each node shall be 
worked out including an additional check point as 

these typical nodes does not have charging links and 

charging behavior is only depicted through charging 

nodes. The additional check point is: 

𝐵𝐿𝑖,𝑗,𝑛 = 

{

𝐵𝐿𝑖,𝑗,𝑛     if  𝑥𝑛 = 0

100%     if 𝑥𝑛 = 1 and 𝐵𝐿𝑖,𝑗,𝑛 ≥ 𝜃

𝐵𝐿𝑖,𝑗,𝑛      if 𝑥𝑛 = 1 and 𝐵𝐿𝑖,𝑗,𝑛 < 𝜃

  
 

∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽𝑖 , 𝑛 ∈ 𝑁𝑖,𝑗 

(15) 

This equation for the unmodified shows that battery 
level at node n on path j of o-d pair i can be calculated 

by equation (14) if node n is not designated as a 

charging station. However, if node n is designated as 

a charging station, the battery level shall depend on 

the value of 𝐵𝐿𝑖,𝑗,𝑛 calculated from equation (14). If 

the value of  𝐵𝐿𝑖,𝑗,𝑛 is more than 𝜃, it signifies that 

the EV is able to reach to node n on path j of o-d i. 

As, there is a charging station on node n, the EV’s 
battery level will be charged back to 100%. However, 

if the 𝐵𝐿𝑖,𝑗,𝑛 calculated from equation (14) is lesser 

than 𝜃, it signifies that the EV couldn’t reach till node 
n, and will get stuck on the previous link itself. Hence, 

the calculated 𝐵𝐿𝑖,𝑗,𝑛   remains the same and it be-

comes a case of non-useable path.    

 

 

3. SOLUTION METHODOLOGY 
 

(1) Initial Network Study 

The main aim of this study is to select a node or a 

combination of number of nodes to be set up as 

 

 
Fig. 1 Simple Network 

 

1 2 

3 

5 

(1,40%) 

(2,40%) 

(3,50%) 
4 

(4,10%) 

(6,30%) 

(5,40%) 

(link number, battery consumption) 
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charging stations. Setting up node or combination of 

nodes in a network as charging station changes the 
whole travel dynamic of the network by making sev-

eral paths useable. As each node or combination of 

nodes induces specific travel behavior and generates 

unique solution, this is a very tough combinatorial 
optimization problem.5 Thus, solving this problem 

requires firstly, studying the network and enumerat-

ing all possible combinations. If we take the example 
of the network displayed in Fig. 1, It can be noticed 

that this is a simple network of 5 nodes and 6 links 

where there is only 1 o-d pair originating at node 1 
and going towards the destination node 5. In between, 

nodes 2, 3 and 4 are the intermediate nodes where 

charging stations can be set up. In this typical net-

work, three physical paths from the origin to destina-
tion, namely, path 1 (1-2-3-5), path 2 (1-2-3-4-5) and 

path 3 (1-2-4-5) can be noticed.  

 
(2) Combinations and Useable Paths 

Even though there are three physical paths, without 

assigning any intermediate nodes as a charging sta-
tion, none of these three physical paths are useable as 

the BL of EV by the time they reach the destination 

depletes below 𝜃  and becomes negative. However, 

installing charging station(s) on them makes certain 
paths useable. For instance, having a charging station 

on node 2 makes all 3 physical paths useable while 

having the charging station on node 3 makes physical 
paths 1 and 2 useable and having charging station at 

node 4 makes path 2 and 3 useable. Similarly, by in-

stalling charging stations at these nodes in different 

combinations will bring about different set of useable 
paths. Hence it is important to enumerate the possible 

combinations. 

In the simple network, there are eight combina-
tions in which charging station can be set up. The 

combinations in [ x2  x3  x4] format are [1 1 1], [0 1 1], 

[1 0 1], [1 1 0], [1 0 0], [0 1 0], [0 0 1] and [0 0 0]. 
Each combination makes a set of paths useable. For 

instance [1 1 1], [0 1 1], [1 0 1], [1 1 0] and [1 0 0] 

combinations allow for all physical paths to be usea-

ble whereas combinations [0 1 0] and [0 0 1] allows 
for only 2 useable physical paths. The combination [0 

0 0] doesn’t have any useable paths symbolizing the 

requirement of at least one charging station in the net-
work. 

 

(3) Ranking Combinations 

The next step will be ranking the combinations into 
different level based of their likelihood of being the 

combination that brings out the optimal objective so-

lution. This is to implement a strategy inspired from 
‘iterative deepening strategy’. This strategy is to re-

duce the computational demand as even within a 

small network as the one presented in Fig. 1, there are 

eight possible combinations to be analyzed. The anal-

ysis involves traffic assignment under user equilib-
rium, hence, for larger network having numerous 

combinations, this task could prove to be computa-

tionally demanding requiring larger memory space. 

Iterative deepening is a search algorithm which is 
said to combine the advantages of Breadth-First 

Search (BFS) and Depth-First Search (DFS). The 

basic idea is to explore all nodes up to a certain finite 
distance from the source node before exploring any 

node at a greater distance. Thus, each iteration has a 

distance bound beyond which no node will be ex-
plored in that iteration, and all nodes within that dis-

tance must be visited. The bound for the next iteration 

may be decided during the course of an iteration5). 

Adopting from this strategy, all the potential solu-
tion combinations shall be categorized into different 

depth or levels to be explored. This level shall be de-

veloped based on the likelihood of the combination 
of bringing about the optimal solution. Securing an 

optimal solution is contingent upon minimizing time 

within the network, and it is hypothesized that having 
a greater number of paths and charging stations po-

tentially provides more options for traffic to flow ef-

ficiently through the network, which theoretically 

minimizes congestion and reduces the overall time 
spent within the network. Therefore, the levels can be 

established based on the decreasing total number of 

charging stations and useable paths available in each 
combination. This provides an avenue for the combi-

nations to be explored in levels with the most likely 

option explored initially and jumping to the levels 

with lesser likely combinations strategically.  
For the aforementioned network, the development 

of levels is established as shown in Table 1. The com-

bination having the highest value of number useable 
paths and charging stations has been allocated level 

0 and subsequently other combinations follow in sub-

sequent levels. After that, the combinations are sys-
tematically evaluated, starting from level 0 (root 

level). Initially, the optimal objective value is deter-

mined at level 0 and set as a temporary benchmark. 

Table. 1 Ranking solution combinations based on likelihood of 
               being optimal solution based on number of useable 
               paths and number of charging stations 

Combinations 
Useable 

Paths 

Charging 

Stations 
Total Level 

[ 1 1 1 ] 3 3 6 0 

[ 0 1 1 ]   
[ 1 0 1 ]  
[ 1 1 0 ] 

3 2 5 1 

[ 1 0 0 ] 3 1 4 2 

[ 0 1 0 ]   
[ 0 0 1 ] 

2 1 3 3 

[ 0 0 0 ] 0 0 0 4 

第 68 回土木計画学研究発表会・講演集



 

 6 

Then, the process iteratively progresses to the next 

level where the optimal objective value is evaluated 
for the level. If the optimal objective value obtained 

at the next level proves to be better than the initial 

temporary optimal objective value, then the optimal 

objective value used for the benchmark will be re-
placed by the one from the newer level and the itera-

tion will continue by jumping to the subsequent level. 

When a level fails to provide a better objective value 
than the previous one, the iteration will stop, declar-

ing the current temporary optimum as the final opti-

mal value. This heuristic based approach offers a 
smart way to solve charging station location combi-

nation problem by not only accessing the more likely 

solutions initially but also not failing in looking for 

other likely solutions while also reducing computer 
memory usage.  

 

(3) Traffic assignment 

Evaluating a combination for objective value ne-

cessitates conducting a traffic assignment exercise 

since the objective function is influenced by the 
travel cost, which is a function of travel time, hinging 

largely on the network's traffic distribution. These as-

signments are executed under user equilibrium con-

ditions utilizing the Method of Successive Averages 
(MSA) algorithm. However, deploying the algorithm 

directly to the network presents challenges because 

conventional networks and paths don’t account for 
charging behaviors. Therefore, adaptations to the ex-

isting network can be initiated by modifying the ex-

isting network by introducing charging links and 

dummy links. Charging links are subjected to charg-
ing time and waiting time while dummy links neither 

impacts charge nor time signifying that the vehicle 

doesn’t charge at that node.  
Passing through the charging link on the modified 

network depicts the user behavior to charge at the 

node while passing through the dummy link depicts 
user behavior of not opting to charge at that node. The 

resultant modified network for the aforementioned 

network is shown Fig. 2 whereby new charging links 

namely link 8, 10 and 12 and dummy link namely 
links 7,9 and 11 are added to show the charging deci-

sion behavior on each node. 

Accounting in charging station choice behavior, 
seven unique paths are observed which is an increase 

to the three observed previously. The new paths as 

per their link notation are as given in Table 2. 
With this modified network, application of method 

of successive averages (MSA) algorithm becomes 

simple and the traffic can be distributed based on path 

availability for every combination of charging station 
availability. 

 

 

 
Fig. 2 Modified Network 

 

Table. 2 Link Wise Paths in the modified network showing 
               charging station choice behavior 

Path No Links Charging Location 

1 1-8-2-9-5 Node 2 

2 1-8-2-9-4-11-6 Node 2 

3 1-8-3-11-6 Node 2 

4 1-7-2-10-5 Node 3 

5 1-7-2-10-4-11-6 Node 3 

6 1-7-2-9-4-12-6 Node 4 

7 1-7-3-12-6 Node 4 

 

 

4. ANALYSIS AND RESULTS 
 

The above-mentioned network with additional in-

formation given in Table 3 has been analyzed for op-
timal location of setting up charging station as per the 

methodology explained above. In the analysis, BPR 

parameter 𝛼 = 0.15 and 𝛽 = 4 and link capacity, 

𝑐𝑝𝑎=100 was assumed for the BPR function. Simi-

larly, for waiting and charging time, parameters 𝛾 =
0.015 and 𝜁 = 1.349 was used. A total of 120 o-d 

daily demand was also assumed. Additionally, the 
VOT was taken as 30yen/min while the cost of charg-

ing station installation  𝑃𝑛  was taken as 90 million 

yen, 135 million yen and 180 million yen for charg-

ing station design with 4 charging ports, 6 charging 
ports and 8 charging ports respectively. Additionally, 

𝜃 was assumed as 5% as users don’t usually make 

journey until 0% battery level.  
 

 

1 2
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3

4
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Table 3.  Additional Network information 

Link Length (km) Free Flow travel time 

1 80 80 min 
2 80 80 min 
3 100 100 min 
4 20 20 min 
5 80 80 min 
6 60 60 min 

 

 
Fig. 3 Optimal Solutions for various cases under different  
           charging station design and under different budget  
           constraint 

 
With that the analysis was done under various 

cases of budget limit which allowed for installation 

of 3, 2 and 1 charging stations. This was done for 
three charging station designs which have 8, 6 and 4 

charging port. The objective function was calculated 

for a time period of 10 years and the result is shown 

in Fig 3. 
 

 

5. DISCUSSIONS AND CONCLUSIONS 
 

In the comparing the three results for charging sta-

tion with 4 charging ports design, it was observed that 
increasing the number of charging stations in the net-

work minimized the total network cost. Thus, it can 

be concluded that the physical availability of charg-
ing stations, even with limited ports, can enhance net-

work efficiency by providing more path options. 

From the outcomes of cases where the total num-
ber of charging stations in the network was limited to 

1 due to the budget (B/Pn=1), it can be noticed that 

increasing the number of charging ports reduced the 

total overall cost. This suggests that concentrating 

charging ports at fewer but more accessible charging 
station locations can also alleviate congestion effect 

thereby bringing the total network cost down. So, in 

networks with lesser candidates for charging nodes, 

adopting a charging station design with a greater 
number of charging ports and installing them at a 

strategic location can bring down the total network 

cost. 
All the results are the solution combinations which 

allowed for a greater number of useable paths under 

their budget constraint. This validated that opting for 
a combination that maximizes usable paths renders 

an optimal solution, as it effectively dilutes conges-

tion effects. By providing multiple viable routes for 

travel, traffic is disseminated across the network, al-
leviating pressure on individual paths and thus ensur-

ing smoother flow and potentially reducing overall 

travel times. 
Holistically, this approach which initially prelimi-

narily assesses the network, then ranks the solution 

combinations into level and then carry out traffic as-
signment for the combinations in search of the opti-

mal solution by means of modified network and in a 

level-by-level assessment method demonstrates sub-

stantial merit for identifying optimal locations for 
charging stations in an intercity network. 

 

 

6.      CHALLENGES      AND      FUTURE 

         DIRECTIONS 

 
The initial limitation of the approach lies in its ap-

plication to a relatively simplistic problem. Thus far, 
the method has been simulated only on a smaller and 

less complex network. For its viability and effective-

ness to be substantively validated, it's imperative that 
it be applied and tested on a larger, more intricate net-

work. This would help in ensuring that the method 

can stand up to the complicated challenges that larger 

networks, with their increased complexity and varied 
traffic patterns, may present. 

Secondly, while costs associated with waiting time 

and charging time have been accounted for, the actual 
cost of charging the electric vehicles (EVs) has not 

been incorporated into the calculations. Implement-

ing a scenario where the charging cost is also factored 
into the objective function could enhance the result, 

providing a more comprehensive understanding of 

the financial implications and potentially facilitating 

more economically sound solutions.  
Thirdly, the model operates under the assumption 

that all EVs embark from the origin with a fully 

charged battery. It is also assumed that all vehicles 
will be charged fully at the charging station. These 
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may not reflect real-world conditions accurately. Ve-

hicles might commence their journeys with varying 
battery level based on individual user’s behavior and 

circumstances. Similarly, users may not opt to charge 

fully at the charging stations during their journey. In-

tegrating such cases will be close to real life scenario. 
Each of these aspects presents an avenue for fur-

ther exploration and refinement of the model, under-

scoring potential areas for enhancement and adjust-
ment in future research and application endeavors.  
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