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Abstract

The increasing number of electric vehicles induces a new relationship between the electric vehicles, transportation network and 

electric network. The deployment of the charging infrastructure is a prerequisite of the widespread of electric vehicles. Furthermore, 

the charging process and energy management have a significant influence on the operation of both the transportation and electric 

networks. Therefore, we have elaborated novel operational methods that support the deployment of charging infrastructure 

for  electric cars and buses operating in public bus service, and the energy management. Weighted sum-models were developed 

to assess candidate sites for public charging stations. The mathematical model of public bus services was elaborated that supports 

the optimization of static charging infrastructure at bus stops and terminals without schedule adjustments. The flexibility and 

predictability of charging sessions were identified as the main differences between charging infrastructure deployment for cars and 

buses. Furthermore, the flows of energy, information and value have been revealed among the components of charging with a focus 

on commercial locations, which is the basis of energy flow optimization on the smart grid.
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1 Introduction
In line with EU objectives, the number of Battery Electric 
Vehicles (BEV) is increasing in Europe. Besides the positive 
characteristic of BEVs, such as zero local emission, the long 
charging time and limited range are identified as signifi-
cant drawbacks in comparison with the conventional vehi-
cles. Furthermore, the spread of BEVs is slowed down 
by the, incomplete charging infrastructure, scant experience 
on BEV use, and regulatory hurdles (Vokony et al., 2020). 
The effect of vast charging demand on the electricity net-
work is also uncertain. In other words, electromobility is 
a complex system with several actors, components and pro-
cesses. Usually, the vehicle is put in the focus of researchers. 
Albeit, the key to success is a cooperation between legisla-
tion, vehicle industry, electric industry, transportation man-
agement centers, operators and travelers.

In the case of electric cars, the main problem is that 
the charging process decreases the flexibility of car use 
because of the long charging time and limited range. 
Hence, the aim is to seamlessly fit the charging process 
to the car users' travel behavior. The return of charging 
station installation is not guaranteed in the absence of 
mass market. Hence, the location and the utilization are 

critical in the mean of deploying charging stations in the 
early phase of electromobility. Therefore, charging station 
locating methods were elaborated.

The electric drivetrain is especially favorable in vehi-
cles with high annual mileage, such as city buses operating 
in public transportation. Furthermore, the CO2 emission 
reduction affects a vast majority of people in dense areas. 
Accordingly, the number of launched electric buses is more 
than 2500 in 19 cities until the end of 2020 (UITP, 2016). 
In contrast to the car, the movements of public buses are 
non-flexible. The aim is to reveal the periods when the vehi-
cles can be charged with a minimum adverse effect on the 
utilization. Therefore, the aim is to elaborate the mathemat-
ical model of the bus service and a method for infrastruc-
ture deployment. The cars should be charged during park-
ing and buses should be charged along the service routes. 
Therefore, different approaches are needed to determine 
the appropriate charging infrastructure for cars and buses.

In accordance with EU directives and Hungarian leg-
islation, charging stations for BEVs should be provided 
on the base of parking places in offices and commercial 
buildings (Lopez-Behar et al., 2019). The lack of proper 
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power network to cover the charging demand of BEVs is 
a common barrier to charging station installation. Charging 
management is an efficient tool to manage limited capaci-
ties. Therefore, the aim was to reveal the components and 
the processes such as flows of energy, information and 
value, which are the base of charging management.

The structure of the paper is the following: after a brief 
literature review in Section 2, we present our latest results 
succinctly in the field of operational methods for charging 
of electric vehicles. The public charging station deploy-
ment method for long journeys and urban areas are pre-
sented in Section 3. The model of public bus service is sum-
marized in Section 4. The optimization of electric vehicle 
charging in offices and commercial buildings are presented 
in Section 5. Finally, the conclusion has been drawn.

2 Literature review
According to the differences, two types of charging 
demands had been distinguished in the literature:

• during long-journeys (inter-city) and
• at the end of short trips (intra-city).

In the first case, the journey is interrupted by the 
charging process. It causes a time loss which should be 
minimized. In the latter case, the usefulness of parking 
sessions is extended by the charging process. Different 
approaches in charging station deployment are required 
by the different demands.

In papers dealing with charging demand on a regional 
scale, flow-based (Hodgson, 1990) or Flow Capturing 
Location-Allocation Models (FCLM) are highly usable. 
A particle swarm optimization model based on FCLM is 
presented in Lin and Hua (2015). The selection of charging 
stations is performed according to the installation cost, the 
service area of a charging station and the volume of traf-
fic flow. The FCLM model was extended with a refuel-
ing-logic by Kuby and Lim (2005). According to the Flow 
Refueling Location Model (FRLM), a flow is captured if 
it never runs out of energy. Further extensions were also 
made, such as the interpretation of candidate sites (Davidov 
and Pantoš, 2017; Kuby and Lim, 2007) and introduction 
of threshold coverage to set a preference on served round-
trips (Hong and Kuby, 2016). FRLMs require data about 
origin and destination (O-D) flows which are not always 
available. Therefore, arc-based approaches emerged that 
provide good coverage of flows in the absence of O-D data 
(e.g. Boostani et al., 2010; Zhong et al., 2019).

Node-based or point-demand models (Melkote and 
Daskin, 2001) are more preferred in papers focusing 
on intra-city charging demand because the demand is con-
centrated. Since the average total parking time of a vehi-
cle is more than 20 hours, the vehicle may be charged 
during parking. Hence, several intra-city charging station 
location methods are based on the parking behavior (e.g. 
Andrenacci et al., 2016; De Gennaro et al., 2015). However, 
there are different approaches too. Both Cai et al. (2014) 
and Shahraki et al. (2015) analyzed the routes of cabs 
to identify the busiest nodes. Xydas et al. (2016) derived 
the charging station locations from current electric vehi-
cles use. It was found that charging stations at shopping 
centers are the most popular among the public stations. 
Albeit, the low number of electric vehicles may have a sig-
nificant effect on the result.

The number of papers dealing with the deployment of 
charging infrastructure for electric buses increased sig-
nificantly in recent years. Most of the researches focus on 
the technology, environmental aspects, energy manage-
ment and cost analysis (e.g. Du et al., 2018; Jwa and Lim, 
2018; Laib et al., 2019; Ye et al., 2019). The charging infra-
structure deployment methods usually consider either 
wired or wireless, and static or in-movement charging 
technologies. Kunith et al. (2017) considered shared bus 
stops as candidate sites for wireless chargers and revealed 
a trade-off between battery capacity and charging infra-
structure. Bi et al. (2018) considered wireless charging 
technologies and found that charging infrastructure plan-
ning based on the characteristic of the bus network may 
decrease the cost of electrification significantly. Close to 
our aims, Xylia et al. (2017) considered both the wired and 
wireless technologies to determine the most favorable bus 
lines in the mean of the electrification cost. The combined 
use of different technologies was not analyzed.

Extensive research is available in the field of energy 
optimization of buildings considering BEVs. These kinds 
of vehicles can be used for smart grid applications such as 
vehicle-to-grid (V2G), grid-to-vehicle (G2V), peak-shav-
ing and load-shifting (Amirioun and Kazemi, 2014; 
Genikomsakis et al., 2016; Ioakimidis et al., 2018; 
Tsai-Hsiang and Rih-Neng, 2013). Nevertheless, little 
research has addressed how the capacities of a build-
ing should be allocated according to the mobility needs 
of BEV users. A comprehensive study has been carried 
out to analyze how these mobility needs can be matched 
to the building's available energy and charging capacities.
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3 Public charging station deployment
Two charging station deployment methods were elabo-
rated because of the differences between inter-city and 
intra-city charging demand. The goal was to fit the loca-
tions to the driving behavior of private car users. However, 
public car users, such as taxi drivers and carsharing cus-
tomers, should also use the charging infrastructure, but 
their preferences on the charging station location were not 
revealed in this study.

3.1 Inter-city charging station locating method
An arc-based inter-city charging station deployment method 
was elaborated. The rest-areas were identified as candi-
date sites for charging station installation. The deployment 
of rapid chargers was proposed to minimize the time loss. 
The Installation Potential (IP) of each candidate site was 
evaluated. IP is a function of traffic volume, population 
of nearby settlements, available services and the distance 
to the nearest fast-charging station. The traffic volume of 
the nearest arc was considered. Thus, EV users who may 
take a detour to recharge are neglected. However, there are 
other methods where each arc in a specific service area is 
considered (e.g. Zhong et al., 2019). In contrast to these 
approaches, the population of nearby settlements was con-
sidered to catch the effect of latent demand on utilization. 
The services at rest-areas are evaluated to provide valuable 
means of charging time, which is the main novelty of the 
method. The effect of existing fast-charging stations was 
interpreted by two geographical parameters that determined 
the favorable distance from an existing station of an addi-
tional installation site. Thus, the covered area spreads like 
an oil-stain, and even spatial distribution may be achieved.

Various road categories may be considered on several 
layers. Thus, high-capacity road categories may be priori-
tized. Albeit, the effect of the toll on route selection is not 
assessed, toll roads may be considered on different layers.

The selection of proposed installation sites was per-
formed separated using the greedy algorithm. Namely, the 
objective function was to maximize the total IP of pro-
posed installation sites. Before each selection, the candi-
date sites are re-evaluated. Additional candidate sites are 
selected until a termination criterion is fulfilled. The ter-
mination criterion may be the number of charging stations 
to be deployed or the minimum increment of covered road 
length when adding a new location.

The method was applied for Hungary and was vali-
dated using O-D data about long-journeys. It was found 

that in lack of O-D data about traffic flows, the devel-
oped arc-based method provides a high share of served 
traffic volume.

3.2 Intra-city charging station locating method
The intra-city charging demand was evaluated on macro 
and meso levels which is the main novelty of the method. 
On the macro level, areas, such as counties, were com-
pared based on the possibility of EV use. EV use was esti-
mated as a function of the number of registered EVs, aver-
age income and the importance of tourism. The aim at the 
macro level is to distribute the charging stations to be 
deployed among the areas. The modification of model 
parameters may contribute to a more balanced distribution.

On the meso level, the areas are divided into hexagons. 
The distance between two parallel sides of a hexagon is 
250 m. Hexagonal tessellation was used because it reduces 
sampling bias because of the low perimeter-to-area ratio. 
Furthermore, the neighboring hexagons may be identified 
easily. The hexagons are compared on the base of charging 
demand to determine the favorable locations for charging 
stations. The charging demand in a hexagon was deter-
mined as the weighted sum of daytime and nighttime 
charging demand. Daytime charging demand is a function 
of the average parking time and frequency at available ser-
vices. The parking time and frequency were determined 
using a survey. Current and potential EV users partici-
pated in the survey. Nighttime charging demand is a func-
tion of population and residential area type. The willing-
ness to walk was also considered, which is the highest 
distance that a car user would walk between the parking 
space and its destination. Thus, a charging station located 
in a hexagon may serve the charging demand of the neigh-
boring hexagons as well. The deployment of fast chargers 
is proposed at location types where the share of daytime 
charging demand is significant (e.g. at supermarkets, sport 
and recreational facilities). Consequently, the deployment 
of slow chargers is proposed at location types where the 
share of nighttime charging demand is significant (e.g. 
at residential parking facilities).

The method was applied for Hungary on the macro 
level, and district 11 in Budapest on meso level. It was 
found that the method supports the distribution and loca-
tion of charging stations efficiently. Furthermore, deploy-
ment of fast-charging stations is not advised to serve 
the intra-city charging demand because of the available 
long (> 30 min) parking times.
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4 Charging infrastructure deployment to serve public 
bus service
The model of public bus service was elaborated, which is 
the base of charging infrastructure optimization. The aim 
was to define the electrification cost as a function of 
charged energy at candidate sites. The deployment of a 
charging unit is proposed at a candidate site if the volume 
of charged energy is not zero after the optimization.

4.1 Physical model
The round trips of bus lines were analyzed. Therefore, the 
following assumptions were made about the bus service:

• A homogeneous bus fleet serves each bus line. 
However, the characteristic of buses operating 
on various lines may differ.

• Buses may be charged at both wired and wireless 
chargers.

The following components of the bus network were 
considered:

• terminal: the dwelling time is significant. It is candi-
date site for wired charging units.

• bus stop: the dwelling time is short. It is candidate 
site for wireless charging units.

The components and energy flows of the physical model 
are given in Fig. 1.

The energy consumption generated by the movement of 
the bus was considered. On-board energy consumers, such 
as heater and air conditioner, were neglected. The follow-
ing limitations were applied to the charging units:

• The cost of a charging unit may contain the installa-
tion and operational costs. It depends on the objec-
tive of the application.

• The total cost of charging units at a candidate site is 
the charging unit cost multiplied by the number of 
proposed chargers. In other words, the cost of elec-
tricity network development was neglected.

4.2 Mathematical model
The mathematical model defines the relationships among 
the components of the physical model (input) and the cost 
of electrification (output). The parameters of the mathe-
matical model are summarized in Table 1.

The maximum utility of charging units may differ. 
For example, the utility of wired chargers is lower in com-
parison to the wireless chargers because of the connec-
tion and disconnection times. The charging infrastructure 
is determined on the base of the highest energy demand, 
which occurs during the peak hour. Therefore, the number 
of round trips during peak hour was considered. The param-
eters are either one- or two-dimensional. The one-dimen-
sional parameters are either location (bus stop and termi-
nal) or bus line specific. These are row and column vectors, 
respectively. Two-dimensional parameters are both location 
and bus line specific. These parameters are matrices.

The location-specific parameters are as follows Eq. (1) 
to Eq. (3):

Cu =  c c cu
j
u

n
u

1
,  (1)

P =  p p pj n1
,  (2)

M =  µ µ µ
1 j n ,  (3)

Table 1 Parameters of public bus service model

Component Symbol Description

Charging unit

cu Cost of a charging unit [€]

p Charging power [kW]

µ
Maximum utility of a charging unit 

according to the specialties, between 0 
and 1 [hour]

Energy 
consumption e− Energy consumption of a round trip 

[kWh]

Charging

e+ Maximum volume of charged energy 
during a round trip [kWh]

x Volume of charged energy during a round 
trip [kWh]

d Energy demand in peak hour [kWh]

Bus line f Number of round trips at a bus line in 
peak hour [-]Fig. 1 The components and energy flows in the physical model
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where:
Cu charging unit cost row vector.
c j
u  charging unit cost at bus stop or terminal j.

P charging power row vector.
pj charging power at bus stop or terminal j.
M maximum utility row vector.
µj maximum utility at bus stop or terminal j.
n total number of bus stops and terminals.

The bus line specific energy consumption and the num-
ber of round trips are given in Eqs. (4) and (5).
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where:
E− energy consumption column vector.
ei
−  energy consumption of bus line i.

F number of round trips column vector.
fi number of round trips on bus line i.
k total number of bus lines.

The maximum volume of charged energy is given 
in Eq. (6):
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where:
E+ maximum volume charged energy matrix.
ei j,
+  maximum volume of charged energy on bus line 

i at bus stop or terminal j.
The prerequisite of electrification is given in Eq. (7). 

Namely, the electrification is possible if the maximum vol-
ume of charged energy is higher than the energy demand.

e ei i j
j

− +≤ ∑ ,  (7)

The volume of charged energy during a round trip is 
given in Eq. (8):
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where:
X volume charged energy matrix. 
xi, j volume of charged energy on bus line i at bus stop 
or terminal j.

The energy demand is calculated according to Eq. (9).
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where:
D energy demand matrix.
di,j energy demand of bus line i at bus stop or terminal j.

The total energy demand at a bus stop or terminal is 
calculated according to Eq. (10):

d dj i j
j

= ∑ ,
.  (10)

4.3 Constraints
The solution of the optimization is valid if the following 
constraints are satisfied:

• Equation (11): the volume of charged energy is 
between zero and the maximum volume of charged 
energy.

• Equation (12): the total energy demand at a bus stop 
and terminal is lower than or equals to the charging 
capacity. The multiplication of charging power and 
maximum utility is the charging capacity.

• Equation (13): the total charged energy is higher 
than or equals to the energy consumption for each 
bus line.

0 1 1≤ ≤ ∀ = ∀ =+x e i k j ni j i j, ,
.. ..and  (11)

d p j nj j j≤ ⋅ ∀ =µ 1..  (12)

x e i ki j
j

i,
..∑ ≥ ∀ =−
1  (13)

4.4 Objective function
The objective of the optimization is to serve the energy 
demand at minimum cost. The cost of electrification is 
not a continuous function of charging demand because 
it increases step by step when an additional charging unit 
is added to the infrastructure. Hence, the substitute cost 
function ( cs ) was interpreted in Eq. (14):
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where:
cj substitute cost function of charging infrastruc-
ture at bus stop or terminal j.

The difference between the real and substitute cost 
functions is presented in Fig. 2.

The objective function is given by Eq. (15). Namely, the 
aim is to minimize the total substitute cost.

MIN c Xj
s

j

( )







∑  (15)

However, the charged energy is the variable, and the 
cost minimalization is the objective; the public bus service 
model may be applied to determine the following parame-
ters of the charging infrastructure:

• location,
• charging power,
• number of chargers.

Furthermore, the effects of scheduling on charging 
infrastructure cost may be analyzed through parameter f.

5 Energy management of buildings to serve charging 
demand
Buildings and BEVs are part of a complex transport, 
energy and information system that needs to be exam-
ined before analyzing potential optimization oppor-
tunities. In many cases, the building is not interacting 
with the BEV itself, and there are also other system ele-
ments like the electricity grid, the rooftop solar photovol-
taic system, the Building Management System, the Charge 
Management System and also the Charger. Energy, infor-
mation and value flows have been identified among them.

We investigated in this research, how these interactions 
change when we add the mobility demand layer. Two types 
of BEV user needs were considered:

• travel needs,
• charging needs.

When the building's ability to take power from the 
grid is limited (e.g. because of a transformer or most of 
the BEV charging points are occupied) an optimization 
is needed so that the system can work while minimizing 
costs and maximizing revenue.

The optimization of this system can be done through 
the following options:

• dynamic pricing of electricity,
• dynamic pricing of charging or
• dynamic pricing of charging and electricity.

This is because capacities and needs have significant 
variations over time. When a peak on the electricity grid 
occurs, the electricity provider should charge more for elec-
tricity, while the building should also charge more for BEV 
charging during the same period. Similarly, the BEV user 
who wants to charge at higher power should pay more than 
the user whose BEV requires only a lower power.

6 Conclusion
Charging infrastructure deployment methods have been 
presented for cars. The mathematical model of public bus 
service was elaborated, that is the base of infrastructure 
optimization. The model supports the combined use of 
wired and wireless static chargers. The main findings of 
the paper are the differences between charging demands; 
namely, their flexibility and predictability. The parking 
time of cars is high, but it is difficult to predict the exact 
location and time of parking. Similarly, the routes are 
also challenging to predict. Thus, the aim was to identify 
the most likely locations for charging. 

On the contrary, the high utilization of public buses 
reduces the options significantly for charging. However, 
the solution of the optimization is more reliable because 
the movements of buses are well-known, and the energy 
demand may be predicted easily.

The increasing number of BEVs and the limited 
resources in the electricity network of commercial build-
ings require an optimized system that interacts with all 
elements to minimize costs and maximize revenue. 
This optimization can be executed through a dynamic 
pricing function, that balances the capacities of the build-
ing with the mobility and charging needs of BEVs.

Our next objective in the field of charging infrastruc-
ture deployment is to involve in-movement chargers 
into optimization of bus charging infrastructure. In the 
field of energy management, we are planning to model 
the energy flows among electric cars, rooftop solar panels 
and the electric grid in offices and commercial buildings.Fig. 2 Real and substitute charging infrastructure cost functions
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