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Abstract
Increasing environmental concerns are driving a change in the energy system, in which
the electrification of the transport sector is considered a crucial element. The introduction
of electric vehicles (EVs) can potentially reduce CO2 emissions in and around
metropolitan areas. The growing number of EVs and the widespread installation of EV
charging infrastructures are introducing a new high-power load to the distribution system
operators (DSOs). Moreover, the replacement of internal combustion engine vehicles
with EVs is expected to increase over the next ten years together with the necessary
electric power generation to support the EV charging demand. More specifically, the
major car manufacturers are investing resources in new models to solve the problem of a
low EV range by increasing the size of the batteries. Therefore, to satisfy the EV load
demand of the new EV models in urban areas, public DC fast-charging stations (DCFCSs)
are essential to recharge EVs rapidly. This thesis demonstrates how an intelligent
integration of DCFCSs in combination with battery energy storage (BES) can reduce the
EV peak demand and the charging infrastructure costs. In particular, different aspects are
addressed such as the technical and economical requirements related to EV fast-charging
systems by using lithium-ion BESs within the DCFCSs. The three key topics investigated
in this thesis include:
1. Advanced charging strategies for EV load reduction considering novel design criteria
of DCFCSs by using modular BESs within the fast-charging systems.
2. Grid integration of stationary BESs within the fast-charging systems based on the
prediction of the EV charging demand.
3. Grid services provision from BES within fast-charging stations such as peak shaving
and frequency regulation.
The first topic investigates how EV charging systems in combination with BESs can
mitigate the self-induced impact and dynamically reduce the EV load independently.
First, the DCFCSs design criteria for enabling a bi-directional power exchange between
the grid and the BESs are established. The proposed design method includes two BESs
within DCFCS allowing partial decoupling between low voltage grid and the EV load. A
set of monitoring and control requirements are defined in order to achieve dynamic
charging coordination of the EVs through the BESs. The validation of the proposed
method is performed by using a bidirectional AC/DC converter, two lithium-ion BESs
and a DC/DC converter.

Abstract

iv

The second topic studies EVs’ charging start times considering a stochastic planning
method to predict EVs charging demand by using user behavior and the probabilistic
driving patterns. According to the stochastic method, a coordinated charging demand and
BES charging demand are proposed with the objective of minimizing the EV peak load
and the charging infrastructure costs. The coordinated charging demand is used to control
the EV charging during the EV peak hours. Instead, in the BES charging demand, an
optimal BES is proposed as an alternative solution to reduce EV peak demand and
DCFCSs installation costs. The proposed planning methods have demonstrated the ability
to prevent the grid reinforcement costs caused by the EV demand during peak hours.
The third topic examines the stochastic planning method mentioned to provide grid
services from BES within the fast-charging stations. The proposed method uses the BES
as a multifunctional device to provide ancillary services such as peak shaving and
frequency regulation with the objective of reducing BES costs and charging infrastructure
costs. The primary objective of the BES is to minimize the EV peak-load demand with
peak shaving by avoiding additional grid reinforcement costs. The secondary objective is
to optimize the investment costs of BES by providing primary frequency regulation to the
local transmission system operator during the night when the EV charging demand can
be neglected.
In conclusion, this thesis proposes solutions to reduce the EVs’ charging times as well as
the required power of the DCFCSs from the grid by allowing the fast-charging stations to
be a cost-effective solution within the power systems. Each topic includes an economic
analysis to evaluate the technical and economic aspects related to EV fast-charging
infrastructures, the BES life-cycle costs as well as the financial performance of the BES
costs compared to the costs of grid reinforcement.
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Resumé
Bekymringer omkring klimaændringer forsager en ændring af energisystemet hvori en
elektrificering af transportsektoren spiller en afgørende rolle. Indførelsen af elbiler har et
potentiale til at nedsænke CO2 udledningen i og omkring storbyer. Det stigende antal
elbiler i større byer samt den vidstrakte udrulning af ladeinfrastruktur medfører nye
højeffekts belastninger i distributionsnets områder. Udskiftningen af konventionelle biler
er sammen med den nødvendige elproduktion som understøtter opladningsbehovet,
forudset til at stige markant over de næste ti år. Konkret investerer større bilfabrikanter i
udvikling af nye modeller der kan løse rækkeviddebegrænsningerne for elbilen ved at
udbygge størrelsen af dens batteripakke. For at dække opladningsbehovet i nye elbils
modeller, i og omkring byer, er DC hurtigopladningsstationer (DCFCS) et essentielt
værktøj. Intelligent integration af DCFCS i kombination med batterilagrings systemer
(BES) er udarbejdet i denne afhandling til at reducere spidsbelastningen fra elbiler samt
udgifterne til ladeinfrastrukturen. I særdeleshed er forskellige aspekter berørt, såsom de
tekniske og økonomiske krav relateret til hurtigopladningen af elbiler ved brug af litiumion BES indbygget i DCFCS. Tre overordnede emner er berørt i denne afhandling:
1. Avancerede opladningsstrategier til reduktion af elbilers lade belastning gennem nye
design kriterier for DCFCS ved brug af BES indbygget i hurtigladningssystemer.
2. Netværkskobling af stationære BES indbygget i hurtigladningssystemer gennem
forudsigelse af behovet for elbils opladning.
3. Muliggørelse af netværksregulering fra det integrerede BES i hurtigladningssystemet,
såsom nedsættelse af spidsbelastningen samt frekvens regulering.
Det første emne undersøger hvordan elbils opladersystemer i kombination med BES kan
oprette dets egen indvirkning og aktivt hjælpe en autonom belastning fra elbiler.
Forskningen tager udgangspunkt i design kriterier for DCFCS til muliggørelse af effekt
udveksling i begge retninger mellem elnettet og BES. Den foreslåede design metodik
inkluderer implementeringen af to BES indbygget i DCFCS der giver lov til en partiel
afkobling mellem lavspændingsnettet og elbilsopladningen. For at opnå en dynamisk
opladningskoordinering af elbiler gennem BES er et set måle og kontrol krav opstillet.
Den foreslåede metode er afprøvet gennem en tovejs AC/DC konverter, to litium-ion BES
og en DC/DC konverter.
Det andet emne studerer elbilers lademønstre gennem en stokastisk planlægning metode
til DCFCS der forudser elbilers ladebehov vha. bruger opførelse og probabilistiske
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kørselsmønstre. Ifølge den stokastiske metode er en koordinering af ladebehov samt BES
opladning foreslået til at minimerer elbilers spidsbelastning samt udgifterne til
ladeinfrastrukturen. Koordinering af ladebehovet er brugt til at styre elbilers forbrug i
spidsbelastningsperioden. En optimal udformning af BES er foreslået som en alternativ
løsning der reducerer de operationelle udgifter for DCFCS samt spidsbelastningen fra
elbiler. De foreslåede planlægnings metoder har vist deres evner til at udskyde
netforstærkningsudgifter forsaget af lade behovet fra elbiler.
Det tredje emne undersøger den føromtalte stokastiske planlægningsmetodes evne til at
tilbyde netværksregulering fra BES indbygget i hurtigladerstationen. Den foreslåede
metode bruger BES som en multifunktionel enhed der kan levere netværksydelser såsom
nedsættelse af spidsbelastningen samt frekvens regulering med det mål at reducere
omkostningerne til BES og ladeinfrastruktur. Det primære mål for BES er at minimere
spidsbelastningen fra elbiler ved at undgå yderligere netforstærkningsudgifter. Det
sekundære mål er at optimere investeringsomkostningerne til BES ved at levere primær
frekvensregulering til den lokale TSO i løbet af natten, hvor elbilers ladebehov er
negligerbart.
Som konklusion kan de foreslåede løsninger reducere elbilers opladningstid samt det
nødvendige effektforbrug fra DCFCS ved at gøre hurtigladerstationerne til en
omkostningseffektiv løsning for elnettet. For hvert emne er der udført en økonomisk
analyse der evaluerer de tekniske og økonomiske aspekter af hurtigladningsinfrastruktur
til elbiler, livscyklus omkostninger for BES, samt den økonomiske præstation af BES
omkostninger sammenlignet med netforstærkninger.
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List of acronyms
Notation

Description

AC

alternating current

B/C

benefit - cost ratio

BES

battery energy storage

BMS

battery management system

BEV

battery electric vehicle

CHP

combined heat and power

DER

distributed energy resources

DSO

distribution system operator

DC

direct current

DCFCS

direct current fast-charging stations

DR

demand response

DoD

depth of discharge

DSM

demand-side management

DWR

downward regulation

EV

electric vehicle

EVSE

electric vehicle supply equipment

EVSEO

electric vehicle supply equipment operators

EOF

end of life
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FNR

frequency normal reserve or primary frequency control

HV

high voltage

ICE

internal combustion engine

IRR

internal rate of return

LV

low voltage

LCC

local charging control

LMO

lithium manganese oxide

LFP

lithium iron phosphate

LTO

lithium-titanate-oxide

MV

medium voltage

NCA

nickel cobalt aluminum oxide

NPV

net present value

PS

peak shaving

PBP

payback period

PV

photovoltaic units

PWM

pulse-width-modulation

PLC

powerline communication

PDF

probability density function

RES

renewable energy sources

SoC

state of charge

TSO

transmission system operator

TFR

total frequency regulation

UWR

upward regulation

V2G

vehicle-to-grid
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CHAPTER

Introduction
1.1 Background and motivation
Over the last few decades, climate change has been on the agenda of governments in most
industrialized countries on reducing greenhouse gas emissions. There is no scientific
doubt that climate change has a considerable negative impact on society [1]-[2]. The use
of fossil fuels as a primary energy resource has led to a significant increase in the global
temperature as well as the amount of air pollution in the atmosphere. To face these issues
and support sustainable development, the European Commission published in 2008 the
climate and energy package, commonly called “agreement 20-20-20" [3]. The main
objectives of this agreement are to increase the installation of renewable energy sources
(RES) by at least 20% and to reduce CO2 emissions by 20% before 2020. In addition, the
agreement "20-20-20" has been extended with the Paris climate conference signed in
2015 by 195 countries [4]. From 2020 the Paris climate agreement has as a goal to limit
the global warming below 2°C [5]-[6]. Likewise, the Danish government has set its
national goals to reduce the CO2 emissions by 40% in 2020 and to reach the 100%
renewable energy target in 2050 [7]. In order to achieve these objectives, three steps are
considered: (1) increasing wind energy within 2020 to cover 50% of the electricity
consumption; (2) covering 100% of electricity and heating by renewable resources within
2035; and (3) becoming completely independent of fossil fuel by 2050. In terms of
electricity consumption, the transportation sector covers approximately 25% of global
CO2 emissions [8], and the electrification of transport is crucial to achieve the
aforementioned global objectives [9]. The use of electricity as a transportation "fuel"
allows to reduce the dependency of the transport sector upon fossil fuels [10]-[11], its
CO2 emissions [12] and local pollutant emissions [13]-[14]. Consequently, the
introduction of the electric vehicle (EV) represents a great opportunity to replace
traditional vehicles in order to support sustainable transportation. Over the next ten years,
the EVs penetration is expected to increase rapidly and brings with potential challenges
to the power systems such as the expensive power grid reinforcements required [15].
However, EVs and their charging systems represent a considerably high load for the
power system and should not be considered only as a passive load, but rather as an
integrated active power resource. EVs and RES could modify their electricity
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consumption or generation patterns to improve the grid conditions [16]-[17]. The synergy
between EVs and RES [18] in combination with battery energy storage (BES) [19] allows
the reduction from fossil-fuel dependency in the electricity generation and consequently
in the transportation sector [20]. In order to achieve the Paris agreement goals, there are
only a few decades left to improve the current and the future technology of electricity
generation within the power systems. In order to understand the objectives of this research
project, it is important to define emerging changes in the current power system and the
challenges of the future power system framework. The following subsections give a
general overview of the expected changes and introduce the background of this thesis.

1.1.1 The power systems
The most important entities in the contemporary power system are the transmission
system operator (TSO) and the distribution system operator (DSO). The electric power
system has been designed to follow the consumption by producing electricity at large
generating units and delivering it to the consumers through the transmission and the
distribution grid. Figure 1.1 shows the electric power system levels: the generation, the
transmission, the distribution levels as well as the final users who are the customers [21].

Figure 1.1: Diagram of power system [21]
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The TSO is responsible for maintaining balanced production and consumption to ensure
the stability of the transmission system. In the power system, the generation and the power
demand must be kept in balance at all times by using the frequency system to evaluate
any imbalance. The power system can be considered unbalanced in two cases: (1)
expected imbalances where there is a deviation between the generation and the
consumption, or (2) unexpected imbalances where there is a line failure on the generation
side. In order to maintain the power system balanced at a nominal frequency, the TSO
must provide ancillary services. The frequency ancillary services vary from country to
country and are typically divided into three levels: primary, secondary and tertiary
frequency control, as shown in Figure 1.2 [22].

Figure 1.2: Frequency reserve activation timing [22]
•

•

•

Primary frequency control or frequency-controlled normal operation reserve
(FNR) restores the balance between production and consumption and stabilizes
the frequency close to the nominal frequency. The frequency regulation is usually
automated by providing large generation reserves with a droop control and the
power output changes proportionally with the local measured frequency.
Secondary reserve or secondary frequency control is a slower ancillary service,
which acts in case of failure of the primary frequency control and restores the
frequency to the nominal value by controlling the output of participating
resources. The frequency regulation in this case is usually provided from the
generation or consumption units which respond to the central TSO signal.
Manual Reserve or tertiary reserves is used in case of failure of the secondary
frequency control and restores the frequency to the nominal value by controlling
the output of participating resources. It is activated manually from the TSO’s
control center.
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The Danish power system is divided into two synchronous regions, called DK1 and DK2,
as shown in Figure 1.3. DK1 is a region that covers the western and southern part of
Denmark (continental part of Denmark) and follows the Continental Europe Operation
Handbook ENTSO-E regulation [23]. In this region, the frequency ancillary services are
classified as primary, secondary and tertiary (manual) reserves. Alternatively, the region
in DK2 is connected with the Nordic synchronous system and follows the Joint Nordic
System Operation Agreement (JNSOA) [24]. In JNSOA the frequency ancillary services
are classified as frequency controlled normal (FCN) operation reserves, frequencycontrolled disturbance (FCD) reserves, and manual reserves. Both FCN and FCD reserves
can be categorized as primary frequency reserves because they can provide a fast
response. Hence, traditional secondary frequency reserves do not exist in the JNSOA.
Figure 1.3 shows the synchronous regions DK1 and DK2 of the Danish power system.

Figure 1.3: Danish power system, the synchronous regions DK1 and DK2 [22]
Table 1.1 summarizes the technical requirements for each region. The technical
conditions in DK1 and DK2 are defined by the Danish TSO Energinet.dk [22].
Table 1.1: Danish power system DK1 and DK2 [22]
Area

Service
Primary reserve

DK1

Secondary reserve
Manual reserve
FCN reserve
FCD reserve

DK2
Manual reserve

Response Time
50% within 15s
100% within 30s
100% within 15 min
100% within 15 min
of activation
100% within 150s
50% within 5s; 100%
within 30s
100% within 15 min
of activation

Deviation
range
50±0.2 Hz

Dead-band

Duration

±20 mHz

Max 15 min

-

-

Continuous
-

50±0.1 Hz
49.5-49.9 Hz

-

Continuous
Continuous

-

-

-

DSOs instead are concerned with the efficiency and reliability of the electric power
delivered to customers. According to the international and national regulations, the DSOs
should maintain the distribution network safe and reliable within specific power quality
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limits EN50160 [25]. Historically, the distribution grid has been designed to provide
unidirectional power to the consumers. However, over the last few years the distribution
grids have been expanded to provide electricity to flexible loads. The increasing demand
for the flexible loads has involved different DSOs on long term planning methods of the
local distribution grid to ensure an acceptable power quality [26]. DSOs are continually
controlling and monitoring their power quality in different feeders [27]. The DSOs’ main
concerns within the area of power quality are congestion management and voltage
regulation. Typically, these activities are made by decoupling the variability of the high
loads distributed in the different feeders. The main issues on the grid as shown in Figure
1.4, are: over- and under-voltage, voltage unbalance, transformer and line overloading.

Figure 1.4: Main common issues on the MV/LV grid
Voltage regulation is of fundamental importance because if it is not properly monitored
can cause equipment dysfunctions such as tripping of sensitive loads especially if the load
uses power electronics components, overloading of induction motors, and higher losses.
In Europe, DSOs must comply with the European standard EN50160, which defines
several requirements concerning voltage regulation [25]. Table 1.2 summarizes the
acceptable deviations for voltage magnitude, and voltage unbalances.
Table 1.2: Voltage requirements according to EN 50160 [25]
Parameter
Voltage magnitude variations

Short voltage interruptions (<3 min)
Long voltage interruptions (>3 min)
Voltage unbalances
Voltage harmonics

Requirements
Mean 10 minutes rms values within:
±10% Un for 95% of the week, + 10%
Un/ - 15% Un for 100% of the week
Few tens-hundreds per year; 70%
shorter that 1s
10-50 per year
Mean 10 minutes rms values up to 2%
for 95% of the week
Total harmonic distortion below 8%
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DSOs must guarantee that all feeders are operated within the allowed voltage range,
ensuring adequate voltage quality for customers. The permitted voltage deviation is
currently ±10% Un, according to the European standard, but some countries, such as
Germany have already proposed to lower this deviation band to ±4%Un [28]. In addition
to voltage regulation, DSOs are also dealing with congestion issues caused by the
increasing demand from flexible loads such as combined heat and power plants (CHP)
and EVs. The increasing penetration of these flexible loads can overload many
transformers and cables during the peak hours of consumption. In Denmark, the
operational limit of transformers is usually kept at 70% the nominal capacity, while the
remaining 30% is saved for compensating neighbor feeders in case of a fault [29]. Hence,
if components are often operating above their 70% capacity due to high flexible load
penetration, the DSO or the private customer must reinforce the grid by upgrading the
components as the transformer and cables. Table 1.3 shows the grid’s components and
their estimated costs [30]-[31].
Table 1.3: Grid reinforcement costs [30]-[31].
Component
MV lines/cables
LV cables
LV lines
Ground-mounted MV/LV transformer
Pole mounted MV/LV transformer
HV/MV transformer

Estimated Cost
100-200 €/km
70-100 k€/km
30-65 €/km
14-35 k€
5 k€
1700-5200 k€

The increasing penetration of flexible loads such as EVs over the next 10 years will
require the upgrade of many components in the power systems, both in medium voltage
(MV) and in high voltage (HV) [15]. In addition, the EV market share in Nordic countries
is increasing as well as the charging infrastructures. Based on current market development
the EVs share is projected to reach 4 million units by 2030 [15].

1.1.2 Smart grids and the role of electric vehicles
In the recent decades, the energy system in Europe has been transformed from a
centralized to a distributed system. In order to reduce the emissions from the energy
sector, traditional power plants powered by fossil fuels are being replaced in large-scale
by distributed energy resources (DER) such as wind turbines and photovoltaic systems
(PV). The share of PV installations is rapidly growing with an estimated capacily of 70
GW in 2016 and around 300 GW of PV installed in the world [32]. Installed, wind power
capacity is 170 GW by 2017 in Europe [33] and 487 GW globally [34]. The wind and PV
power generation are usually difficult to predict. With increasing DERs penetration, the
reliability of the power systems become non-negligible. DERs have added new
constraints and challenges to the power systems such as unpredictability, intermittency
and bi-directional power flows, which cannot easily be solved within the framework of
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the traditional power systems. In order to address these emerging problems, the smart grid
can improve the system efficiency and the reliability of the power systems by increasing
the use of communication and information technology in the generation, delivery and
consumption of the electrical energy. The idea of the smart grid is to interconnect different
actors such as TSOs, DSOs, DERs, electrical loads, EVs and HPs with communication
links as shown in Figure 1.4 [35]-[36].

Figure 1.4: Smart grid concept [36]
The introduction of smart meters within the powers systems allow modern
communication technologies to interconnect and coordinate different loads with the
power generation units [37]. The ICT (Information and Communications Technology)
infrastructure supports three important domains of the power system: the electricity
market, the system operations and the service provider.
•

The market domain can be improved by allowing the coordination of all the
participants in the electricity market. The role of the smart meets reduces
significantly the uncertainty of DERs by mapping with a faster response to the
electricity price with the power demand.
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The system operation domain can be implemented by allowing different actors to
maintain grid stability of the electrical substations by providing demand response
(DR).
The service provider or aggregator is an organization of people that provide
services to the grid, which works with specific customers and their flexibility in
order to offer services at the power systems.

The term flexibility is used to identify flexible loads such as EVs, which can use part of
their active/reactive power to improve the system efficiency and the reliability of the
power systems [38]-[39]. The increasing EV market share represents a great opportunity
to integrate flexible loads within the smart grids. In addition, according to the
International Energy Agency (IEA), there will be 20 million EVs worldwide in order to
meet the goals of the sustainable transportation electrification by 2030 [20]. It has been
estimated that the EVs number in Denmark will reach more than 200,000 by 2030,
according to EV market share in the Nordic countries [40]-[41]. Figure 1.5 shows the
growing number of EVs from 2010 to 2030 [42].

Figure 1.5: Number of EVs in the Nordic countries [42]
As shown in Figure 1.5 now the EV market share is still low, but it is expected that EVs
will play an important role within the smart grids because they can provide high flexibility
to the grid and potentially use their batteries as bi-directional power flow capabilities to
provide a quick-response to the grid [43]. In addition, the EVs scenario presented in
Figure 1.5 suggests an increase in electricity consumption related to the EV demand in
each of the Nordic countries. The EVs energy consumption (electric cars, light
commercial vehicles and buses) in the Nordic region is estimated to reach approximately
9 TWh by 2030, compared to 470 GWh in 2017 [15]. This represents 3% of the total
electricity consumption of the Nordic countries in 2030 as shown in Figure 1.6.
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Figure 1.6: EVs electricity consumption in the Nordic countries [42]
Over the last ten years, many charging infrastructures have been installed to support the
EV demand. However, since the EV stock shares are still low in the Nordic countries
(1.9%) and it is too early to see any grid impact from EVs. In addition, most of the Nordic
countries have a strong electrical grid, which was built to provide high electricity demand,
especially during the cold winters. At the transmission level, no negative impacts
connected to EVs consumption have been reported. Likewise, in distribution grids, so far,
the grid has been able to provide electricity to EVs without significant difficulties.
Additionally, in Norway, the Norwegian Water Resources and Energy Directorate (NVE)
indicates that currently a few percents of the transformers are already overloaded and
estimates that an increase in average power consumption of 1-2kW per household would
lead to an overload of nearly 10% of the MV transformers. With an average increase of
5kW, over 30% of the transformers would be overloaded [44]. Therefore, insufficient
transformer capacity requires an upgrade of the power connection, which may include the
replacement of both distribution transformers and cables [45]. In order to systematically
investigate and experimentally validate the potential impact of EVs on the power system,
the work package seven of the Danish research project named “Nordhavn Project” –
design and dimensioning of the energy infrastructure of future sustainable cities” was
established [46]. The Nordhavn project aimed at studying four main categories for EV
integration:
1. Enabling technologies which include contemporary technologies and standards
for supporting all grid services mentioned.
2. EV grid impact analysis in order to evaluate the grid impact of EV public charging
stations, e.g., congestion management on the power system.
3. Distribution grid services for DSOs which will help in mitigating the EV grid
impact on distribution grids, e.g., voltage regulation.
4. Transmission grid services for TSOs which will help the integration of EVs and
battery energy storage, e.g., primary frequency regulation.
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5. Battery energy storage for EV charging stations which includes the evaluation of
technical and economic issues related to EV charging infrastructure costs.
Within the Nordhavn project, this PhD project "Planning Strategies for EV Fast-Charging
Stations combined with Battery Storage Systems in Distribution Grids" focuses on control
strategies of EV fast-charging systems by considering distribution grid impact and
potential grid services.

1.2 Research objectives
This thesis deals with the EV integration issues at the distribution level, in particular, the
integration of fast-charging stations and the EV grid impact. In this thesis, the studies are
performed in collaboration with the Nordhavn project in Copenhagen [46]. A real grid as
well as fast-charging stations are used to facilitate the integration of EVs within Nordhavn
residential area of Copenhagen. The main research question this thesis strives to answer
is: Can the BES reduce the self-induced grid impact of the EV fast charging stations and
actively contribute to the stability of the power system ? The main question can be divided
into the following sub-questions along with the corresponding research objectives:
Q.1 What is the grid impact of the uncontrolled EV fast charging stations considering
high EV penetration?
To evaluate the grid impact that uncontrolled EV charging introduce to the power
systems, it is important to analyze the current and the future EV charging stations,
the EV market penetration and grid constraints through a detailed “state of the art”.
Chapter 1 and 2 of this thesis review the existing literature of the uncontrolled EV
charging considering the driving patterns and EVs’ user behavior in different
European countries.
Q.2 Can BES be a cost-effective solution to reduce the grid impact of uncontrolled EV
fast charging stations?
EV fast-charging stations can be designed to perform more advanced charging
strategies. Chapter 3 of this thesis considers a key strategy the integration of BES
within fast-charging stations to reduce the charging times and the infrastructure
costs. In addition, the lithium-ion BESs facilitate the integration of the fast-charging
stations in low voltage (LV) grid. The main advantages and the disadvantages of
the proposed method are performed using an economic assessment of the BES
investment costs compared to the costs of upgrading the grid.
Q.3 Focusing on the public fast charging stations, how can we predict the EVs charging
demand? And which charging strategies can be implemented to reduce the
infrastructure costs of the EV fast charging?
To predict EVs’ charging start times several factors need to be analyzed carefully
including the user behavior, the daily travel distance and the EV charging locations.
Chapter 4 of this thesis proposes a stochastic planning method to predict the
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charging demand at the uncontrolled EV fast-charging stations considering the user
behavior and their probabilistic driving patterns. Additionally, three EV charging
strategies are performed according to the proposed method. These three methods
include: (i) uncontrolled charging demand, (ii) coordinated charging demand and
(iii) BES charging demand. In the uncontrolled charging demand, the stochastic
planning method is used to analyze the EV load profiles. In the coordinated
charging demand, the EV peak load is managed by controlling the charging stations.
Instead, in the BES charging demand, an optimal battery is proposed as an
alternative solution to reduce the peak demand of EVs and the fast-charging station
costs. The case studies presented use real data such as the EV charging profiles, the
electrical grid of the Nordhavn project and BES [46].
Q.4 Which grid services could BES provide within the EV fast-charging stations?
The requirements to provide the grid services from BES within the fast charging
stations are identified in Chapter 5. First, it is important to predict the expected
charging demand from the uncontrolled EV charging stations. Once the EV demand
is identified based on the stochastic planning method presented in Chapter 4, it is
possible to analyze the grid services provision from BESs. Chapter 5 proposes to
use lithium-ion batteries as a multifunctional device able to provide ancillary
services such as peak shaving and frequency regulation with the objective of
reducing EV charging infrastructure costs.

1.3 Thesis outline and research contributions
The thesis is structured in six self-contained chapters including the introduction and seven
attached scientific papers in appendices. Part I describes the main topics in this thesis and
the main contributions of the scientific papers developed and published during the Ph.D.
project. Instead, Part II includes publications that contribute to this thesis. The description
of each chapter in Part I is as follows.
Chapter 2:

Grid integration of EVs and battery energy storage technology

A literature review on the current and future EV market penetration, EV technology, and
EV charging modes within the power systems is presented. An overview of the state of
the art of the grid impact of uncontrolled EV charging stations and BES technologies is
provided considering driving patterns and EV user behavior. Finally, different solutions
to reduce the grid impact are proposed such as controlled EV charging and the integration
of BES within the EV charging. The chapter addresses the research question Q.1.
Chapter 3:

Battery energy storage within DC fast-charging stations

An advanced charging strategy for the public EV charging stations is presented
considering the integration of lithium-ion BES within the fast-charging stations. The main
objectives of the proposed charging architecture are the reduction of the EV grid impact,
the infrastructure costs and charging times. Additionally, the proposed design method
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facilitates the integration of the charging stations in the existing LV grid by using two
modular lithium-ion batteries within the uncontrolled EV charging. Finally, cases studies
with a cost-benefit analysis are performed to validate the financial feasibility of the
proposed design method compared to a traditional connection of the uncontrolled
charging through the MV grid where high grid reinforcement costs are required. The
chapter addresses the research question Q.2 and includes the content of the papers Paper
A, B, C and D.
Chapter 4:

Stochastic planning method of EV charging demand

This chapter presents a stochastic planning method to predict the uncontrolled EV
demand from the public fast-charging stations considering user behavior and the
probabilistic driving patterns. In agreement with the stochastic method, a coordinated
charging demand and storage charging demand are proposed with the objective of
minimizing the EVs peak load and the charging infrastructure costs. The proposed
planning method shows the ability to avoid additional grid upgrade costs to MV caused
by the EV demand during the peak hours of consumption. The coordinated charging
demand is used to control the EV charging during the EV peak hours. Instead, the storage
charging demand is proposed as an alternative solution to reduce the installation costs of
EV charging during the peak demand. Finally, an economic analysis is carried out to
evaluate the technical and economic aspects related to the EV charging infrastructures
such as the BES life-cycle costs and the financial performance of the BES costs compared
to the costs of grid reinforcement. This chapter addresses the research question Q.3 and
includes the content of the papers Paper C and E.
Chapter 5

Grid services provision from batteries within fast-charging stations

In this chapter, a smart methodology is presented to provide the grid services from BES
within the EV fast-charging stations considering the stochastic charging method
presented in chapter 4. The following chapter proposes to use the lithium-ion batteries as
a multifunctional device to provide ancillary services such as peak shaving (PS) and
primary frequency regulation (FNR) with the objective of reducing EV charging
infrastructure costs. The primary objective of the BES is to minimize the EV peak-load
demand (PS), and thus to avoid grid reinforcement costs. The secondary objective is to
optimize the investment costs of BES by providing primary frequency regulation to the
local TSO during the night when the EV demand is negligible. Finally, an economic
analysis is carried out to evaluate the technical and economic issues related to BES such
as life-cycle costs versus the revenue provided by the TSOs for frequency regulation. The
chapter addresses the research question Q.4 and includes the content of the papers Paper
C, F and G.
Chapter 6

Conclusions and future work
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2

Grid integration of EVs and
battery energy storage technology
Chapter 2 of this thesis reviews the existing literature of the current and future EV market
penetration, EV technology, lithium-ion battery technology and EV charging modes
within the power systems. A detailed analysis of the EV technology, lithium-ion battery
price trends, as well as the future generation of lithium-ion batteries is explained
according to the current and future EV market penetration. The “state-of-the-art”
regarding the grid impact from EV uncontrolled charging is provided considering
different driving patterns and EV user behavior. Finally, different solutions to reduce the
grid impact are proposed, such as EV controlled charging and battery energy storage for
EV charging.

2.1 EVs stock and market share
During the last decade, the interest in battery electric vehicles (BEVs) has increased, from
both the manufacturers’ and the users’ side [47].. In 2017, the global stock of EVs
surpassed three million after crossing two million in 2016 and one million in 2015 as
shown in Figure 2.1. In 2017, China had the largest EV stock, corresponding to more than
40% of the global EVs stock.

Figure 2.1: Global EVs stock from 2013 to 2017 [47]
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The global EV stock is increasing rapidly in many countries, and the electric buses in
2017 increased to 370 000 units, and 250 million unites for two-wheelers vehicles [47].
In the Nordic region, the electrification of the transportation sector has been growing
steadily since 2010. In Norway , Denmark, Sweden, Finland and Iceland, the stock of
electric cars reached almost 250 000 cars in 2017. The Nordic region has one of the
highest ratios of EVs per capita in the world [48]. Figure 2.2 illustrates the distribution of
EVs for each country.

Figure 2.2: Number of EVs stock in the Nordic countries from 2010 to 2017 [48]
In the Nordic countries in 2018, 90 000 EVs were sold, with a market share of EVs around
10.6%. Together, all the Nordic countries represent the third-largest EVs market by sales
volume in the world, after China and the United States [47]-[48]. The EV market will
grow over the next ten years, especially with the new EV30@30 Campaign where twelve
countries as Canada, China, Finland, Germany, India, Japan, Netherlands, New Zealand,
Norway, Sweden, United Kingdom, United States have signed a collective aspirational
goal to reach 30% sales share for EVs by 2030 [49]. According to the EV30@30 Scenario
more then 220 million plug-in hybrids and EVs will be on the road.

Figure. 2.3: EV30-30 scenario with 228 million EVs excluding two-three-wheelers [49]
In addition to the EV30-30 Campaign, in November 2017, the European Commission
proposed an update of the CO2 emissions standards for new passenger cars within 2030
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as part of its Clean Mobility package [50].The proposed target is a 15% reduction in the
CO2 emissions per kilometer for new vehicles in 2025 and a 30% reduction in 2030 [51].
The proposal also includes the target of 95 grams of CO2 per kilometer (gCO2/km) for
cars and 147 gCO2/km for light commercial vehicles (LCVs) within 2020. Both targets
are based on the New European Driving Cycle (NEDC) and from 2021 the emissions will
be measured according to the Worldwide Harmonized Light Vehicle Test Procedure
(WLTP). The new proposed regulation specifies also a penalty of EUR 95€ per gCO2/km
for each vehicle that exceeds the specified limits [51].

2.1.1 Electric vehicle supply equipment
This section provides an overview of the EV charging infrastructure in Europe. The
International Electrotechnical Commission (IEC) and Society of Automotive Engineers
(SAE) standards have proposed the EV charging modes and the maximum charging
current threshold in AC and DC. The most common method is conductive charging where
the electric energy is delivered through a charging cable. More precisely, SAE is the
North American standard for EV connectors which covers physical, electrical and
communication aspects whereas IEC is an international standard. Table 2.1 summaries
both the IEC and SAE standards for the EV conductive charging.
Table 2.1: Relevant standards for EV conductive charging.
Standard
IEC 60309: Plugs,
socket-outlets and
couplers [52]

IEC 60309-1
IEC 60309-1

IEC 60364 [53]
IEC 61851: Conductive
charging systems[54]

IEC 61851-1
IEC 61851-23

IEC 61851-24

IEC 62196: Plugs,
socket-outlets, vehicle
connectors and inlets
[55]
IEC 15118 [56]
Communication
SAE J1772: Conductive
charging systems [57]

IEC 61851-90-6
IEC 62196-1
IEC 62196-2
IEC 62196-3
IEC15118

SAE J2293 [58]

J2293-1

SAE J2344 [59]
SAE J2847
Communication [60]

SAE J2847-1

SAE J2847-2

Scope
Explains general requirements for EV charging
stations.
Describes different sizes of plugs and sockets
with different pin numbers based on the current
supply and phase number; defines color-coded
connectors based on voltage range and frequency.
Defines electrical installations for buildings
Defines cables and plug setups
Describes electrical safety, grid connection and
communication architecture for DC charging
stations.
Explains digital communication for DC charging
control.
Communication networks EVSE vs EVs (V2G)
Explains general requirements for EV connectors.
Describes coupling types for different charging
modes.
Defines connectors and inlets for DC stations.
Describes high-level communication with EV and
EVSE
Defines connectors for AC charging; describes the
new Combined Charging System for DC
charging.
Describes the EV energy transfer system with EV
and EVSE requirements
Describes guidelines for EV safety.
Describes the communication medium and criteria
for EV connection to the utility (AC level 1 and
Level 2).
Defines additional messages for DC charging.
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IEC 62196 is an international standard, which defines a set of electrical EV connectors
and incorporates different standards including the SAE J1772 available in North America.
Instead, IEC 62196 is mostly based on the international standard IEC 61851 which applies
to on-board (AC) and off –board (DC) EV charging equipment, as well as to provide
electrical power for any additional services. IEC 61851 describes the communication
protocol between the EV and the EV supply equipment (EVSE) with the specified contact
sequencing as well as the controllability via pulse-width-modulation (PWM) signal. On
top of the IEC 61851, there is IEC 15118 high-level communication standard for EV and
EVSE. The communication link between EV and EVSE in this case is powerline
communication (PLC) on top of the PWM signal. The EV charging modes are defined by
the IEC 61851 and primarily describes the safety communication protocol between the
EV and the EVSE. As summarized in Table 2.2, there are four charging modes in total three for AC charging and one for DC charging.
Table 2.2: Charging modes defined by the standard IEC 61851-1[54]
Mode

Description

Phase

Mode 1 (AC)

Home or office

Mode 2 (AC)

Home or office

Mode 3 (AC)

Public charging station

Mode 4 (DC)

Public charging station

1
3
1
3
1
3
-

Maximum
current
16 A
16 A
32 A
32 A
32 A
250 A
400 A

Maximum
voltage
250 V
480 V
250 V
480 V
250 V
690 V
1500 V

According to Table 2.2 charging modes are described as follow:
Charging Mode1: direct connection of the EV to the AC system via cable with a supply
grid not exceeding 16–A and 11kW. It is used at home and classified as slow charging.
Charging Mode 2: direct connection of the EV to the AC system via cable with a supply
grid not exceeding 32–A and 22kW. It is primarily used at home or private facilities, and
it is classified as slow charging.
Charging Mode 3: permanent connection of the charger to the AC grid via cable. The
power of the charging stations may vary from 22kW to 170kW. This charging mode is
used for public charging stations, and it is classified as slow charging.
Charging Mode 4: Mode 4 has been implemented for off-board chargers in DC. The
power of the charging stations may vary from 50kW to 600kW. This charging mode is
used for public charging stations. Thanks to the shorter charging time, DC charging is
commonly known as fast charging.
Charging infrastructures, whether at home, at work or at public locations, are
indispensable for operating EVs as shown in Figure 2.4.
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Figure 2.4: Charging modes in AC and DC accorging to the IEC 61851
An analysis looking at early EV market developments shows that the availability of
chargers emerged as one of the key factors for contributing to the market penetration of
EVs. Figure 2.5 illustrates the global growth of charging infrastructures observed from
2010 to 2017 for all charger types [61].

Figure 2.5: Global infrastructure of EVSEs from 2010 to 2017 [61]
Currently, the charging stations in the major European cities are providing from 7kW to
43kW in AC and from 20kW to 150kW in DC. In order to reduce the charging
infrastructure costs, most of the existing public charging stations are in Mode 2 and 3 in
AC with a charging power level of 11kW or 22kW. Whereas only 6% of the public
charging stations are in DC [61]. The charging architecture in AC is robust, but it has a
power limitation and space restrictions due to the need for a big AC/DC on-board
converter [54]. Currently, the new EV models require more than an hour in Mode 2 and
3 to cover a range of 150 km. Therefore, charging in AC will eventually represent an issue
in the urban area because the long charging times would cause congestion in public
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parking lots. However, recent trends in increasing the battery capacity indicate that
charging stations in DC are requared in and aound the metropolitan area. In addition, the
major car manufacturers are investing resources in new models to solve the problem of
the EV range in terms of driving kilometers, by increasing the size of the batteries as
shown in Figure 2.6.

Figure 2.6: Battery size of EVs from 2010 to 2022 [62]
To satisfy the EV load demand of the new EV models, the public DCFCSs are essential
to recharge EVs rapidly. The charging power modes presented are referred to the
unidirectional charging power because the current EVs cannot provide power back to the
grid. However, through V2G technology, it is possible to realize a bi-directional power
exchange between the EV and the grid [63].

2.2 Driving patterns and EV user behavior
The electricity demand of EVs and its associated flexibility are largely dependent on
driving patterns and user driving behavior [64]-[65]. The driving patterns of a vehicle and
the energy consumption associated with each trip are the key factors to be considered
when analyzing EV demand and the arrival and departure times. The electricity demand
of EVs depends on many aspects such as the EV market penetration, the geopolitical
location of the chargers, whether rural or urban, the type of the charging systems slow or
fast as well as the day of the week, whether a weekday or weekend. In order to estimate
the EV grid impact, it is important to analyze how many kilometers per day are driven,
and where and when the EVs are plugged-in and plugged-out. Fortunately, various studies
have been done in order to predict EV user behavior, which can then be used for
estimating the grid impact [66]-[67]. Driving patterns and EV users behavior can also be
generated with statistical methods, based on data from transport surveys/statistics, such
as the “National Household Travel Survey” in the USA [68], “Inquerito a mobilidade da
populacao residente” in Portugal [69], “Verkehrserhebung” in Austria [70], and the
“Mikrozensus Mobilit¨at und Verkehr” in Switzerland [71]. Some statistical reports of
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this kind include information on individual driving patterns from transport surveys [72][73]. Others report aggregated statistical data only, e.g. on the distribution of trip lengths.
When only aggregated statistical data is available, models need to be developed that
generate individual driving patterns that in their aggregated characteristics reproduce the
desired aggregated statistical behavior [74]. In addition to the statistical and survey
methods, the Green eMotion project [75] and Cotevos project [76] have studied the emobility in Europe considering different European cities, including Berlin, Copenhagen,
Dublin, Madrid and Milan, by analyzing the user behavior and the interoperability
between the EV and the EVSE. Within the projects, more than 2600 EVSEs, 650 EVs
and 1300 users were registered across Europe, and more than 94000 trips were recorded
with 77000 charging events within a three-year period. It was concluded that on average
a private EV user drives 34.3 km/day with most of the travels being less than 100 km/day
[75]. In addition, in the rural areas, private citizens charge their EVs more frequently than
others, even though the trips are relatively short and the battery is not fully discharged.
More precisely, as shown in Figure 2.7, EV users plug in their vehicles as soon as they
arrive home, usually between 17:00 and 21:00.

Figure 2.7: Uncontrolled home charging time in the Green eMotion demo project [75]
Similar observations regarding the arrival and departure times have been conducted in the
urban area. In this case, the peaks registered are in the morning and evening on weekdays
[19]. In order to validate the EV load profiles in the urban area, different charging power
scenarios were carried out using the large American household travel survey[19]. In
particular, for the public charging scenario, the EV load profile is mainly present from
7:00AM to 9.00AM and from 6:00PM to 8:00 PM, in weekdays [77]-[78]. Other studies
estimated EV power demand by analyzing the daily variations of the traffic flow in
different cities [79]-[80]. Alternatively, to the traffic flow, another popular method to
generate the public EV load profile involves Monte Carlo simulations. The authors of
[81] proposed a stochastic method in which Monte Carlo simulations are used to calculate
the EVs’ arrival times and state of charge (SoC) considering public charging stations.
Monte Carlo simulations in combination with Markov modelling can be used to
statistically examine EVs, regardless of whether they are moving or parked. The
stochastic method replicates different observations such as time of day, the day of the
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week and the driving patterns. Using this probabilistic method, it is possible to estimate
the expected EV load profile using stochastic individual driving behavior as a timedependent function of the number of trips and the driving distance. Figure 2.8 shows the
simulation results with 1500 EVs by using uncontrolled-charging at public charging
stations.

Figure 2.8: Uncontrolled-charging time at public charging stations [81]
Likewise, [82] proposed to use the Markov chain in order to calculate the EV charging
times. The Monte Carlo samples of driving patterns use discrete-times and states
according to Markov chains [83]. In this framework, several states are defined (e.g.,
parked in a residential area, parked in a commercial area or in transit) [84]. The SoC can
also be included in the parameterization of the states [82]. The transition probabilities
between the states can be set according to statistical transport data [78] or PEV trial data
[85]. The transition matrices are typically time-dependent, i.e. the Markov chain is timeinhomogeneous. In [85], variables such as home arrival and departure time and travelled
distance of a group of commuters are modelled as stochastic variables, and their
interdependencies are taken into account with copula functions. Instead of assuming the
stochastic variables to be Gaussian distributed, as it is commonly done for simplicity [78],
instead [85] finds that other types of distributions, such as the Weibull distribution for the
departure time, better match the specific commuter data. Another way is to model vehicle
charging and discharging using queuing theory [86]. The underlying assumption is that
the number of charged/discharged vehicles is distributed according to a Poisson
distribution and that the service time (charging) is exponentially distributed. The driving
patterns used in this thesis stem from the Danish National Travel Survey [87]. However,
from a power systems perspective, it is important to understand the variability of these
patterns.

2.3

Electric vehicle technology

The EV technology can be distinguished in two classes: plug-in hybrid EV (PHEV), with
different categories, and BEV. The future EV will be BEV, which uses the grid to charge
the EV battery. Authors of [88] provided a description of the actual vehicle architectures
as shown in Figure 2.9.
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Figure 2.9: Commercial EV architectures [88]
The different categories of PHEVs are depicted in Figure 2.9 and include: (a)seriesparallel hybrid, (b) series hybrid and (c) parallel hybrid all of which represent a combined
electric and internal combustion engine (ICE) vehicle. The battery can be charged from
the grid, and it used only for short distances in electric mode. PHEVs’ batteries are usually
smaller in size than a BEV battery, thus a conventional engine and fuel tank are employed
to extend the range [88]. Instead, (d) a BEV is a full EV that provides power to the
transmission system by using only the onboard batteries [88]. The BEVs drive system is
realized by using an eMotor (electric motor) via a mechanic coupler (MC) and a
transmission shaft (TR). The eMotor works as a motor for the transmission systems, and
it is able to recover energy by using the regenerative breaking technology. In the BEV the
battery is one of the most important and expensive component. Today, typical batteries
used in EVs are based on the lithium-ion technology, which has reached a development
level enabling the design of EVs to reach the same performance of ICE vehicles. The size
of EVs batteries can vary considerably. For BEVs, the range is from 20kWh to100kWh.
The three bestselling Chinese EVs have battery sizes ranging from 18.3kWh to 23kWh,
mainly because they are small vehicles and their design focuses on affordability. Midsized cars in Europe and North America have battery capacities ranging between 23kWh
and 60kWh. Larger cars and SUVs have battery capacities from 75kWh to 100kWh [62].
Current battery packs for light-duty applications have an energy density of 200 Wh/kg
[89] and volumetric pack energy density from 200 Wh/l to 300 Wh/l [90]. The lifetime
of the battery is another important parameter to be considered. For EV batteries, a good
parameter is the expected range associated with the lifetime of the battery and the ability
to retain within 80% of its nominal capacity during the lifetime of the EV. Available
literature suggests that modern Li-ion chemistry for EV batteries can withstand 1300
cycle degradation [91]. Assuming a battery capacity of 35kWh and average consumption
of 0.2 kWh/km, an EV would be able to cover more than 200.000km of driving over its
lifetime. This indicates that the lifetime of the battery is compatible with the expected
lifetime of the car. In addition, the scale-up of industrial facilities for the production of
EV batteries has a beneficial effect on costs, as the investment costs can be spread over a
bigger production of batteries, enabling economies of scale. [90] illustrates the current
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capacity production of batteries, which varies from about 0.5GWh/year to 8GWh/year,
but most of the largest factories have capacities around 3 GWh as shown in Table 2.3.
Considering a typical battery capacity range of 30kWh to 100kWh, the annual production
volume of EVS is between 6.000 to 400.000.
Table 2.3: Current and future Li-ion battery manufacturing capacity [90]

According to the future production announced from the manufacturers the annual
production of EVs varies from 10.000 to 50.000, and this could decrease the battery costs
by 9%. Instead, with production from 100.000 to 500.000 EVs the battery costs decrease
by 12% [90].

2.4 Lithium-ion battery technology and price trends
Lithium-ion batteries are the type of batteries used in the majority of portable electronic
devices and EVs. They are currently also the main storage technology being deployed for
power system applications [92] without considering pumped hydro storage. The calendar
lifetime guaranteed by the manufacturers is generally at least 10 years, and the operating
lifetime at least 3000 cycles. Their round-trip efficiency can reach up to 95% [93] with
high energy density [94], the highest amongst the different technologies reviewed in this
thesis. A possible limitation to large-scale penetration of lithium-ion batteries is the
scarcity of some raw materials. While lithium availability would probably not be a
concern, especially considering the long-term prospect of battery recycling [95]. Instead,
cobalt availability, used in some cathode chemistries, might be a limiting factor for these
types of batteries [96]. In fact, 40% of today’s cobalt production is already used for battery
manufacturing [96], so an increased battery deployment would have a major impact on
cobalt demand-supply balance. Furthermore, two thirds of cobalt production, as well as
half of the reserve, comes from a single country, the Democratic Republic of Congo [96]-
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[97], which has been subject to unrest in the recent past. Rare earth material scarcity is
also mentioned as a major concern for a large production of batteries, as China controls
about 95% of the production [97]; however it applies mostly to nickel–metal hydride
(NiMH) batteries [98], which are used in EVs but gradually being replaced by lithiumion batteries [99]. Over the next 10 years, lithium-ion technology will be used not only
for EVs but also for stationary applications [92]. The lithium-ion batteries are composed
of a cathode (positive pole) and an anode (negative pole), and the cell’s performance is
influenced by the chosen chemistry. For the cathode, these include lithium nickel
manganese cobalt (NMC), lithium nickel cobalt aluminum oxide (NCA), lithium
manganese oxide (LMO) and lithium iron phosphate (LFP). In most current designs, the
anode material is graphite like lithium-titanate-oxide (LTO), which is used especially in
heavy-duty applications, because of its capacity to extend cycle life [100]. The main
benefit of NMC and NCA technologies is their higher energy density compared with other
chemistries, which is vital for light EVs. LFP chemistry is adopted for heavy EVs (namely
buses), despite lower energy density than NMC and NCA, as it benefits from higher cycle
life and safety performances [100].
2.4.1

Lithium-ion battery price trends

Recently, the cost estimates for the future lithium-ion batteries for power system
applications and EVs have been done by many manufacturers and research centers. Since
the EV industry is expanding, more and more price data are becoming available.
Reference [101] reviewed more than 80 different cost estimates for lithium-ion batteries
of EVs. The authors report an 8% annual cost decrease amongst market-leading
manufacturers in the next years. Instead, [92] forecasts the cost to be 200$/kWh in 2020,
and 160$/kWh in 2025, slightly higher than the projection reported in [101]. In addition,
a financial advisory firm, forecasts a 5-year price decrease of 47% for lithium-ion battery
[102], even slightly faster than [101]. Instead, [103] has based the costs of lithium-ion
batteries as a function of the future car sales according to “climate policy” as shown in
Figure 2.10

Figure 2.10: Cost of lithium-batteries-data are from multiple types of sources [103]
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Cost estimation of 145 USD/kWh has been made by General Motors from 2025 to 2030
[104]. This decrease would be driven by economies of scale, lower cost of materials and
design improvements. In addition, using a range of battery capacities between 20kWh
and 75kWh and a production capacity between 0.5 GWh/year to 8 GWh/year, the battery
cost varies between 360 USD/kWh for small batteries to 155 USD/kWh for large
batteries. Therefore, the battery costs are based on the production volumes and will reach
in the next ten years a price between 155 USD/kWh and 360 USD/kWh [92]. In the next
ten years, three main drivers will affect the cost reduction of batteries:
•
•
•

Battery capacities will increase to serve large all-electric driving ranges:
The economy of scale: battery manufacturing will take place in plants with large
production capacities.
Battery chemistries will evolve with higher energy density and lower reliance on
cobalt.

Assuming the future generation of NMC called NMC811/graphite chemistry, production
capacity range from 5GWh/year to 35GWh/year and battery capacity range from 40kWh
to 60kWh, the costs BEV costs will be from 100/USD kWh to 122 USD/kWh. This is
aligned with the BEV cost reduction targets in 2030 in the European Union 93 USD/kWh
[105], 116 USD /kWh [106] and 92 USD /kWh [107] in Japan.

2.4.2 Li-ion technology development prospects
Indications from recent assessments of battery technologies suggest that lithium-ion is
expected to remain the principal technology of the next decade as shown in Figure 2.11.
The main developments in cell technology that are likely to be deployed in the next few
years include:
•

•
•

For the cathode, a reduction of cobalt content in existing cathode chemistries will
reduce cost and increase energy density, i.e. from the current NMC 111 to NMC
622 by 2020, or from the 80% nickel and 15% cobalt of current NCA batteries to
higher shares of nickel [89]-[108].
For the anode, further improvement to the graphite structure will be done, which
will allow fast charging rates [89].
For the electrolyte, there will be gel-polymer material development, as shown in
Figure 2.11[89].

In 2025 the mass production of Li-ion EVs is expected to have lower cobalt content and
higher energy density like NMC 811 [89]. Silicon can be added in small quantities to the
graphite anode to increase energy density by up to 50% [89], as well as increase safety
and performance. In the 2025-2030 period, technologies enabling significantly higher
energy densities (advanced Li-ion) will be available in the market. For example, lithium
metal cathodes are a promising solution for Li-ion batteries, which improve the
performance without relying on cobalt. In addition, anodes made of a silicon composite
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may be available starting from 2025. In the same time frame, solid-state electrolytes will
probably also be introduced to improve energy density and battery safety. The Li-ion
technology is expected to be overtaken by the “next generation” technology class in 2030.
This class is characterized by higher theoretical energy densities, as well as lower
theoretical costs. Examples include Li-air and Li-sulphur batteries. However, their
readiness level is very low, and the practical performance has to be tested.

Figure 2.11: Expected battery technology commercialization timeline [107].
Lithium-ion is therefore expected to remain the technology of choice for the next decade,
where it will take advantage of a number of improvements to enhance battery
performance. Other technology options are expected to become available after 2030, as
shown in Figure 2.11.

2.4.3 Degradation of lithium-ion batteries
The degradation of lithium-ion batteries can be calculated from calendar aging and
operating aging. The battery degradation has affects on two parameters: capacity fade and
resistance growth [109]. Capacity fade reduces the energy storage capacity, while
resistance growth reduces the power capacity. A key driver for operating aging is the Ah
throughput, i.e., the integration over time of the absolute value of the energy entering or
leaving the battery [110]. Another method to measure the battery degradation is the
number of cycles that bring the battery to 80% of its nominal capacity [111]-[112].The
remaining capacity can still be used, but it operates under a non-linear time-variant
parameter, which varies depending on use conditions. The battery lifetime variation can
also be estimated by misusing the internal equivalent battery impedance over time [113].
Therefore, the variation of the internal impedance is often used as an indicator of the
expected remaining lifetime and ageing process. In addition, Li-ion ageing process
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depends on three parameters: number of cycles, operating temperature and depth of
discharge (DoD) [112]. The effect of these parameters on the battery ageing is explained
below.
Number of cycles: The reduction in the number of cycles over the years affects negatively
the battery capacity and its lifetime. One cycle is a complete charging and discharging
process of a battery considering 80% DoD.
Temperature : The temperature strongly affects the battery performances and its lifetime.
If the battery works with temperature (35°C to 50°C or above) this will negatively affect
the battery lifetime. In addition, also low temperature (-20°C to -0°C) will also negatively
affect the battery capacity and its lifetime. The usable capacity is considerably reduced
with low temperature, and at the same time the charging process is not effective. The bestoperating temperatures of Li-ion battery are in the range between 0°C -25°C.
Depth of discharge (DoD): The DoD affects the capacity fade and the battery lifetime.
According to manufacturers’ datasheets, using a battery with 80% DoD increases the
battery degradation and decreases the lifetime. Therefore, manufacturers recommend
using the battery within 80%DoD for achieving an optimal compromise between
performance and lifetime.

2.5 Grid impact of uncontrolled EV charging
In the Nordic countries, the EV stock shares or community or EV penetration is still low
around 2%, therefore, it is too early to see any major affects from EVs on the grid. In
addition, the Nordic countries have strong and reliable electricity grids, because they were
built to serve relatively a high electricity demand. In Denmark, at the TSO and DSO
levels, no negative grid impacts from EVs have been reported yet [114]-[115]. In the
Nordic countries, the connection power for the houses is between 6kW and 15kW.
Instead, in a southern European country such as in Spain, the average power connection
to a household is around 5kW per household. In Italy, it is around 3.3kW [116]. Assuming
the current EV models with a home charging power from 3kW to 7kW, the household
power consumption would increase significantly, unless the power is managed by
reducing the charging power. In addition, the increasing electricity demand due to EVs
may exceed the maximum power available in the distribution grid [114]. In this case, an
insufficient household capacity may require grid upgrade including the replacement of
distribution transformers and cables. Different studies have been conducted to
demonstrate the potential grid impact of EVs in the near future. In Denmark, assuming
5% of EV penetration, approximately 100.000 EVs would be on the road [117].
Considering a charging level of 3.7kW for all the EVs under consideration, the Danish
peak load consumption would reach 6000 MW [118]. If the EV peak load would coincide
with the national peak load, the total peak demand would increase by 6.5%. According to
this value, such a large EV number would not present a problem for the Danish TSO. On
the contrary, before EVs would start causing significant issues on the TSO level,
substantial problems would appear on the DSO grid level. Another Danish study has
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reported a grid impact of 400 000 EVs with 20% EV penetration considering 6kW home
chargers. This scenario could cause the overloading of all grids and an under‐voltage
situation in feeders as shown in Table 2.4 [119].
Table 2.4: Impact of uncontrolled EV charging on the Danish LV grid [118]
EV penetration
5%
10%
20%
40%
60%
80%
100%

Peak load increase (%)
6.5
13.2
26.1
54.5
78.2
104.2
132.7

Voltage unbalance (%)
-2.11
-2.17
-3.15
-5.83
-7.76
-11.51
-15.28

In another study, the Norwegian Water Resources and Energy Directorate in Norway has
estimated two different scenarios. The first is based on increasing the power consumption
per household by an average of 2kW, which will overload 10% the transformers. The
second is based on increasing the power consumption per household by an average of
5kW, which will overload the transformers over 30% [44]. Similar studies have been
conducted for the Belgian grid where with 30% EV penetration the voltage deviations
increase by 10% [120]. Likewise, in the Netherlands, a study shows that a 30% EV
penetration would increase by 7% the national peak load demand and by 54% at the
distribution level [121]. In the UK, a 10% EV penetration would increase by 17.9% the
daily peak load. Instead, with 20% EV penetration the load at the distribution level would
increase by 35.8% [78]. Similarly, in Portugal, 10%, 14% and 52% EV penetration the
load at the distribution level respectively will increase around 11.2%, 16.3% and 84.7 %.
Similar results have been conducted in the US and Australia as shown in Table 2.5 [122][123].
Table 2.5: Impact of uncontrolled EV charging in different countries
Countries
Denmark [118]
Norway [44]
Belgium [120]
Netherlands [121]
United Kingdom [78]
USA, California [122]
Australia [123]

EV penetration
10% DSO
20% DSO
13% DSO
33% DSO
30% DSO
30% TSO
30% DSO
10% TSO
20% DSO
10% TSO
20% DSO
17%TSO
31% DSO

Peak load increase (%)
13.2
26.1
10.4
30.3
56
7
54
17.9
35.8
17
43
37
74
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Due to the increasing penetration rate of EVs, the EVs’ charging demand will bring
different challenges to DSOs, such as an unacceptable voltage drops on the feeders [124][125] and congestion of transformers in MV/LV grids [126]-[127]. In addition, EV
charging increases the electric network losses and causes accelerated ageing of the cables
and the distribution transformers [128]-[129]. In this new situation, the old “fit-andforget” approach would require that the DSOs to reinforce the existing electric grids to
withstand the new, continuously increasing demand. This would mean heavy investments
for the DSOs [130]-[131]. In order to avoid overloading electricity networks during peak
load periods, it is common practice accepted to control the power of the charging
infrastructures [132]. Therefore, different studies propose an alternative approach to
mitigate the EV impacts, based on the idea of charging EVs in a controlled manner in
order to avoid congested peak loads and mitigate voltage fluctuations. As the EV charger
technology for vehicle-to-grid (V2G) becomes more common, the batteries could also be
utilized as short-term energy storage systems. This short term energy storages could be
used by the DSO to for example reduce the grid congestion caused by the conventional
loads [133]. Enabling controlled charging could also help to maximize the integration of
the decentralized energy generation from RES [134]. However, EVs have a considerable
potential to exploit the flexibility within the power systems.

2.6 EV controlled charging
It is learnt from the previous section that the integration of high numbers of EVs cannot
be implemented by using traditional uncontrolled charging stations because this approach
would cause high grid reinforcement costs. Instead, different charging strategies need to
be designed and implemented. This represents one of the biggest challenges for DSOs.
There is strong agreement among researchers that EV charging must be coordinated.
Recent publications within this topic define three different charging strategies: local
charging control (LCC), demand-side management (DSM) and V2G strategy as shown in
Figure 2.12.

Figure 2.12: Charging strategies for EVs
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2.6.1 Local charging control
The LCC can be used by the EVSE operators (EVSEOs) or DSOs to modulate the power
demand and the charging duration during the peak hours. In this case the charging
modulation will follow the grid constrains. This method is simple and can be implemented
by using the standard IEC 15118, which interconnects the charging stations with the
DSOs [56]. Charging strategy for LCC is adapted in [135] by solving linear programming
problems inside one entity combining all the grid conditions. The charging strategy
utilizes load flow calculations for the electric grid constraints. In the strategy
implementation, a moving window optimization is used to enable the on-line simulations.
The disadvantage of the LCC strategy is the reduction of the charging power, which
significantly increases the charging time. This method can not be adopted within the fast
charging stations because the LCC would reduce the charging time.

2.6.2 Demand-side management
DSM is considered an important strategy to reduce the grid impact of EVs. This method
manages the charging demand by scheduling the arrival time of EVs during the off-peak
periods [136]. DSM is based on Time-of-Use tariffs, where the EV users can charge their
EVs according to the electricity price signal. Publications within this topic share a
common objective, which is to minimize the energy procurement cost for charging EVs,
as well as reducing the EV grid impact. In [137]-[138] the authors propose to achieve the
minimum charging costs by optimizing the EV charging power and time according to cost
signals, which can control the load shifting through market mechanisms. Instead, [139]
investigates the impacts of strictly cost based charging on the Danish grid and proposes
an alternative approach based on power capacity availability. In this case, the authors
confirm that the strictly cost-based charging would in fact reduce the congestion during
the peak hours by shifting the charging profile to the off-peak periods. The DSM method
is considered an important strategy for reducing the grid impact of EVs and helps to avoid
expensive grid upgrades as well as facilitates the integration of RES according to their
generation into the grid. The disadvantage DSM strategy is that EV users will be asked
to charge their EVs in response to price signals, which depends from RES generation and
a complicated electricity market. In addition, it has been demonstrated with the demand
response strategy that changing user behavior is difficult [140].

2.6.3

V2G strategy

In addition to cost minimization (DSM), V2G strategy can be a more effective instrument
for grid reliability and cost-effectiveness if there is an aggregator that combines and steers
the demand-side from a EV fleet [141]. In order to have a flexible EV charging, the V2G
strategy requires an active smart charging with a bidirectional converter where the EV
can be charged and inject power back to the grid. V2G allows the EV users and network
operators to schedule the charging profiles according to different economic or technical
objectives. The objectives include the provision of different ancillary services such as
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frequency regulation, reducing transformer loading and avoiding voltage violations. In
the provision of ancillary services, the service provider or aggregator needs a large fleet
of vehicles in order to sell the EV power flexibility in the electricity market. Figure 2.13
shows the aggregator framework and the connection with the stakeholders in a V2G
strategy.

Figure 2.13: EV aggregator and other power system stakeholders
In order to minimize the charging cost and the EV grid impact, EV aggregators generate
a coordination signal for the EV fleet, according to the information exchanged with the
DSO, the TSO and the electricity market. In this case, from the system operator’s point
of view, EVs can be considered as distributed flexible loads. Publications regarding the
V2G strategy share a common objective, which is to minimize the charging costs and
reduce the EV grid impacts, by providing ancillary services for the DSO to enable
congestion management as well as frequency regulation for the TSO [142]-[143].
Authors in [144] propose to schedule the charging demand and separate all the
stakeholders as individual entities. The charging strategy is based on continuous
information exchange between the EV fleet, aggregator and the DSO, who verifies the
schedules and the grid constraints. In this case, all stakeholders need to be coordinated
according to the requirements of each stakeholder by following the scheduling strategy
and constraint signals between the three entities. In this paper, different methods to
specify the EV and grid constraints are analyzed. The charging schedules and charging
power rates are solved by cost minimization objective and iterative quadratic
programming. Likewise, [145] presents a charging strategy that also separates different
stakeholders as individual entities. In this charging strategy, the charging scheduling
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entity has complete knowledge of the grid constrains. The EV fleet aggregator collects
and forecasts the EVs data, which are used to optimize the EV demand and availabilities.
The scheduling strategy defines the charging schedules and EV power demand by linear
optimization. In this case, the optimization is done based on charging cost minimization,
which is subjected to the EV and grid constraints. Based on the literature review, the EV
fleet aggregator acts as the middleman between EV owners and other power system
stakeholders [146]. In addition, the aggregators need to negotiate agreements with EV
owners in order to ensure the available capability of providing services and forecast the
electricity price based on the day-ahead market. Currently, the V2G business model
opportunities in the Nordic countries are relatively weak because the prices for flexibility
services are still low. In addition to the low price paid to EV owners, the V2G strategy
has different disadvantages, such as charging scheduling which, similarly to DSM,
imposes to change the user behavior in response to the aggregator’s signal. Additionality,
in order to provide ancillary services, EV owners would be required to park their vehicles
for a long period of time causing congestion of parking lots, especially in metropolitan
area. The V2G strategy and DSM are in contradiction with the future fast charging
stations where the charging time will be around 5min. The fast charging stations reduce
V2G flexibility as well as the provision of ancillary services. Therefore, V2G can be
implemented in rural areas or in cities where parking lots are not a problem. Alternative
methods to reduce the EV grid impact will be introduced in section 2.7.

2.7 Battery energy storage for EV charging
The use of distributed storage can reduce peak loading of transmission and distribution
infrastructure by placing BES physically close to electrical loads. The BES application
within power systems has different grid benefits, such as the provision of ancillary
services for the DSOs and TSOs. The main benefits of BESs are:
•

•

•

•

Peak shaving (PS): PS usually involves storing power during periods of low
electricity demand, and delivering it to the grid during periods of high electricity
demand. With this method, PS allows the postponement of investments in grid
upgrades or in new generating capacity.
Frequency regulation: BES can provide ancillary services to TSOs by providing
primary frequency control. In this case, the BES operates as a passive load when
the frequency is high and as a generator when the frequency is below the
acceptable limit.
Voltage regulation: BES can provide ancillary services to DSOs by providing
voltage control. The BES in this case can improve the voltage quality by absorbing
or injecting reactive power depending on the voltage level.
Balance production from intermittent sources: In this case, the BES can be
charged from RESs and discharged during periods of high electricity demand.
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Studies related to distributed storage typically investigate its applications in conjunction
with distributed generation such as PV and wind energy [147]-[148]. With the increasing
EV penetration, the focus on the integration of lithium-ion BES within charging stations
has increased. In the literature, two typologies are proposed in order to minimize EV grid
impact and the EV charging costs. The first considers the application of BES within
households in conjunction with RESs. The second evaluates the opportunities of
coordinating the BES within public charging stations, by considering BES cost reduction.

2.7.1 Battery energy storage within households
In order to reduce the EV grid impact on voltage and power quality of households, recent
publications are considering the introduction of BES in conjunction with PV for EV
charging [149]. This PV private storage concept considers two stages: first, charging the
BES through the PV generation and second, charging the EV by using the BES during
the evening. This concept, however, is effective as long as the grid connection and the
PV generation can cover the household energy demand during the year.

Figure 2.14: BES within households for the EV charging

Publications regarding PV, BES and EV share a common objective, which is to minimize
the EV charging costs as well as the reduction of the EV grid impact [150]-[151]. In [152]
authors propose to integrate PV units within households to charge EVs. In order to reduce
the grid impact, the authors schedule the EV charging time during PV generation hours.
According to this method, a dual benefit can be created for the DSO: voltage support and
grid losses reduction thanks to EV charging during the PV peak generation [153]. In
another study, authors in [154] present a smart design of an energy management system
capable of forecasting PV power production and optimizing power flows between PV
system, grid, and EV considering dynamic tariffs into account . Similar applications have
been analyzed within micro-grids by using a dynamic control in order to respond in realtime to the optimization framework [155]. The main advantages of the BES integration
are: no aggregators and demand response are required, therefore the user behavior will
remain the same. The disadvantage is the additional investment costs for the battery.
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However, considering battery price trends, the installation costs will not be a problem in
the future.

2.7.2 Battery energy storage within public charging stations
The integration of the BES within the public charging stations is considered an alternative
option to reduce the grid impact from EVs charging. Companies such as ABB and
research centers have proposed different design solutions to mitigate EV grid congestion
by using BES [156]. In addition, the growing numbers of DCFCSs from 150kW to 350kW
have increased the interest in the integration of BESs, to reduce the required power at the
distribution level and avoid additional grid upgrade costs [157].

Figure 2.15: BES within public EV charging stations

According to Figure 2.15, the electric load is composed of two components: the BES load
and the public charging station load. Publications including BES and fast charging
stations share a common objective, which is to minimize the EV grid impact and provide
ancillary services with the BES [158]-[159].The concept of the BES within public
DCFCSs has different advantages. In [160], the authors propose to use the BES for load
leveling and pack shaving. In this case, the BES is used to cover the extra power demand,
especially during the peak demand hours, when the EV load demand is higher. The
concept of providing ancillary services, such as voltage regulation, is considered in the
EDISON project [161] and in different publications [162]-[163]. An increase in voltage
deviations due to EV charging negatively affects the power losses in the transmission line
[164]-[165]. Likewise, [120] evaluates the impacts of the EV charging demand
considering the power losses and voltage deviations. Therefore, implementation of BES
and fast charging stations in distribution feeders can mitigate the EV grid impact as well
as facilitate the control and aggregation of EV load, as compared to the case where the
chargers are distributed following the concept of “fit and forget”. All the public charging
stations in Europe are designed according to the AC or DC conductive charging standard
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IEC 62196, IEC 61851 and [54]-[55], without considering BES. The architecture and the
design of the future public charging stations including BES are proposed in [161] and
[166]. Two design options can be utilized: the AC and the DC busbar configurations as
shown in Figure 2.16 and Figure 2.17.

Figure 2.16: Charging stations architecture using AC bus [161].

Figure 2.17: Charging stations architecture using DC bus [161].
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In both configurations, the AC and DC busbar are employed to transfer power to the
charging stations, and the BES operates in parallel according to the EV demand. Both
BES configurations are designed to operate as a buffer between the charging demand and
the grid constraints. The DC/DC and the DC/AC converters are used for interfacing the
BES with the busbar and EV charging. Each AC/DC chargers includes a harmonic filter
in order to mitigate the harmonics problems on the DSO side. Moreover, [167] concluded
that harmonic measurements are required for fast charging stations. In addition, the
performance and the power electronic design of the AC and DC busbar are analyzed in
[168] including a PV generation within the DC busbar. Likewise, [169] proposed an
effective DC voltage balance control considering wind and PV generation in the DC
busbar. As suggested in [170], the stochastics characteristics of both EVs demand and
RES generation must be carefully considered within the design part. The BES technology
considered for these applications is lithium ion. Alternatively to the lithium battery, [171]
proposed a charging configuration by using a flywheel energy storage. According to the
literature review, BES has become a key enabling technology for public charging stations
applications. DSOs, private EVSEOs are increasingly looking to reduce the EV charging
stations costs as well as mitigate their grid impact. BES plays a fundamental role for the
integration of DCFCSs within the urban area. So far, the BES within EV charging has
been considered only as a buffer, and it can reduce only a small part the required power
from the grid. The concept of using a small size of BESs are adopted in order to mitigate
the high price of the BESs as well as the costs of the converters. In the next chapter, a
new deign for the charging station architecture is proposed considering the BES for EV
charging a key strategy for reducing the charging time and the infrastructure costs of the
public charging stations.

2.8 Summary
In this chapter, an overview of current EV technologies, EV standards, EV market
penetration, including current and future scenarios, has been presented. According to the
reviewed research studies, the EV user behavior, driving patterns, charging time and the
charging location are the main topics considered in the literature review. Ultimately, EV
charging modes in AC and DC according to international standards have been analyzed
within the chapter.
The current and future EV market penetration is described in the Section 2.1. It was shown
that globally EV stock and market shares are increasing rapidly in many countries. In
Sections 2.3 and 2.4, a detailed study of the EV technology, lithium-ion battery price
trends as well as the future generation of lithium-ion batteries has been presented. The
price reduction of lithium-ion batteries for EVs and stationary applications is strongly
dependent on the future EV market penetration as well as the production of batteries
announced from different manufactures. The estimated cost of lithium batteries in 2030
will be 50 to 150 USD/kWh.
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The grid impact is reported in the literature has been analyzed considering the
uncontrolled EV charging in different countries. It was shown that EV penetration
increases the peak load significantly causing voltage quality issues in different scenarios
and the overloading of the MV transformers.
To reduce the grid impact of uncontrolled EV charging, the controlled EV charging was
considered in Section 2.6. Controlled EV charging is able to reduce the grid impact, as
compared to uncontrolled EV charging. Within controlled EV charging, three different
EV charging strategies were presented: local charging control, demand-side management
and V2G strategy. The main advantages and disadvantages of using EV charging
strategies have been considered. In particular, all three strategies consider as a necessary
parameter a reduction in the EV charging power in response to the aggregators' signals.
Theses strategies affect user behavior and their habits. In order to simultaneously maintain
unvaried user behavior and mitigate the EV grid impact, BESs for EV charging were
presented.
According to the literature review, BESs for the EV charging can be integrated either
within households and workplaces for private charging or within public charging stations.
In both cases, the integration of BES can mitigate the EV grid impact and, at the same
time, it can be used for ancillary services.
In Chapter 3, particular attention has been given to public charging station architecture,
considering BES as a crucial strategy to reduce the grid impact from EVs. In Chapter 3 a
new charging stations architecture deign is presented, considering the BES a key strategy
for EV charging in order to reduce infrastructure costs of the charging stations as well as
charging time.
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3

Battery energy storage within DC
fast-charging stations
In this chapter, an architecture for new public charging stations is presented. This
architecture considers the lithium-ion battery as a key strategy for EV charging, with the
objective of reducing the EV’s grid impact, the infrastructure costs and the charging
times. A new design architecture of DCFCS is also presented for EVs combined with
local BES. BESs in combination with DCFCSs are able to decouple the peak load demand
caused by multiple EVs and decrease both the installation costs and the connection fees.
The proposed design method can reduce not only the EV grid impact but also the
installation costs and charging times. In addition, BES within DCFCSs facilitates the
integration of EV charging in existing LV grids without the need of additional costs for
grid upgrades. Finally, case studies are presented, where CBA is also carried out in order
to validate the financial feasibility of BES compared to a traditional connection of
DCFCSs to the MV grid, where grid reinforcement is required. This chapter includes
detailed information on Paper A, B, C and D, which are included as appendices.

3.1 Grid integration of DC fast-charging stations
3.1.1 Literature survey and contributions
The increasing penetration of EVs and their charging systems represents a new highpower consumption load for DSOs and EVSEO. To solve the problem of the EV range in
terms of driving kilometers, car manufacturers have invested resources on new EV
models by increasing the size of the batteries as shown in Chapter 2 [62]. To satisfy EV
load demand of new EV models in urban areas, the public DCFCS is indispensable to
recharge EVs rapidly. Considering the growing number of EVs over the next ten years,
appropriate fast charging infrastructures are essential to supply the future EV power
demand within metropolitan areas in order to avoid congestion in the public parking lots.
Currently, public charging stations in the major European cities are providing from 7kW
to 43kW in AC, which with the current EV models and charging stations require more
than one hour charging time to cover a driving range of 150 km [20]. As shown in Chapter
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2, the EN /IEC 61815 and automotive engineers in U.S. SAE J1772 have proposed the
EV charging modes and the maximum power delivered both on AC and DC, for private
and public charging stations [54]-[57]. Table 3.1 summarizes the main characteristics of
the charging modes with their respective powers according to IEC 61851 and IEC 62196
[54]-[55]. The IEC 62196 applies to plugs, socket-outlets, and connectors that use
conductive charging.
Table 3.1: Home charging stations and public charging stations power
Home /office
charging
station
Mode 1
(AC)
Mode 2
(AC)

Current
situation
[kW]

Standard
capability
[kW]

11

11

22

22

Public
charging
station
Mode 3
(AC)
Mode 4
(DC)

Current
situation
[kW]

Standard
capability
[kW]

43

170

150

600

Currently, the charging systems used are in Mode 2 and 3 in AC in order to lower the
infrastructure costs, reduce the grid impact and align with international standards.
Charging architectures using AC power are robust, but nowadays they are limited to
43kW. So far, car manufactures are not interested in increasing the power of the on-board
chargers because it limits the available space for additional battery packs. Instead,
increasing the battery pack is indeed more appealing to car manufacturers, as this would
widen the driving range of the EVs. Therefore, AC charging represents a limitation in the
metropolitan areas for the long charging times and the consequent space restriction of
public parking lots. In order to solve those issues, special attention should be paid to the
off-board charger for delivering direct current, in order to charge in a short period.
Typically, charging times of Mode 4 is from 50 to 30 minutes to reach 80% of battery
SoC with a power between 50 and 120kW. Recently, some companies are starting to
develop new fast charging systems in DC because the standard allows charging with 400A
and maximum power of 150kW in combined charging systems (CCS) [157]. Instead,
Tesla system uses 120kW in DC with a connection to MV grid and CHAdeMO in LV
with 62.5kW in DC. The advantages of Mode 4 are to reduce charging times and the
conversion losses of the converters. Usually, the charging spots in DC are operating at
high power levels, where a strong distribution grid, and typically a connection to MV
level is required. This brings physical space and investment requirements from a grid
viewpoint. So far, extensive study has focused on optimizing the EV penetration and the
charging infrastructure costs. An optimal approach is proposed in [172] with a day-ahead
energy planning of EVs by scheduling different EVs scenarios. Some authors are focused
on innovative schedule price policies [173], in order to avoid the peak load and the
waiting time at the fast charging stations. Instead, reference [174] suggests a hierarchical
game approach on the electricity price strategy by improving the reliability of the power
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systems and the economic profits of the DCFCSs. However, it was shown in Chapter 2
that the integration of DCFCSs involves different aspects of the power systems, such as
the network losses, overloading of distribution transformers during the peak demand and
the negative impact on the voltage profile. In this chapter, particular attention is given to
the fast charging infrastructure costs and their integration within power systems
considering BES. Reference [175] proposes an optimal sizing and siting of the charging
infrastructures in order to improve the voltage profile by reducing the network losses as
well as the charging infrastructure costs. Likewise, [176] proposed an optimization
process for sizing and siting the EV charging stations within the power systems in order
to reduce the investment and operation costs of the charging architectures. In addition,
[177] suggested a cost-effective siting of EV charging infrastructure by using a spatially
explicit agent-based model that determines the spatial distribution of chargers by
introducing load shifting of the EV demand. Alternative methods to reduce the grid
impact were included in Chapter 2 considering the integration of BES within the charging
stations. Reference [178] proposed to use stationary batteries as a buffer between the grid
and the charging stations in order to limit the EV peak consumption as well as the
charging costs. Likewise, [19] introduces an optimal size of BES within DCFCSs, by
using a dynamic traffic model in order to minimize the DCFCSs operational costs and the
BES size.
Consequently, it is important to design appropriate fast-charging stations for EVs, which
are able to meet the expected demand. Designing appropriate charging infrastructures
requires not only meeting the EVs demand at any time of a day but also minimizing the
installation costs for upgrading the grid. In Denmark, the transformers used from the
DSOs to upgrade the MV/LV grid are commonly 500kVA [31]-[30].
Despite the fact that recent papers have introduced DCFCs and BESs, more work is
required on the DCFCSs design and the BES size by considering the increasing EVs
market penetration [20]. Additionally, the integration of the BESs within DCFCSs have
to take into account the evolution of the power electronics, as well as the new lithium-ion
battery technologies [107] and the annual cost reduction of batteries [103].
In this chapter, a new design criterion including two BESs within DCFCSs is proposed.
In particular, the design architecture consists in a stationary twin BESs that allows partial
decoupling between DCFCSs and LV grid as shown in Figure 3.1. The operation of the
DCFCS is based on dynamic charging systems of the BESs that allow one of the batteries
(BES2) to be charged from the grid, while the other battery (BES1) is charging an EV and
vice versa. The study aims to determine the optimal size of the DCFCS and BESs by
taking into account different scenarios of EVs charging demand. Furthermore, the
proposed solution allows to reduce the charging times, the power required from the grid
and the MV grid reinforcement costs due to DCFCSs.
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Figure 3.1: DC fast charging station in Mode 4 with BESs
In conclusion, compared with the published works and state of the art provided in Chapter
2, the main contributions of this work include:
•

•
•

A statistical method to determine the expected EV charging demand by using
different commercial EVs. According to the EV demand, an optimal design of the
BESs and DCFCSs are implemented by using real BES data from the datasheet
within the simulations.
A novel planning method for the integration of different DCFCSs within the
power systems in order to minimize grid connection costs by using BESs.
Finally, CBA is performed to evaluate the financial feasibility of BES within the
DCFCSs by considering both the battery life cycle and replacement costs.

3.1.2 Design methodology of the BES within DCFCS
Combining DCFCS and BES can provide a reliable solution to mitigate unfavorable side
affects on the grid. The EVs’ load demand can be partially reduced with this combination
by decoupling the power demand through the BESs. The proposed solution contributes to
reduce the grid impact [25] and defers costly network reinforcement [31]-[30]. In
addition, the BES solution has the potential of providing various ancillary services
charger to grid (C2G) to support the power system operation, such as primary frequency
control for the TSOs or voltage control for the DSOs. The DCFCS is not only an
infrastructure for EVs charging, but also a crucial solution to integrate them into smart
grids, which interconnects the main grid with various DERs and BES, as shown in
Chapter 2.
Another factor that needs to be taken into account is the cost reduction of the lithium-ion
batteries [103]. This represents a great opportunity for integrating the BES within
charging stations. In EVLabDK [179] and the project EnergyLab Nordhavn [46], BESs
data was collected and analyzed by using our laboratory facilities. A model for the optimal
operating of the BES in the distribution grid was developed considering the
communication control and compatibility of devices with the current and future
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technologies. In particular, the development of the power electronics and the
advancement of the battery storage technology will be decisive factors for the future
design of the DCFCSs. The proposed DCFCS focuses on a specific power electronics
architecture consisting bidirectional AC/DC converter, DC/DC converter and two BESs.
Thanks to the combination of these components, the EVs can be charged from the BESs.
Precisely, the operation of such a system is based on successive switches of the BESs
connection that allow one of the batteries (BES2) to be charged from the grid while the
other (BES1) is charging an EV and vice versa, as shown in Figure 3.2.

Figure 3.2: DCFCSs in Mode 4 with BES

The charging station will have one or more charging slots, and each of them can be
connected to the LV grid with a minimum power of 22kW required form the grid in AC.
The BES1 and BES2, converters AC/DC and DC/DC and the EV have been designed by
using models available in Matlab/Simulink, and the efficiencies of the converters are
estimated around 95%. For determining the optimal operation of the DCFCS, a large
amount of data must be known, such as the arrival time, EVs’ SoC and the charging
duration. In this case, the EVs load demand generated by the EVs changes during the day
it is considered a random variable. In order to design the AC/DC and DC/DC converters
and the BESs, two important parameters are calculated.
•
•

First, the calculation of the effective EV energy demand (BC) by used EVs in the
market.
Second, the arrival time of EVs and their (SoCEVs ) at the charging stations.

The functionality of the charging system has been evaluated on a large scale by
comparing different commercial EVs with different batteries [Paper D]. Based on the
current commercial EVs, the EVs load demand capacity and size BES1 and BES2 can
be calculated. Table 3.2 shows different EV models from 2015 to 2017. The initial
EV SoCs (SoCEVs) is estimated 35% according to the Green eMotion project [75].
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Table 3.2: Commercial EV models from 2015 to 2017
Models
(2015-2017)

Range
[km]

Battery EVs
[kWh]

EV Load
[kWh]

BEV

Bc

Mitsbuishi i-MiEV

100

16

7.2

Smart Electric

110

17

7.7

Chevy Spark EV

130

17

9

BMW i3

130

22

10

Ford Focus EV

130

23

10.33

Fiat 500e

140

24

10.8

Leaf 24kWh

130

24

10.8

Leaf 30kWh

165

30

13.55

Kia Soul EV

150

30

13.55

Mercedes BClass

170

36

16.2

VW eGolf

300

37

16.7

Tesla S 60

340

60

27

Tesla model 3

350

60

27

The size of each BES can be calculated as:
=
BES
=
Bc
 BES
1
2

 Bc = BEV ⋅ (1 − BSoC − B80% )

(3.1)

BEV is the EV battery capacity declared by the manufacturers, BSoC is the initial SoC of
EVs before EV charging and in Equation (3.1) is 0.35. B80% represents the fixed constraint
for charging EVs up to their 80% SoC, therefore B80% is fixed to 0.2. Charging the EVs
up to 80% SoC reduces the BESs size as shown in Equation (3.1) as well as the charging
time. In order to calculate BC, the following statistical calculations are carried out to
evaluate the effective EVs load demand and its confidence intervals. First, we can
calculate the mean of BC according to Table 3.2 as shown in Equation (3.2).
___

Bc , n

1 n
= ∑ Bc ,i
n i =1

(3.2)

The variance can be expressed as:

=
sn2

___
1 n
(
B
−
B
∑ c ,i n ,i ) 2
n − 1 i =1

(3.3)
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The probability function can be expressed as F(t) according to Γ distribution is:
(n + 1)
2
F (t ) = ∫
−∞
x2
Γ(n / 2) π n (1 + )( n +1)/ 2
n
t

Γ(

(3.4)

The confidence interval is 0.95, with n=13, which represents the numbers of EVs under
considerations as shown in Table 3.2. The confidence interval can be expressed as:

Bc

___
s
 ___ s

t α (n − 1), B +
t α (n − 1)  ,
⊂ B −
n (1− 2 )
n (1− 2 )


c ,n

c ,n

(3.5)

where α is 0.05 and t can be calculated according to the statistic tables. Equation (3.5)
shows the confidence interval of BES1 and BES2. Equation (3.5) calculates the BC mean,
which is 11.4kWh for each BES, and both have been oversized to 14.25kWh in order to
maximize the BES lifetime cycles according to a maximum DoD which cannot exceed
75% [180], as shown in Figure 3.3. Therefore, each BES can be fully charged from the
grid and discharged through the EVs up to 25% SoC.

Figure 3.3: Charging and discharging process of the BESs through the grid
The SOCs of the BESs, SOCBES1 and SoCBES2 are determined by measuring the voltage
on the battery terminals. The reference voltage establishes the discharge curve of the BES
within the nominal operating area (linear SoC) without exceeding 25% SoC. When the
SoCBES reaches 25%, the BES will stop transferring power to the EV. The EVs are charged
up to 80% of their SoC because of the charging characteristics of lithium-ion batteries.
The limitation of the charging process up to 80% is due to the EV-battery management
system (BMSs), which will drastically reduce the power and the charging times. The
power limitation from the BMS is used for security reasons because from 80% up to
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100%SoC, the voltage increases in a nonlinear region and it is difficult to estimate the
EV SoC in progress, as shown in Figure 3.4.

Figure 3.4: SoC determination through the voltage measurement
In addition, based on the tests performed in our laboratory, a BMW i3 EV with 33kWh
has a charging time of 30 minutes considering SoC from 8% to 80%, while from 80% to
100% the charging time is 35 minutes. As shown in Figure 3.5 with 50kW charger (ABB
t53), the charging process from 80% to 100% SoC represents approximately 54% of the
total charging time.

Figure 3.5: BMW i3 charging profile from 8% to 100% SoC
Therefore, charging EVs up to 80% SoC reduces the charging time at the charging stations
as well as the BESs size according to Equation (3.1). The degradation of the BES and the
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replacement is considered in Equation (3.6). The BESDL is the BES degradation life
expressed per year as:

K PY ⋅ ∆Te −1
 BES DL =
BESCDoD

 BES = α ⋅ DoD − β DL
CDoD
DL


(3.6)

KPY represents the number of cycles per year of the BESs under a predefined variable
work temperature ΔTe =0.9814 [181], while BESCDoD is the relation between the number
of cycles given by the manufacture and the DoD. αDL is the maximum life cycles with
DoD at 100%, and βDL is the interpolation value of the lithium-ion battery which is 1.61
[112]. As an example, for a lithium-ion NMC with 5000 cycles calculated with 80% DoD,
αDL corresponds to 3500 cycles [112]. The cycles of ageing per year can be expressed
based on end of life (EOL) criterion. EOL is considered when 20% capacity fade (CF) is
reached [112]. According to Equation (3.7), the BES capacity fade (BESCF) in (%) per
year can be calculated as:
=
BES
BES DL ⋅ CF
CF

(3.7)

The charging/discharging characteristics of a li-ion battery are considered in this chapter
in order to dimension the AC/DC–DC/DC converters. The DC/DC converter can be sized
according to the Equation (3.1). In order to fast-charge the EVs the discharge rate of the
BESs is fixed to 6C. With 6C discharge rate the DC/DC converter is designed to charge
EVs in less than 10 minutes. Therefore, according to this discharging rate (Dr) the DC/DC
power can be calculated as:
PDC − DC =

Bc
Dr

(3.8)

According to Equation (3.8) the size of the DC/DC converter must be at least 70kW, while
the AC/DC converter size is 50kW with a BES charging rate from the grid of 4.62C.
AC/DC converter can be chosen in an arbitrary manner as long as the power is less than
70kW. Considering the proposed model, the DCFCS is able to provide 11.4kWh to EVs
in 10 minutes, and both BESs can be charged from the grid in 14.4 minutes, considering
95% efficiency from the converters [156]. The AC/DC converter is fixed to 50kW in
order to reduce the charging process of BESs from the grid. In this case, the design model
allows partial decoupling between DCFCS and LV grid by reducing the required grid
power by 28.57%.

3.2 Cost-benefit analysis methodology
Designing an appropriate DC-charging station in low voltage (LV) is important to avoid
the connection in MV and minimize the operating costs. In addition, DSOs are focused
on minimizing losses and reducing the size of the electrical lines to mitigate the network
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congestion. This section presents the methodology applied for CBA considering the
integration of BESs in conjunction with charging stations [182]-[183].
•
•

First method, Case A uses DCFCSs according to the proposed design system:
BESs within DCFCSs by using a connection to LV grids.
Second method, Case B uses standard DCFCSs connected to MV grid.

The charging configuration of these systems will be presented in the next section. The
main objective of the CBA is to establish the infrastructure costs of Case A and B in order
to evaluate the costs and the benefits of BES within DCFCSs by using different storage
technology. In particular, if it is convenient for the DSO or EVSE-O to integrate BES
within DCFCSs or it would be better to consider the standard DCFCSs connected to the
MV grid. Considering EV market penetration over the next ten years, it is important to
evaluate the economic analysis of the charging infrastructures by considering different
charging configurations including BES [183]-[184]. Therefore, the key components of an
investment are: the capital cost or initial investment, the interest rate of the investment,
the return on the investment and the lifetime of the investment. In this case, two methods
have been used.

3.2.1 Cost-benefit analysis simplified method
The simplified method does not consider the time value of the money over the years and
interests. The payback period (PBP) is the amount of time necessary to recover the capital
investment from the net cash flow, and it is calculated as [184].
PBP =

Ct
Bt

(3.9)

where Ct represents the cost of the investment and Bt is the annual benefit or revenue per
year. Another important parameter is the internal rate of return (IRR), which is the
reciprocal of the PBP and it is generally expressed as a percentage [184]:
IRR =

Bt
Ct

(3.10)

The IRR is the discount rate at which the net present value of all cash flows is equal to
zero. The interest rate, in this case are considered equal to zero

3.2.2 Cost-benefit analysis complete method
This method considers the time value of the money over the years and interests. The net
present value (NPV) is the difference between the present value of cash inflows and the
present value of cash outflows. It is one of the most frequent investment criteria for
deciding on a given investment. The NPV is calculated [184]:
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(3.11)

The NPV is the sum subtracted from future benefits minus costs as shown in (11). Bt and
Ct as shown in the simplified method represent the benefit and the cost during the
investment period T, respectively, r is the discount rate (or interest rate), and C0 stands
for the total initial investment costs. The NPV is used to analyse the profitability of a
planned investment or project, and any project with a positive NPV can be considered
profitable. This complete method is shall be used for the financial assessment of BES
projects, as in [182]-[183]. If the NPV is positive, the project is theoretically worthwhile,
since the sum of future cash flows over a certain time period are enough to cover both the
initial capital cost and the assumed interest rate before the end of the lifetime of the
investment. If the NPV equals zero, the balance occurs at the end of the lifecycle of the
asset, therefore the investment is scarcely attractive. Negative NPVs mean that
investments are not profitable for the investors. The profitability of projects can be
compared through the ratio between the NPV of the project and the related investment
(NPV-benefits/NPV-costs), commonly called benefit-cost ratio[184]. This method is used
for evaluating and comparing the economic performance of one or more investments. The
benefit-cost ratio (B/C) ratio and can be expressed as:
T

NPV ( Benefits )
B/C =
=
NPV (Cos ts )

Bt

∑ (1 + r )

t

t =1

T

Ct

∑ (1 + r )

t

+ C0

(3.12)

t =1

B/C is largely employed to estimate the cost of a project compared to the benefits derived,
seeking to determine an optimal approach to achieve benefits. When it comes to financial
decisions, where the discount rate r is considered, the CBA estimates the monetary value
of the costs, and the monetary value of the benefits, and compares them to evaluate
whether the decision is worth taking.

3.3 Cost and revenue calculation
The cost and revenue calculation in this section considers the two aforementioned cases
to calculate the CBA: Case A – DCFCS with BES and Case B – DCFCS with a connection
to the MV grid.

3.3.1 Case A: BES within DCFCSs with a connection to the LV grid
In the case A the annual costs and benefits associated to BES within charging stations are
calculated taking into account the infrastructure costs. The benefits are the consumption
of electricity sold to EVs’ users. The total annual cost for Case A Ct,A can be calculated
as:
Ct , A = C A + In + O & M

(3.13)

Battery energy storage within DC fast-charging stations

50

where CA includes the component costs: the chargers costs Cc and batteries costs as well
as the BES life cycle costs considering the replacement costs during investment life T. In
is the installation costs, and O&M is the operation and maintenance cost.The BES life
cycle costs is calculated according to the Equation (3.6) and can be expressed as:
=
CA

T

∑ BES
t =1

DL ,t

⋅ CBES ,t + CC

(3.14)

BESDL is the BES degradation life per year, CBES represents the BES costs per kWh. The
local charging control of the BES is based on the DoD of the BESs [180], and in this case
study the BES is sized to be discharged by the EV with a DoD=75%. Therefore,
considering a variable EVs daily demand, each EV charged by the BES involves one
cycle of the BES. The BESs are oversized of 25% in order to achieve the minimum
operational lifetime costs [185] . The total annual benefits or revenue Bt,A for the Case A
can be calculated as:
Bt , A =( E ⋅ Ce ) ⋅ TA

(3.15)

where E is the daily energy sold in function of the EV demand, Ce is the cost of electricity
paid by the EV users and TA is the total time in a year measured in days.

3.3.2 Case B: DCFCSs with a connection to the MV grid
In Case B, the annual costs and benefits associated with the grid investments in MV are
considered by comparing similar investments [30]-[31]. The rate of interest r for grid
investments according to [186] can be assumed 4%.The grid upgrade takes into account
the infrastructure costs, the new cable lines and a 500 kVA transformer as well as the DC
charging stations and installation costs. The benefits of Case B electricity consist in the
electricity consumptions. The total annual cost for Case B Ct,B can be calculated as:
Ct , B =
In + O & M + CB

(3.16)

In is the installation costs and O&M is the operation and maintenance cost. Instead, CB is
the cost of components (including the chargers, lines and transformer). The total annual
benefits of Case B (Bt,B) can be calculated as shown in (3.15).

3.4 Modelling and control results
The reliability of the system and the performance of the DCFCS are evaluated based on
15-minute simulation in Matlab/Simulink. A boost converter controls the voltage limits
through a PI. Finally, in order to evaluate the stability of the converter, a case study has
been done with EVs of 24kWh and SoC of 35% [75]. In addition, other studies have been
performed considering the capability of the DCFCS in various scenarios with different
EVs and SoCs.
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3.4.1 The charging process of EVs
EV has a nominal capacity given by manufacturers with a number of kilometers according
to EV efficiency and driving behavior. Therefore, an EV with 24kWh declared by the
manufacturer and SoC 35% only 10.8kWh is used as work capacity. 10.8kWh is
calculated as 24 (1-0.35-0.20) as shown in Equation 3.1 in “Design methodology of the
BES within DCFCS”. Where 0.35 is the EV SoC, and 0.2 is the end of the charging
process at 80%SoC. Consequently, each BES is able to transfer 11.4kWh through the EV
with a discharging rate of 6C. Due to the communication [56] DCFCS-EV, when the EV
reaches 80% SoC the DCFCS will stop charging. The energy delivered from the BES, in
this case study is 10.8kWh with 70kW converter, enough to reach 80% EV SoC in 10
minutes. With 11.4kWh of transferable energy, the DCFCS is able to provide more than
100km, assuming an EV driving efficacy of 0.11kWh/km. Currently, EV driving
efficiencies varies from 0.1kWh/km to 0.2kWh/km [62]. Figure 3.6 shows the discharging
process of the BES1 through the EV and the power absorbed by the EV. As expected, with
a decrease of the SoCBES1 as shown in Figure 3.6a, the current remains constant, at 140A
(Figure 3.6d), and the voltage drops according to the battery SoC, as shown in Figure 3.6
c. Instead, Figure 3.6b represents the active power absorbed through the EV. The converter
respects the power limit of 70kW with a discharging rate of 6C.

Figure 3.6: Charging process of EVs: (a) Discharging process of the BES through the
EVs, (b) Active power absorbed by EVs, (c) Voltage profile at 6C, (d) Current delivered
from BES.
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It must be remembered that the discharging rate of BESs can be higher than the charging
rate. This concept has been explained above (Figure 3.5) and it is due to lithium-ion
charging and discharging characteristics.

3.4.2 The charging process of BESs
When the BES1 is charging an EV at 6C, the BES2, if previously discharged, can be
recharged through the grid with 50kW AC/DC converter and a charging rate of 4.63C as
shown in Figure 3.7. The charging process of each BES will therefore take longer time to
store 11.4kWh because the AC/DC converter is limited to 50kW. As previously
mentioned, the DCFCS is designed to be used in LV grids, mainly in cities. It can charge
EVs up to 80% of their SoC in 10 minutes.

Figure 3.7: Charging process of the BESs: (a) SoCBES2 charging process ; (b) Active
power delivered in LV grid
As shown from the simulations, the DCFCS has a dead area of 3.6 minutes, which is the
time difference between the charging process of the first BES at 50kW and the discharge
process of the other BES at 70kW. During this time is not possible to charge any EV and
the EV user needs to wait until the BES is fully charged from the grid. The maximum
dead area according to the proposed design is 4.4 minutes; this dead time is reasonable
and may vary depending on the design of the converters as well as the charging and
discharging rates of BESs. The converter has proven to be stable during the entire
charging process by effectively varying the load dynamically. In the next section,
different scenarios are proposed by varying EV SoC.

3.4.3 Different charging scenarios of BES within DCFCS
In this section, the functionality of the charging system is evaluated on a large scale by
charging different commercial EVs present on the market. The calculations made are
based on two scenarios:
•
•

Start charging time of EVs at 25% SoC as shown in Figure 3.8 [56];
Start charging time of EVs at 35% SoC as shown in Figure 3.9 [56];
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The case studies take into account several EV models sold between 2015 and 2017 with
battery pack between 16kWh and 60kWh. It can be deducted from Figure 3.8 and 3.9,
where DCFCS strategy can in theory provide around 100km range in 10 minutes.

Figure 3.8: EVs SoC and distance (km) available at the end of the charging
process with SoC 25%,

Figure 3.9: EVs SoC and distance (km) available at the end of the charging
process (a) with SoC 35%,
Under another perspective, Figure 3.10 shows the charging limit of the DCFCS and the
capability of charging EVs up to 80% SoC as a function of the EVs’ SoC and the battery
pack. It can be seen that DCFCS can charge EVs up to 80% SoC as long as the EVs battery
pack is smaller than 24kWh assuming the EVs’ start charging times with 25% EV SoC. If
the EVs’ start charging times are 35% SoC, the maximum EV battery pack capacity that
the DCFCS can charge up to 80% SoC increases to 30kWh. For larger EV battery packs,
such as those of Tesla models ranging 60kWh to/80kWh, EV-Van and EV-suv, the
DCFCS is able to provide 50/60% of SoC within the 10 minutes. If the users need more
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driving kilometres or it they want to reach 80% SOC, the EV could be charge twice by the
DCFCS.

Figure 3.10: Charging limit of the DCFCS with EVs at 25% SoC and 35% SoC

3.5 Cost-Benefit Analysis Results
In this section, in order to analyze the CBA of the BES within DCFCSs two separate
layouts to connect the DCFCSs within the electrical grid are considered. The first one
(Case A) considers a CBA of the BES within DCFCS connected in LV grids. In this case,
the benefits assessed include the decrease of grid costs in terms of grid reinforcement,
such as a new transformer, new lines and the connection fee in MV. The second layout
(Case B) considers a CBA - to justify a standard investment of the charging stations in
the MV grid with a new transformer and new lines. A business model has been made for
each scenario by considering the same EVs demand per day as shown in Figure 3.11.

Figure 3.11: Case A grid integration of BES within DCFCSs with the connection to LV
grid and Case B standard integration of DCFCSs with a connection to the MV grid
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3.5.1 Case A: Grid configuration of BES within DCFCS in LV
The integration of BES within DCFCSs in metropolitan areas could be an efficient
solution to avoid the connection in MV. As seen in Section 3 “Design methodology of
the BES within DCFCS” the DCFCSs with the BESs enable the users to charge the EVs
up to 80% of their SoC with a charging time of 10 minutes. As it was seen, the new design
of the charging stations allows to partially decouple the DCFCSs load from the grid by
reducing the required grid power of 28.57%. This is possible, as pointed out, thanks to,
thanks to successive switches of the BESs that enables one of the batteries (BES2) to be
charged from the grid while the other (BES1) is charging an EV and vice versa, as shown
in simulation results. The grid configuration of Case A is shown in Figure 3.12.

Figure 3.12: Case A – DCFCS in Mode 4 with BESs connected to LV
This case study considers the maximum power of the LV grids in order to prevent a
connection in MV grid. To avoid a connection in MV, and thereby the high costs of grid
reinforcement, DSO’s load should not be higher than 500kW [30]-[31]. In the present
case, seven chargers of 50kW each are able to prevent the connection in MV, but thanks
to the decoupling through DC/DC converters, the chargers can provide up to 70kW on
the EV side with the discharging rate of 6C. One shortcoming of this DCFCS design is
the battery cost and in particular, the replacement costs of the battery at the end of their
useful life. The CBA of the Case A will consider costs of the DCFCSs and the battery
replacement costs including the installation costs of the chargers. Case A takes into
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account different lithium-ion batteries with different cycles. In the Case A three different
lithium –ion technologies are analyzed: current technology lithium-ion battery NMC with
5000 and 10000 cycles [112] and a future scenario such as lithium-ion battery LTO with
25000 and 30000 cycles [187]. The energy sold to the final users in the CBA is considered
as benefits as a function of the number of EVs charged per day.

3.5.2 Case B: Grid configuration of DCFCS in MV
The choice of the number of DCFCSs is done according to Case A with the same EVs
load demand and charging time. Accordingly, seven DCFCSs of 70kW require a new
connection to the MV grid. The investment cost for the Case B is high in terms of grid
reinforcement because with a power of 490kW, new dedicated lines are required for the
connection to MV as well as a new substation with a transformer of 500kVA. The grid
configuration of Case B: DCFCS in Mode 4 with a new connection to MV is shown in
Figure 3.13.

Figure 3.13: Case B – DCFCS in Mode 4 with a new connection to MV
The infrastructure costs include the expansion of the distribution network, the new lines,
DCFCSs costs as well as the installation costs. Different simplifications are considered in
order to compare Case A with Case B such as the number of EVs charged per day is
assumed to be the same. In addition, in both cases, the start charging time of EVs is
assumed to be 25% SoC and 35% SoC. The energy sold to the final users is considered as
revenue in function of the number of EVs charged per day. The market and technology
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inputs of the CBA will be discussed in the following section through the use of different
EV scenarios.

3.5.3 Economic assessment of Case A and Case B
An economic assessment for the proposed solutions will be carried out in order to
compare the costs and benefits of the Case A versus Case B. The analyses of the
economical results PBP,IRR, NPV and B/C ratio are summarized in Figures 3.14 and
3.15, and Table 3.3, 3.4, 3.5, 3.6 and 3.7. All the economic parameters are used to evaluate
the financial performance of the five case studies presented in the Section “Cost-benefit
analysis methodology”. The financial performance of Case A, BES within the DCFCSs
is dependent on the life cycle cost of the batteries and Case B, MV connection is closely
linked to the number of EV charged per day. The economic performance of Case A and
Case B are compared assuming different costs and benefits listed in Table 3.3.
Table 3.3: Market and technology inputs of the Case A and Case B
Case A

Case B
Costs [€]

DCFCS cost [157]
Li-ion battery price
€/kWh forecast
including converters
[103]
EV demand: 14.25
kWh [62]
Price paid from EV
users [15]
Discount rate (r): 8%
[182]
The investment life:
20 years

Benefits

35.000
200

0.6€/kWh

Costs [€]
DCFCS cost [157]
Component costs: 0.1
km line in LV and
1 km in MV and
transformer
EV demand: 14.25
kWh [62]
Price paid from EV
users [15]
Discount rate (r): 4%
[186]
The investment life:
20 years

Benefits

35.000
Table 1.3
Chapter 1
[30]-[31]

0.6€/kWh

For grid investments discount rate or rate of interest is 4% [186], instead investments in
energy storage can be considered riskier. Therefore, the interest rate used in this case is
8% [182]. Figures 3.14 and 3.15 compare the financial performance of Case A versus
Case B considering four types of batteries with different cycles. In both cases, a PBP and
the B/C ratio are compared. As shown in Figures 3.14 and 3.15, the black lines show
financial performance by using the Case B connection to the MV grid. Instead, in the
Case A the red line and orange line are representing the current technology of lithium-ion
battery NMC with 5000 and 10000 cycles [112]. The blue line and violet line are
representing the future generation of the lithium-ion battery LTO with 25000 or 30000
cycles [187]. LTO has half energy density but high performance in terms of cycles. The
cycles are strongly related to battery replacement. As expected, increasing the number of
battery replacements has a significant impact on the financial performance of the battery
storage project, as shown in the red line and orange. According to Figure 3.15, the benefit-
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cost ratio B/C of Case A is higher than Case B as long as the EV demand does not exceed
250 EVs/day.

Figure 3.14: Case A and Case B economic comparison: Payback period (PBP) versus
the number of EVs charged per day

Figure 3.15: Case A and Case B economic comparison: Benefit-cost ratio B/C ratio
versus the number of EVs charged per day.
Tables 3.4, 3.5, 3.6, 3.7 and 3.8 summarize the main economic assessment of Case A and
Case B. As shown in Figure 3.15, batteries with high cycles will be more competitive to
the Case B standard configuration. Considering Case A, Table 3.4, 3.5, 3.6 and 3.7
summarize the main cost-revenue parameters used for the economic assessments. All
results are calculated according to Section 3.2 “Cost-benefit analysis methodology”. The
number of EVs charged per day is used to calculate the total annual benefits Bt,A calculated
in Equation (3.15) and it is based on the energy consumed by the users annually. Instead,
Ct,A calculated in Equation (3.13) is the investment costs including the component costs
such as chargers, batteries (BES1 and BES2) the converters and the installation of the
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chargers. Based on the EVs daily demand Ct,A takes into account the replacements costs
of the BESs which varies as a function of the EVs demand per day and the lifetime of the
investment. When Ct,A and Bt,A are defined, PBP Equation (3.9), IRR Equation (3.10),
NPV Equation (3.11), and B/C ratio Equation (3.12) can be calculated. Instead, BESCF
represents the capacity fade per year calculated in Equation (3.7) according to the number
of EVs charged per day.
Table 3.4: Cost - revenue calculation with BES 5000 cycles – Case A
Number
EVs per
day

Capacity fade
per year [%]

35

7.336
14.673
29.346
44.019
58.692
73.365
88.037
98.308

BESCF

70
140
210
280
350
420
490

Investment
costs [€]
Ct , A

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

-712759

68788

10.36

7.3%

222099

1.36

-1108591
-1900282
-2691973
-3483663
-4275354
-5067045
-5858736

137577
275154
412731
550308
687885
825462
963038

8.06
6.91
6.52
6.33
6.22
6.14
6.08

10.8%
13.3%
14.3%
14.8%
15.1%
15.4%
15.5%

761124
1839149
2917173
3995198
5073222
6151246
7229271

1.75
2.05
2.17
2.23
2.27
2.30
2.32

Table 3.5: Cost - revenue calculation with BES 10000 cycles – Case A
Number
EVs per
day

Capacity fade
per year [%]

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

BESCF

Investment
cost [€]
Ct , A

35

3.668

-514816

68788

7.48

12.0%

420042

1.89

70

7.336

-712745

137577

5.18

18.7%

1156970

2.73

140

14.673

-1108591

275154

4.03

24.5%

2630840

3.51

210

22.009

-1504436

412731

3.65

27.2%

4104710

3.88

280

29.346

-1900282

550308

3.45

28.8%

5578579

4.09

350

36.682

-2296127

687885

3.34

29.8%

7052449

4.23

420

44.019

-2691973

825462

3.26

30.5%

8526319

4.33

490

51.355

-3087818

963038

3.21

31.0%

10000189

4.41

Table 3.6: Cost - revenue calculation with BES 25000 cycles – Case A
Number
EVs per
day

Capacity fade
per year [%]

BESCF

Investment
cost [€]
Ct , A

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

35

1.467

-396064

68788

5.76

16.6%

538794

2.45

70

2.935

-475227

137577

3.45

28.8%

1394488

4.09

140

5.869

-633568

275154

2.30

43.4%

3105862

6.14

210

8.804

-791909

412731

1.92

52.1%

4817237

7.37

280

11.738

-950250

550308

1.73

57.9%

6528611

8.19

350

14.673

-1108591

687885

1.61

62.0%

8239986

8.77

420

17.607

-1266918

825462

1.53

65.2%

9951374

9.21

490

20.0542

-1425259

963038

1.48

67.6%

11662748

9.55
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Table 3.7: Cost - revenue calculation with BES 30000 cycles – Case A
Number
EVs per
day

Capacity fade
per year [%]

BESCF

Investment
cost [€]
Ct , A

35

1.223

-382867

70

2.445

-448848

140

4.891

-580797

210

7.336

280

9.782

350
420
490

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

68788

5.57

137577

3.26

17.2%

551990

2.54

30.5%

1420867

4.33

275154

2.11

47.4%

3158634

6.70

-712745
-844694

412731

1.73

57.9%

4896400

8.18

550308

1.53

65.1%

6634167

9.21

12.227
14.673

-976642

687885

1.42

70.4%

8371934

9.96

-1108591

825462

1.34

74.5%

10109701

10.52

17.118

-1240539

963038

1.29

77.6%

11847468

10.97

Considering Case B, Tables 3.8 summarizes the main cost-revenue parameters used for
the economic assessments. All results are calculated according to Section 3.2 “Costbenefit analysis methodology”. The number of EVs per day is used to calculate the total
annual revenue Bt,A calculated in Equation (3.15). Instead, Ct,B Equation (3.16) is the
investment cost including grid reinforcement costs. The infrastructure costs of Case B
are: the chargers, the new transformer of 500kVA, the new upgraded lines for the
connection to the MV grid as well as the installation costs. Instead, Bt,A uses the number
of EVs charged per day to calculate the total annual benefits, which is based on the annual
energy consumed from the EV users. When Ct,B and Bt,B are defined, PBP Equation (3.9),
IRR Equation (3.10), NPV Equation (3.11), and B/C ratio Equation (3.12). Moreover,
Table 3.8 shows the economic assessments of Case B.
Table 3.8: Cost - revenue calculation connection to MV grids – Case B
Number
EVs per
day

Investment
cost [€]
Ct , A

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

35
70
140
210
280
350
420
490

-795000
-795000
-795000
-795000
-795000
-795000
-795000
-795000

68788
137577
275154
412731
550308
687885
858480
1001560

11.56
5.78
2.89
1.93
1.44
1.16
0.96
0.83

5.9%
16.5%
34.5%
51.9%
69.2%
86.5%
103.8%
121.1%

139858
1074715
2944431
4814146
6683861
8553576
10423292
12293007

1.22
2.45
4.89
7.34
9.78
12.23
14.68
17.12
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3.7 Summary
In this chapter, the configuration and optimal design of BESs within fast-charging stations
were performed. The work presented within the chapter defines the business model
behind the use of different storage systems within the context of DCFCSs.
It was shown that the reduction of battery costs could be a profitable solution for the
integration of DCFCSs on a large scale. According to the simulation results, it was
demonstrated that the operation of DCFCS can be partially decoupled from the LV grid
side by introducing modular lithium-ion BESs with the advantage of minimizing the grid
impact, the installation costs as well as the grid reinforcement costs.
The proposed solution allows to reduce the charging times as well as the power required
from the grid in order to avoid additional grid reinforcement costs due to the DCFCSs.
Thanks to the modular lithium-ion BESs and the AC/DC – DC/DC converters the required
power from the LV grid is reduced by 28.57%. Moreover, it was shown that the DCFCSs
support more than 100km of driving range within less than 10 minutes of charging. In
this study, the optimal size of the BESs within DCFCSs has been found as a trade-off
between the grid constraints and the EVs energy demand.
In order to evaluate the financial feasibility and attractiveness of the BESs within
DCFCSs, the solution was compared to the more standard design, namely the connection
of DCFCSs to the MV grid. In both cases, an economic assessment was performed
considering PBP, IRR, NPV and B/C ratio.
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The economic assessment of Case A, BES within the DCFCSs was crucially dependent
on the life cycle cost of the batteries; on the contrary, the Case B, MV connection of
DCFCSs was closely linked to the EV load demand in particular to the number of EVs
charged per day. The CBA results of Case A showed that the number of battery
replacements affects the main economic performance parameters significantly.
Finally, according to the economic assessment, it was shown that in Case A using
batteries with low cycles such as 5000 or 10000 (NMC) is not economically viable,
because the investment holds the perspective of a continuous battery replacement cost.
Instead, batteries with a large number of cycles 25000-30000 (LTO) have B/C ratio
higher than Case B as long as the EVs daily demand is between 35 and 250 EVs. Lastly,
by comparing the Case B with the Case A considering LTO batteries, the Case B has a
higher profitability only when the number of EVs charged per day exceeds 250.
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4

Stochastic planning method of EV
charging demand
In this chapter a stochastic method of the DCFCSs is presented to predict EVs’ charging
demand considering user behavior and the probabilistic driving patterns. This is used as
a basis for optimal planning of DCFCSs. According to the stochastic method, a
coordinated charging demand and BES charging demand are proposed with the objective
of minimizing EVs peak load and the charging-infrastructure costs. In the coordinated
charging demand, EVs peak load is managed by controlling the power and charging
duration of the DCFCSs. Instead, in the BES charging demand, an optimal BES is
proposed as an alternative solution to reduce DCFCSs operational costs as well as EVs
peak demand. The proposed methods show the ability to prevent additional grid
reinforcement costs due to EVs’ demand during peak hours. Finally, an economic analysis
is carried out to evaluate the technical and economic issues of DCFCSs, the BES lifecycle costs and the financial performance of BES costs compared to the costs of grid
reinforcement. Detailed information of this chapter are in Paper C and E, which are
included as appendices.

4.1 Optimal infrastructure planning of EVs fast-charging stations
4.1.1 Literature survey and contributions
Increasing penetration of EVs will play an essential role in planning EVs’ charging
infrastructures, in particular the planning of public DCFCSs in distribution grids. Several
studies were carried out to analyze the optimal location of DCFCSs within power systems
considering various planning methods. The authors of [188] proposed an optimal location
of the charging stations taking into account the entire distribution grid. Alternatively,
[189] recommended a prediction model for both the centralized and decentralized
charging loads considering an equivalent model of the required energy from EVs. The
authors of [190] suggested a multi-objective collaborative planning strategy in order to
minimize the overall annual cost of investment based on the EVs’ charging demand.
Likewise, [191] proposed an optimal approach for sizing and siting the fast-charging
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stations in order to reduce the EV peak load and infrastructure costs. Instead, the authors
of [192] considered the travel distance as a Gaussian distribution by using a probabilistic
model of EVs charging load. The authors of [193] established a multi-objective EV
charging planning model, with the goal of maximizing the captured traffic flow based on
statistic data.
In order to predict the EV demand, other studies have analyzed the traffic flow variations
considering different cities [79]-[80]. Likewise, [19] explored the optimal size of BES
within DCFCSs, by using a dynamic traffic model in order to minimize the DCFCSs costs
and the BES size. Alternatively, the authors of [194] proposed to use stationary batteries
as a buffer between the grid and the charging stations in order to limit the EVs’ peak
demand and avoid the overload of transformers.
Another popular method for generating the EV load profiles involves Monte Carlo’
simulations as mentioned in Chapter 2. The authors of [81] proposed a stochastic method
by using Monte Carlo’s simulations in order to calculate EVs’ arrival times and the SoC.
Monte Carlo simulations in combination with Markov modeling consider statistically the
EVs in movement or parked. The stochastic method replicates different observations such
as the time of the day, the day of the week and the driving patterns. By using this
probabilistic method, it is possible to predict the expected EVs’ load profiles based on the
stochastic individual driving behavior as time-dependent function related to the number
of trips and driving distance. Likewise, [82] proposed to use the Markov chain in order
to calculate the EVs’ charging times. The Monte Carlo samples of driving patterns are
considered discrete-time and discrete-state according to Markov chains [83]. In this
framework, several states are defined such as parked in a residential area, parked in a
commercial area or in movement [84]. Despite the fact that recent papers have introduced
various methods to anticipate the EVs demand, more work is required to predict the
DCFCSs demand considering the increasing EV market penetration [15].
Assuming the state-of-the-art of the public DCFCSs, this chapter proposes a new
stochastic planning method to predict EVs’ charging demand considering user behavior
and probabilistic driving patterns. According to the stochastic method, a coordinated
charging demand and BES charging demand are proposed with the objective of
minimizing EVs’ peak load and the charging infrastructure costs.
In the coordinated charging demand, the EVs peak load is managed by controlling the
DCFCSs in terms of power and charging duration. Instead, in the PS-BES charging
demand, an optimal BES is proposed as an alternative solution to reduce DCFCSs
operational costs and EVs’ peak demand. The case studies in consideration use real data
from Nordhavn Project in Copenhagen [46] such as the electrical grid, BES and the
DCFCSs as illustrated in Appendix A and B. In addition, EVs’ start charging time are
calculated by analyzing ICE vehicles and their refueling behavior at the petrol stations in
Copenhagen. Thanks to this approach, the proposed stochastic planning method is
formulated as a multi-objective optimization problem based on EVs’ charging demand,
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where the two objectives are: minimize the installation and operation costs of the DCFCSs
and minimize the BES size. In conclusion, the main contributions of this chapter are:
•

•

•

•

To propose a stochastic planning method to analyze the expected charging
demand from the DCFCSs according to different properties and probabilistic
driving patterns.
To propose a method to determine an optimal coordinated charging demand to
avoid the DCFCSs peak load in order to minimize the grid installation costs by
controlling the DCFCSs.
To propose a method to determine optimal storage charging demand to avoid the
DCFCSs peak load in order to minimize the grid installation costs by using BES
within the power systems.
To propose a cost-benefit analysis to evaluate the financial feasibility of BES
within the power systems by considering the DCFCS costs, grid connection costs
and battery life cycle cost.

This work comprises an analysis of DCFCSs’ grid impacts considering a realistic case
study in Copenhagen.

4.2 EV charging profile and charging time
The conductive charging system Mode 4 in DC is designed only for public charging
stations to charge EVs in a short period of time. As mentioned in Chapter 3, the public
charging stations in are installed at high power levels, and currently, the delivered power
is between 50kW and 60kW [156]. Recently, many companies are starting to develop
new DCFCSs with power from 150kW to 300kW with 800VDC in order to reduce the
charging times especially in urban areas [157]. As mentioned in Chapter 3, the DCFCSs
require a strong grid infrastructure with high investment cost. Such large installed
capacities require a dedicated connection to the MV grid, through a dedicated
transformer. The main advantage of DCFCSs is to reduce EVs’ charging times. The
charging time of an EV with 50kWh battery and 20% SoC is summarized Table 4.1.The
EV charging time varies according to the charging modes their respective powers.

Table 4.1 Charging modes according to IEC61851[54]
EV50[kWh]
20% SoC
Pc [kW]

Mode
1

Mode
2

Mode
3

Mode
4

Mode
4

Mode
4

3.5

11

22

50

150

300

t1_ SoC 80%

9.15h

2.8h

1.5h

38min

12.6min

6.3min

t2 _ SoC 100%

13.7h

4.3h

2.15h

1.28h

25.2min

12.7min

t1 [km]

368

368

368

368

368

368

t2 [km]

500

500

500

500

500

500
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In this chapter as in Chapter 3, it is assumed that the EVs are charged at the public
charging station in Mode 4 in metropolitan areas. Different EVs charging profiles have
been tested within our laboratory at DTU Electrical Engineering [179]. In particular,
Figure 4.1 shows the EV charging profile in Mode 4 tested with a 50kW charger (ABB
t53) [156]. The EV under consideration is a BMW i3, with a 33kWh battery and 18%
SoC. In addition, different EVs models have been tested in DC during the PhD to verify
the charging profiles.

Figure 4.1: ABB: EV charging profile of 50kW in DC
The charging profile in Mode 4 can be mathematically expressed as:
0 < t ≤ t1
 Pc ,

t
−

P(t )=  Pc ⋅ e τ , t1 < t ≤ t2

 Pc 0=
, t t2
=


(4.1)

where P(t) is the charging rate at time t, Pc is the DCFCS rated charging power, τ is the
charging time, t1 represents the charging time from 18% to 80% SoC, and t2 represents
the charging time from 80% to100% SoC as shown in Figure 4.1.

4.3

EV user behavior and driving patterns

The EV charging demand in this chapter is modelled by using the charging characteristics
in DC as shown in Figure 4.1. The EV SoCs depends on travel usage and may be
considered as a random variable related to the travel distance. According to the Danish
National Transport Survey from Technical University of Denmark (DNTS), the average
travel distance in Denmark per day is 40.1km with three trips per day and slightly under
one hour driving time. The probability distribution of daily travel distance is calculated
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as shown in Figure 4.2 [195]. The distribution of the travel distance is in general expressed
as a lognormal type, with zero probability of the negative distance and extension to
infinity for positive distance [196]. The travel distances for IEC vehicles are expressed
according to the probability density function (PDF):

Figure 4.2: Probability of travel distance in Denmark

f (d , µd ,σ d )
=

1
dσ d 2π

e

− (ln d − µd )2
2σ d 2

, d >0

(4.2)

where µd and σd are the ln mean and standard deviation of the aforementioned normal
distribution, respectively. The travel distance analysed in Denmark is shown in Figure 4.2
and has µ = 3.6913 and σ = 0.9361. Since the new EVs can reach more than 400km driving
range, the probability distribution of daily travel distance of an EV is assumed to be the
same as a traditional vehicle. The future EV range will vary between 350km and 650km
with a typical EV lithium-ion battery of 40, 50 and 60kWh [62]. In this case study, a mean
value of 50kWh and 500km driving range is considered, as shown in Table 4.1. The EV
energy demand (EVD) after one-day of travel can be calculated as shown in Equation (4.3)
considering a driving distance from d of 40.1 km (4.2).

EVd =(d ⋅ Vec ) ⋅

1
ηc

(4.3)

Instead, ɳc represents the efficiency of the DCFCSs, and Vec is the vehicle’s energy
consumption. The energy consumption is based on the driving pattern, which changes
according to the EV’s performance. The current EVs’ consumption vary between 0.1 and
0.2 kWh/km [62]. According to the daily travel distance, the SoC after one day can be
calculated as:
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0 < d < d max

,

(4.4)

where SoC0 is the residual battery capacity after one day, SoC1 is dimensionless with
value 1, d is the daily travel distance of the EVs and dmax is the maximum range of the
EVs. Assuming that SoC0 drops linearly with the travel distance d, the PDF can be
calculated by substituting Equation (4.4) into Equation (4.2) and changing variable form
d to SoC. After one-day travel distance, the SoC based on PDF is obtained as shown in
Figure 4.3.

Figure 4.3: Probability density of EVs SoC after one-day travel

1
f ( SoC0 , µd ,σ d ) =
e
( SoC1 − SoC0 ) d max σ d 2π

− (ln( SoC1− SoC0 ) + ln( dmax ) − µd )
2σ 2

2

(4.5)

Figure 4.3 shows the probability density of the battery SoC calculated in (4.5) after one
day travel. The EV daily distance and the probability SoC density are based on the two
stochastic variables calculated in (4.2), (4.5). The SoC after an amount of days dn can be
calculated as:
SoC
=
SoC1 −
n

dn
d max

(4.6)

Where SoCn is the residual battery capacity after a number of days, the SoC1 is
dimensionless with value 1.
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4.4 Prediction of the EV charging demand
EVs’ start-charging times and the DCFCSs location are considered in this section. To
predict the EVs’ charging-start times, several factors need to be analyzed carefully
including user behavior, the daily travel distance and the home or work location of the
EV users. People in the metropolitan areas will need to charge their EVs at public
charging stations because most of them live and work within shared buildings. However,
outside the metropolitan areas, people prefer to charge their EVs at work or at home [75].
As mentioned in Chapter 3, in urban areas the long charging times with slow chargers can
cause congestion in the public parking lots. Therefore, appropriate DCFCSs are required
to supply the future EV power demand in metropolitan areas. In order to predict the EV
demand, the users' refueling behavior from ICE vehicles is considered to calculate the
EVs’ start-charging times. To determine the EVs’ charging-start time, six months of data
from four petrol stations have been collected and analyzed [197]. Once the data are
collected the mean and the standard deviation from petrol stations can be defined. Figure
4.4 shows the refueling-time distribution of four petrol stations in Copenhagen.

Figure 4.4: Petrol stations: number of ICE vehicles every hour
The mean and standard deviation (SD) are calculated according to the normal distribution:

=
f (tst , µ st ,σ st )

1

σ st 2π

e

− (tst − µst )2
2σ st 2

, 0 < tst < 24

(4.7)

tst is the observation hour during the day at the time t. µst and σst are the mean and the
standard deviation of the number of ICE vehicles sampled at the petrol stations every
hour.
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Figure 4.5 shows PDF according to tst at 7 AM, 8 AM 4 PM and 5 PM with their mean
and the standard deviation.

Figure 4.5: Normal distribution of vehicles at the petrol stations
In this case, study, considering the new EVs with 500km driving range or more, we
assume that the daily travel distance of the EVs and the number of trips per day are the
same as those of a traditional vehicle. According to this evaluation, we can define the
correlation between two dependent variables: the arrival time of traditional vehicles at
gas stations versus the EVs’ arrival times at the charging stations. To convert the
refuelling-time distribution into EVs’ charging-start times, two correction factors need to
be considered: first, the range in km of ICE vehicles (ICEr) versus the range of EVs in
km (EVr), and second, the EV market penetration (EVmp) in Denmark. Therefore, µst and
its σst calculated in (7) need to be converted according to EVmp expressed in [%] and the
EVr in Denmark as shown in Equation (4.8):

µev (t ) = ( µ st (t ) ± σ st (t )) ⋅

ICEr
⋅ EVmp
EVr

(4.8)

µev (t) is the mean number of EVs at the tth hour at the public charging stations, µst (t) is
the mean number of ICE vehicles at the tth hour at the petrol stations considering σst (t)
with a confidence interval of 95%. In Copenhagen ICEr vehicles have a mean driving
range of 710km and the mean of EVr range in 2020-2025 will be 500km [15]. Since the
EVs range is lower than ICEr vehicles range, the charging frequency of EVs at the
DCFCSs will be higher than the frequency of refuelling at the current petrol stations.
Therefore, ICEr/EVr defines the correlation between refuelling frequency of ICEr
vehicles and the EVs charging frequency. According to (4.8), Figure 4.6 shows the
estimated EV arrival time at the fast charging stations around the Copenhagen
metropolitan area for EV market penetrations ranging from 5% to 50% [15].
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Figure 4.6: DCFCSs: number of EVs every hour
Therefore, the power demand of EVs can be calculated as:
Ptcl (t )= µev (t ) ⋅ Pdc (t ) ⋅ ndc , ∀t

(4.9)

Ptcl (t) is the total charging load at time t, and Pdc is the DCFCSs’ power based on the
number of charging spots and their efficiency ɳdc. The start charging time of EVs is
distributed with a random function every hour within the public DCFCSs. Instead, the
charging duration depends on the initial EV SoCs and the power of the DCFCSs. Once
the EV load profile is calculated the optimal siting and sizing of the DCFCSs within the
metropolitan areas can be defined. In the future, considering high EV market penetration,
the optimal location of the DCFCSs could be considered within the existing gas station.
Instead, the sizing of the DCFCSs as well as the number of the chargers is considered in
the next section.

4.4.1 Grid configuration of the public EV charging demand
In this section, a large-scale of EVs is considered to be incorporated within the power
systems in Copenhagen Nordhavn area [46]. The proposed stochastic planning method is
presented to evaluate the public DCFCSs demand and their grid impact. In this section,
three different DCFCSs layouts are analyzed: uncontrolled charging demand, controlled
charging demand and storage charging demand.

4.4.2 EV uncontrolled charging demand
In the uncontrolled charging scenario, each EV will start charging when it reaches a low
level of SoC, especially when SoCn after a number of trips cannot satisfy the next travel
distance SoCnt programmed by the drivers.
SoCn < SoCnt

(4.10)
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The SoCnt can be calculated according to the daily travel distance calculated in Equation
(4.2), and it can be assumed 10% SoC considering EVs with 50kWh and 500km. In
addition, in the uncontrolled charging demand, the EVs’ load demand Pg (t), must satisfy
the grid conditions Pg (t) and the available power from the transformer
Pg (t ) ≤ Ptcl (t )

(4.11)

The number of charging spots can be calculated based on the maximum numbers of EVs
charged per day. Considering the Equations (4.3), (4.6) and (4.10) after a number of trips,
the maximum energy demand per day can be calculated as:
EVd = ( µevt ⋅ SoCnt ⋅ d max ⋅ Vec ⋅

1

ηc

) [kWh]

(4.12)

µevt is the number of EVs per day, which is calculated as shown in Figure 4.6; in addition,
Vec is the vehicle energy consumption, which is considered 0.15kWh/km for a charging
efficiency ɳc of 95% [156]. Table 4.2 shows different EVs daily demand and the minimum
grid power required for supporting the EVs demand (4.12).
Table 4.2: Charging spots based on EVs demand
EV
Market
EVmp [%]
5%
10%
20%
30%
40%
50%

Number
EVs per
day
15
20
60
90
120
150

EV
demand
EVD [kWh]
896
1792.0
3583.9
5375.9
7167.9
8959.9

Pgr =

Grid power
[kW]
Pgr
72.2
144.3
288.6
433.0
577.3
721.6

EVd [kWh]
[kW ]
µevp [h]

Number
DCFCSs
50kW
2
3
6
9
12
15

Number
DCFCSs
150kW
1
1
2
3
4
5

(4.13)

Pgr represents the minimum required grid power and µevp represents the maximum EV
demand during the congested peak hour of the day as shown in Figure 4.6. The number
of charging spots and their power levels will determine the maximum required power
from the grid. Once the EVs daily demand is defined, the network parameters and the
number of charging spots can be modeled, and a CBA can be performed based on the EV
demand.
4.4.2.1

DCFCSs: voltage and losses analysis

The voltage and losses analysis is presented in this section by simulating a real grid
configuration in Nordhavn-Copenhagen with different DCFCSs. In order to comply with
the voltage magnitude according to EN 50160 [25], line losses, phase to phase voltage
drop ΔV at the end of the line and the total Joule losses in the LV cable are calculated.
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The transformer under consideration is 10/0.4kV (MV/LV) with a transformer of
500kVA, as shown in Figure 4.7.

Figure 4.7: Grid connection of the DCFCSs in LV grid

The voltage drop ΔV across the line can be approximated as:
=
∆V

R ⋅ Ptcl + X ⋅ Qtcl
X ⋅ Ptcl − R ⋅ Qtcl
R ⋅ Ptcl + X ⋅ Qtcl
+ j
≈
Vn
Vn
Vn

(4.14)

where Vn is the nominal grid voltage. The approximation of Equation (4.14) is valid here
because the angle phase difference between the two node voltages at the sending end and
at the receiving end is very small; therefore, the imaginary part can be disregarded.
Instead, the total active power Plosses and reactive power Qlosses losses on the LV cable can
be calculated as:

 P =⋅
R | I |2 =
Ptra − Ptcl
 losses
2
Qlosses =X ⋅ | I | =Qtra − Qtcl
 | P + jQ |
tcl
 I = tcl
| Vtcl |


(4.15)

Vtcl is the difference between Vn and ΔV. Ptra and Qtra are the active and reactive power
absorbed by the transformer, Ptcl and Qtcl are the active and reactive load demand of the
DCFCSs, and I is the total load current absorbed by the DCFCSs. R is the cable resistance
in units of Ω/km and X is the cable reactance measured in Ω/km. The active and reactive
power losses are dependent on the current flows on the LV line as well as the size of the
cable and the cable length between DCFCSs and the MV transformer. The objective
function to reduce the cable losses can be formulated as:

Plosses )
min (=


min (=
Qlosses )


T

∑ (R
t =1
T

sd

⋅ I 2 (t ))

∑ ( X sd ⋅ I 2 (t ))
t =1

(4.16)
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Rsd and Xsd represent the minimum line length according to I and the cable size in 𝑚𝑚𝑚𝑚2 .
In this case, the line length and the cable size are a trade-off between the losses costs and
the cable costs considering CAPEX or OPEX technologies.

4.5 Coordinated charging demand
In the coordinated charging, the DCFCSs are controllable. The primary objective is to
minimize the EV peak-load when the DCFCSs demand exceeds the grid power.
According to IEC15118 [56], three different controllability modes are defined. The first
consists in setting the nominal power below a pre-defined value. The second is setting the
charging duration according to the nominal DCFCSs power. The third is setting both the
nominal power of the DCFCSs below a specified value and the charging duration. The
three control settings can be expressed as:
P c=
µev (t ) ⋅ ( Pdc ⋅ α (t ) ⋅ β (t ) ⋅ γ (t )) ⋅ ndc , ∀t
tcl (t )

(4.17)

where Pctcl (t) is the controlled load demand during the day by using the three control
settings parameters; α sets the DCFCS charging power to a predefined value that can vary
from 0 to 1, β sets the charging duration of the DCFCSs and γ can set α and β. In addition,
α, β and γ are three independent parameters. The selected parameters define the
communication protocols and the controllability modes between the DCFCS and the EVs
according to international standard IEC15118 [56]. In our case study,in the coordinated
charging demand of each DCFCS is controllable by γ. Using γ avoids the congested peak
hours during the workday by reducing the DCFCSs’ nominal power and charging
duration. The objective is well expressed in Equation (4.18), where all the DCFCSs must
provide as much power as possible to the users according to the grid conditions Pg(t) at
the time t. Under these assumptions, the controlled load can be expressed as:

max ( P c tcl (t ) )

if : P c tcl (t ) > Pg (t )

c
 set γ with P tcl (t ) = Pg (t )

c
if : P tcl (t ) < Pg (t )
 set γ = 1


(4.18)

Therefore, the nominal DCFCSs power installed can exceed the available power of the
transformer as long as γ is used to set the DCFCSs power.

4.6 Storage charging demand
In this section, an optimal PS management is proposed to minimize the DCFCSs load
during the congestion by using BES as a stationary application. The introduction of the
BES within the DCFCs is adapted in order to minimize the DCFCS operating costs and
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(4.19)

reduce the charging times during the congested hours. In this case configuration, the
controllability mode is not used and the EVs peak demand will be supported by the BES.
Storage charging demand must take into account the system’s overall power balance over
a specified time:
Pb (t) is the power given or absorbed from the BES, ɳdis and ɳch are the BES’s converter
efficiency which is 95% during both the discharging and charging processes [156]. The
objective function is used to minimise the energy peak demand by using the minimum
BESs Eb (t) within the DCFCSs as described in the following equations:
min ( Eb (t ) )


T
T
 E (t ) = E (t ) − ( E (t ) − E (t )) + ( E (t ) − E (t ))
∑
∑
 b
b 0
tcl
g
g
tcl
t 0 =t 0
=

if : E (t ) > E (t ) ,discharging BES
tcl
g


<
:
(
)
(t ) ,charging BES
if
E
t
E
tcl
g


(4.20)

Eg (t) is the grid energy deliverable, Eb (t0) is the BES at the time t0, Etcl (t) is the energy
required from the DCFCSs during the discharging and charging processes according to
the available energy Eg (t). During the EVs charging demand the BES operates in parallel
with the DCFCSs and PS with BES will be provided during the congestion hours when
EVs demand is high. The BES charging power is limited by the available grid power Pg
(t) at the time t. Instead, the discharging power is defined by the converter’s power and
by the difference between the grid power and DCFCSs power. The BES size is calculated
based on Equations (4.19) and (4.20). When the BES is defined, a CBA can be performed
as a function of the BES size. This is done to evaluate the financial feasibility of BES
within the DCFCSs by considering the installation costs, grid connection costs and battery
life cycle cost.

4.7 Cost-benefit analysis methodology
This section two cases of grid reinforcement are considered. A CBA approach is used to
compare the profitability of the DCFCSs investment within power systems considering
different EVs charged per day. The first case, Case A uses the BES as a stationary
application during the congestion hours to support the increasing EV demand over the
years, as shown in Table 4.2. In this case, the BES operates as PS in parallel with the grid.
The second method, Case B implements grid reinforcement by using a new MV
transformer to sustain the increasing EV demand over the years. In both cases, A and B
an initial reinforcement in MV grid is required. This grid reinforcement also consists of
a new 500kVA transformer and dedicated MV/LV lines as shown in Table 4.3.
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Table 4.3 CBA of Case A and B
Number of
EVs per day

Number of
DCFCSs
150kW
1
1
2
3
4
4
4
4
5
5

15
20
60
90
100
110
120
130
140
150

Case A
grid power
[kVA]
500
500
500
500
500+BES
500+BES
500+BES
500+BES
500+BES
500+BES

Case B
grid power
[kVA]
0
0
500
500
1000
1000
1000
1000
1000
1000

Since the EVs demand will increase during the years [20] additional chargers are required
to sustain the EVs demand. As shown in Table 4.3, 500kVA is the minimum grid power
required to support up to 90 EVs. However, if the EV demand increases over the years
from 100 to 150 EVs per day, new chargers in DC, as well as a new transformer of
500kVA must be installed. As shown in Chapter 3 in “Cost-benefit analysis
methodology”, the main objective of the CBA is to evaluate the economic performance
of Case A versus Case B. In particular, the financial performance of Case A considering
the BES costs and the lifetime. Likewise, in Case B considering a traditional investment
cost to reinforce the grid with a new transformer. The key parameters of the CBA are
PBP, NPV and B/C ratio. Instead, the component costs CA of Case A in this section are
calculated as:
C
=
A

T

∑ BES
t =1

D ,t

⋅ CBES ,t + CC

(4.21)

where BESD is the BES degradation life per year, CBES represents the BES costs per kWh
considering replacement costs during investment life T. While, CC is the charger costs.
The BESD can be calculated as shown in Equation (4.22):
t

=
(
)
E
t
 D
∫0 | Pb (t ) | dt


ED ⋅ ∆Te −1

 K PYD =
2 ⋅ Eb


K PYD
 BES D =
K BES



(4.22)

where ED (t) represents the enegry consumed at time t. Instead, Pb (t) is the power
provided from the BES during the PS process. In the second equation, KPYD considers the
number of cycles utilised during a year. Finally, BESD is the BES degradation per year
under at a predefined variable work temperature ∆Te =0,9814 [43]. KBES are the number
of cycles given by the manufacturers according to BES tecnology. Therfore, in order to
calculate the total annual costs Equation (4.21) replaces the Equation (3.14) in calculated
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in Chapter 3 in “Cost-benefit analysis methodology”. Instead, the total benefits are
calculated as shown in Equation (3.15).

4.8 Simulations and results
In this study, the future EVs demand of Nordhavn area – Copenhagen is considered. As
shown in Table 4.3 the minimum power required from the grid depends on the EV market
penetration and the number of EVs charged per day. To analyze the EV demand in the
Nordhavn grid, three scenarios are considered: uncontrolled charging demand,
coordinated charging demand, storage charging demand. All scenarios consider chargers
of 150kW in DC. The 150kW charging profiles are obtained considering the performed
tests in our laboratory with chargers of 50kW in DC as shown in Figure 4.1 [36]. Based
on the performed tests, the 150kW charging profile is assumed to follow the same trend
of the 50kW charger as described in Equation (4.1), reported in “EV charging profile and
charging time”. To generate the 150kW-DCFCSs load demand simulations are carried
out using MATLAB/Simulink for the given mean and standard deviation functions
calculated in the Equations (4.7), (4.8) and (4.9). All the distribution functions of the
DCFCSs load profile can be obtained from the equations calculated in Sections 4.4, 4.5
and 4.6.

4.8.1 Results of the uncoordinated charging demand
This scenario considers the EVs daily demand from 15 to 150EVs in NordhavnCopenhagen area with different charging configurations. As shown in Table 4.3, the
minimum grid power required to support EVs demand varies as a function of the number
of EVs charged per day. Figure 4.8 and 4.9 show the results from three and five DCFCSs,
where all the input parameters are assumed to follow the stochastic demand model
presented in Section 4.4, in “Prediction of the EV charging demand”. The DCFCSs load
profile is one of the most critical parameters obtained from the stochastic model. It shows
the load profiles of the EVs’ charging demand on the grid side according to the Equations
(4.9), (4.10) and (4.11) calculated in “EV uncontrolled charging demand”.

Figure 4.8: DCFCSs load demand: a) a congested workday 90EVs/day, b)a workday
80EVs/day, c) a Saturday 55EVs/day, d) a Sunday 52EVs/day
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Figure 4.8 shows the three DCFCSs of 150kW supplied by one transformer of 500kVA.
EVs demand is considered for a congested workday, a normal day, a Saturday and
Sunday. In the weekend the EV demand is lower as shown in Figure 4.8. According to
the EV market penetration, the EV demand will increase over the years and in many
charging stations a new MV transformer and more chargers would be required, as shown
in Figure 4.9.

Figure 4.9: DCFCSs load demand: a) a congested workday 150EVs/day, b) a normal
workday 140EVs/day, c) Saturday 90EVs/day, d) Sunday 80EVs/day
Figure 4.9 shows the EVs demand which varies during a congested workday, a normal
workday, a Saturday and a Sunday. In this case, with a demand of 150EVs, five DCFCSs
and two 500kVA transformers are required. This grid configuration requires high
investment costs to reinforce the grid with an additional transformer, especially when the
EVs demand increases from 90EVs to 150 EVs per day, as shown in Table 4.3. Therefore,
in addition to the initial investment, which includes one MV transformer with two or three
DCFCSs of 150kW, an additional MV transformer will be required to support the growing
number of EVs. The new MV transformer requires a new investment cost which includes
new dedicated LV and MV lines, switchboards as well as installation costs. In the next
section, a CBA is performed according to the EV demand.
4.8.1.1

DCFCSs: voltage and losses results

In order to verify the voltage magnitude and the cable losses at the end of the LV line,
three different charging scenarios are analyzed considering different number of EVs
charged per day. As shown in Chapter 1, the EN 50160 [25] standard allows a maximum
voltage deviation of ±10%Vn. The voltage drop ΔV at the end of the LV line and the total
active (P) and reactive (Q) power losses are calculated in the Equations (4.14), (4.15) and
(4.16) in “DCFCSs: voltage and losses analysis”. The case studies are carried out by using
a real charging profile of 150kW and different cable lengths between the MV transformer
and the DCFCSs. The cable lengths under consideration are 100m, 300m and 500m.
Instead, the EVs demand in this case study varies from 90EVs to 150 EVs. Tables 4.4,
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4.5, 4.6 and Figures 4.10, 4.11, 4.12 show the voltage drop in % at the end of the line and
total cable losses during the day.
Table 4.4: Voltage drop and losses with a cable length of 100m
Number
EVs per
day
90
120
150

Number
DCFCSs
150kW
3
4
5

Grid
power
[kVA]
500
1000
1000

Cable
size
[𝑚𝑚𝑚𝑚2 ]
300
630
630

R
(Ω/km)

X
(Ω/km)

∆V
[%]

0.0614
0.0324
0.0324

0.0895
0.0865
0.0865

2.6
1.9
2.7

Energy
consumed
[MWh]
4.92
5.65
8.1

P
losses
[kWh]
61.2
37
72

Q
losses
[kVARh]
89
114
222

Figure 4.10: Voltage drop with 100m with a cable length of 100m
Table 4.5: Voltage drop and losses with a cable length of 300m
Number
EVs per
day
90
120
150

Number
DCFCSs
150kW
3
4
5

Grid
power
[kVA]
500
1000
1000

Cable
size
[𝑚𝑚𝑚𝑚2 ]
300
630
630

R
(Ω/km)

X
(Ω/km)

∆V
[%]

0.0614
0.0324
0.0324

0.0895
0.0865
0.0865

7
5.1
7

Energy
consumed
[MWh]
4.92
5.65
8.1

P
losses
[kWh]
197
115
229

Q
losses
[kVARh]
286
357
707

Figure 4.11: Voltage drop with a cable length of 300m
Table 4.6: Voltage drop and losses with a cable length of 500m
Number
EVs per
day
90
120
150

Number
DCFCSs
150kW
3
4
5

Grid
power
[kVA]
500
1000
1000

Cable
size
[𝑚𝑚𝑚𝑚2 ]
300
630
630

R
(Ω/km)

X
(Ω/km)

∆V
[%]

0.0614
0.0324
0.0324

0.0895
0.0865
0.0865

12.5
9.12
13.4

Energy
consumed
[MWh]
4.92
5.65
8.1

P
losses
[kWh]
358
204
415

Q
losses
[kVARh]
522
629
1282

Figure 4.12: Voltage drop with a cable length of 500m
As shown in Table 4.4, 4.5 and 4.6, an increase in voltage drop due to EV charging
negatively affects the power losses in the LV transmission line. In this case, V2G cannot
be implemented to improve the voltage quality because the DCFCSs are designed to
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charge EVs as fast as possible. Therefore, in order to reduce the network losses and
improve the voltage magnitude within ±10%Vn, it is recommended to install the DCFCSs
as close as possible to the MV transformer. According to the performed tests, the optimal
cable length calculated in Equation (4.16) varies between 20m and 140m considering the
losses cost versus the cable size costs.

4.8.2 Results of the coordinated charging demand
In the optimal coordinated strategy, the primary objective is to minimise the peak-load
demand in order to delay as much as possible the grid reinforcement costs. In the
coordinated charging mode, each DCFCS is controllable by using α, β and γ calculated in
Equations (4.17), (4.18) in “Coordinated charging demand”. In this study, γ is used to
control DCFCSs during the peak hours by reducing the nominal DCFCSs power and the
charging duration, as shown in Figure 4.13.

Figure 4.13: DCFCSs load demand: a) a congested workday 150EVs/day, b) a workday
140EVs/day, c) Saturday 90EVs/day, d) Sunday 80EVs/day
Figure 4.13 shows five DCFCSs of 150kW and the EVs demand for a congested workday,
a normal workday, a Saturday, and a Sunday. The controllability mode can be used to
reduce the EVs power demand during the peak hours according to the grid conditions.
Using γ as an optimal coordinated strategy avoids new grid reinforcement costs which
includes a new transformer’s substation. Nevertheless, the controllability mode has to be
used under certain criteria, because it involves different disadvantages. For example,
reducing the power and charging duration affects the users' comfort because the EVs are
partially charged during the congestion. In addition, the controllability mode of the
charging stations is a trade-off between compliance with grid constraints and the
DCFCSs’ power demand. Moreover, for this grid configuration, a CBA is not required
because the costs and benefits are similar to Section 4.4.2 “EV uncontrolled charging
demand”.
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4.8.3 Results of the storage charging demand
The storage charging demand helps the DCFCSs load during the congested workday
when the EVs demand is high. As shown in the uncontrolled charging demand, the EVs
load has a high power fluctuation, especially in the morning and late evening. The
introduction of BES as a stationary application within the DCFCSs reduces the charging
infrastructure costs and its negative impact on the grid during the congested hours. The
BES stores electrical energy during off-peak hours and returns the stored energy back to
the grid during the peak hours, as expressed in Equation (4.20). In the optimal storage
strategy, the primary objective is to minimise the EVs peak-load demand by using the
minimum BES in order to prevent grid reinforcement costs. Consequently, an optimal
BES size is calculated to support the EVs demand during the congested workday as shown
in the Equations (4.19) and (4.20). In addition, according to Table 2, assuming EVs daily
demand from 100 to 150 EVs, a BES is required to support the grid or, alternatively, a
grid upgrade as shown in “Results of the uncoordinated charging demand”. Instead,
assuming the EVs’ demand from 100 to 130 EVs the minimum charging power required
is 600kW, while with 140 to 150 EVs charged per day, the minimum charging power
required is 750kW. Four and five chargers of 150kW are required to sustain the EVs
demand of 140 and 150EVs/day, respectively. In this case study, the grid power is fixed
with a transformer of 500kVA. The EVs load demand is obtained from the Equations
(4.20). Figure 4.14 shows five DCFCSs of 150kW and the EVs demand during the
congested workday.

Figure 4.14: DCFCSs load with 150 EVs/day: a) EVs demand and BES in kWh, b)
required grid power, c) BES charging/discharging process for PS, d) BES SoC
The storage-charging interface plays important roles during the congested days and it can
be used as a multifunctional grid-utility with the primary objective of minimising the EVs'
peak-load demand by using optimal coordination of BESs. In this stage, the use of BES
avoids the grid reinforcement by providing power to the grid during peak hours. The
optimal BES size varies as a function of the EVs daily demand. Table 4.7 summarizes the
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BES size accoring to the EVs demand. The BES size is calcualted accoring to the
Equation (4.20) in “Storage charging demand”.
Table 4.7: BES required energy
Number EVs
per day
15
20
60
90
100
110
120
130
140
150

Grid
power [kVA]
500
500
500
500
500
500
500
500
500
500

Power
DCFCSs [kW]
150
150
300
450
600
600
600
600
750
750

Overload
grid [%]
0
0
0
0
20
20
20
20
50
50

Overload
time [h]
0
0
0
0
1.04
1.27
2.13
3.18
5.15
7.44

BES
[kWh]
0
0
0
0
18.2
23.5
28.17
31.12
437
586

In addition, the integration of BESs within power systems is a trade-off between the grid
reinforcement costs and BES investment costs. A CBA is analyzed considering the size
of BESs and the costs as shown in Table 4.7. The CBA evaluates the financial feasibility
of integrating BES as a stationary application within the DCFCSs. This part will be
explained in the next section considering the EVs daily demand from 15 to 150EVs.

4.9 Cost-benefit analysis results
In this section, in order to analyze the costs and benefits of the BES within DCFCSs, two
separate layouts to connect the charging systems within power systems are considered.
Case A considers a CBA by using BES as stationary application during the congestion
hours to support the increasing EVs demand over the years, as shown in Figure 4.14. In
this case, the BES operates as PS only during the congestion hours. Instead, Case B
considers a CBA by using a new grid reinforcement to the MV grid to sustain the
increasing EVs demand, as shown in Figure 4.9.

Figure 4.15: Case A grid integration of BES within DCFCSs and Case B standard
integration of DCFCSs with a new MV transformer
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In both cases, a grid reinforcement in MV grid is initially required, with a transformer of
500kVA. A business model for each scenario is analyzed considering the same EVs
demand per day as shown in Figure 4.15 and Table 4.7.

4.9.1 Case A: CBA of DCFCSs considering peak shaving with BES
The main objective of the CBA is to establish the infrastructure costs of Case A and
lifetime of BESs. It was shown that EVs demand from 15 to 90 EVs requires a minimum
grid power of 500kVA as an initial investment. Instead, if the EVs demand increases over
the years from 100 to 150 EVs, new chargers in DC as well as a new 500kVA transformer
are required to sustain the new EVs demand. In this case, to avoid the new grid
reinforcement costs, the BES operates in parallel with the DCFCSs as shown in Figure
4.14. In the Case A three different lithium –ion technologies are considered: the current
technology NMC batteries with 5000 and 10000 cycles [112] and LTO battery with 25000
cycles [187]. The number of EVs charged per day is used to calculate the total annual
benefits Bt,A calculated in Equation (3.15) and it is based on the annual energy consumed
from users. Instead, the costs Ct,A is calculated by substituting the Equation (3.14)
calculated in Chapter 3 in “Cost-benefit analysis methodology” with Equation (4.21). The
equations consider the investment costs including the component costs such as DCFCS
costs, the replacement costs of the BES at the end of their useful life, converter costs and
the installation costs. When Ct,A and Bt,A are defined PBP, IRR, NPV and B/C ratio can
be calculated as shown in Chapter 3.

4.9.2 Case B: CBA of DCFCSs considering MV grid upgrade
The main objective of the CBA is to establish the infrastructure costs of Case B in order
to compare a standard investment of grid reinforcement in MV with the BES investment.
As shown in Case A, when EVs demand increases over the years from 100 to 150 EVs,
new chargers in DC and a new transformer of 500kVA are required to sustain the new
EVs demand as shown in Figure 4.9. The benefits and the costs of Case B are calculated
as shown in Chapter 3 in “Cost-benefit analysis methodology”. The number of EVs
charged per day is used to calculate the total annual benefits Bt,B as shown in Equation
(3.15). Instead, Ct,B Equation (3.16) is the investment costs related to the grid
reinforcement costs. The infrastructure costs of Case B are: DCFCS costs, the costs of the
new dedicated lines in LV and MV, the cost of the new 500kVA transformer as well as
the installation costs. When Ct,B and Bt,B are defined PBP, IRR, NPV and B/C ratio can
be calculated.

4.9.3 Economic assessment of Case A and Case B
In this section, an economic assessment is carried out in order to compare the costs and
benefits of Case A versus Case B. The economical results analysis of Case A and B: the
PBP, IRR, NPV and B/C ratio are summarized in Figures 4.16, and Table 4.9, 4.10 and
4.11. All the economic parameters used in Case A and Case B are listed in Table 4.8.
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Table 4.8: Market and technology inputs of Case A and Case B
Case A

Case B
Costs [€]

Benefits

Costs [€]

DCFCS cost [157]

50.000

DCFCS cost [157]

50.000

Li-ion battery price
€/kWh forecast
including converters
[103]
EV demand: 45 kWh
[62]
Price paid from EV
users [15]
Discount rate (r): 8%
[182]
The investment life:
20 years

200

Component costs: 0.1
km line in LV and
1 km in MV and
transformer
EV demand: 45 kWh
[62]
Price paid from EV
users [15]
Discount rate (r): 4%
[186]
The investment life:
20 years

Table 1.3
Chapter 1
[30]-[31]

0.6€/kWh

Benefits

0.6€/kWh

Grid investments consider a 4% discount rate [186], while investments in BES can be
considered riskier. Therefore, the interest rate used for BES investment is 8% as shown
in Chapter 3 [182]. Figures 4.16 compares the financial performance of Case A versus
Case B considering three types of batteries with different cycles. As aforementioned, Case
A considers the integration of BESs to support the grid when the EVs daily demand
exceeds 90 EVs. As shown in Figures 4.16, in Case A the red and orange line represent
the current technology of lithium-ion NMC batteries with 5000 and 10000 cycles [112].
The blue line is the future generation of the lithium-ion LTO battery with 25000 cycles
[187]. Instead, Case B, the black line shows the financial performance by using a new
connection to the MV grid.

Figure 4.16: Economic comparison of Case A versus Case B
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Tables 4.9 and 4.10 summarize the main economic assessment of the Case A considering
BES as a stationary application in parallel with the grid for PS. Instead, Table 4.11
summarizes the main economic assessment of Case B considering a new grid
reinforcement in MV.
Table 4.9: BES 10000 cycles - economic assessment: Case A
Number
EVs per
day

Grid
power
[kVA]

BES
[kWh]

Year
benefits [€]
Bt , A

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

Eb

Investment
cost [€]
Ct , A

15
20
60
90
100
110
120
130
140
150

500
500
500
500
500
500
500
500
500
500

0
0
0
0
18.2
23.5
28.17
31.12
437
586

720000
720000
720000
720000
750941
757120
763299
769478
1157601
1201235

58413
77885
233654
350481
389423
428365
467308
506250
545192
584135

12.33
9.24
3.08
2.05
1.93
1.77
1.63
1.52
2.12
2.06

5.1
8.8
32.3
48.7
51.8
56.6
61.2
65.8
47.1
48.6

73858
338477
2455432
4043148
4541446
5064505
5587565
6110624
6251740
6737345

1.10
1.47
6.49
6.62
7.05
7.69
8.32
8.94
6.40
6.61

Table 4.10: BES 25000 cycles - economic assessment: Case A
Number
EVs per
day

Grid
power
[kVA]

BES
[kWh]

Year
benefits [€]
Bt , A

Payback
[years]

IRR
[%]

NPV [€]

B/C
ratio

Eb

Investment
cost [€]
Ct , A

15
20
60
90
100
110
120
130
140
150

500
500
500
500
500
500
500
500
500
500

0
0
0
0
18.2
23.5
28.17
31.12
437
586

720000
720000
720000
720000
736111
738582
741054
743526
1000521
1017974

58413
77885
233654
350481
389423
428365
467308
506250
545192
584135

12.33
9.24
3.08
2.05
1.89
1.72
1.59
1.47
1.77
1.68

5.1%
8.8%
32.3%
48.7%
52.9%
58.0%
63.1%
68.1%
54.5%
57.4%

73858
338477
2455432
4043148
4556276
5083043
5609810
6136577
6408821
6920606

1.10
1.47
6.49
6.62
7.19
7.88
8.57
9.25
7.51
7.84

Table 4.11: Grid reinforcement - economic assessment: Case B
Number
EVs per
day

Grid power
[kVA]

Investment
cost [€]
Ct ,B

Year
benefits [€]
Bt ,B

PBP
[years]

IRR
[%]

NPV
[€]

B/C
ratio

15
20
60
90
100
110
120
130
140
150

500
500
500
500
1000
1000
1000
1000
1000
1000

720000
720000
720000
720000
1040000
1040000
1040000
1040000
1040000
1040000

58413
77885
233654
350481
389423
428365
467308
506250
545192
584135

12.33
9.24
3.08
2.05
2.67
2.43
2.23
2.05
1.91
1.78

5.1
8.8
32.3
48.7
37.4
41.1
44.9
48.7
52.4
56.2

73858
338477
2455432
4043148
4252387
4781625
5310864
5840103
6369341
6898580

1.10
1.47
6.49
6.62
5.09
5.60
6.11
6.62
7.12
7.63

The economic assessment of Case A is subjected to the life-cycle costs of the batteries,
on the contrary, Case B, classic grid reinforcement depends on the number of EVs
charged per day. For Case A, as shown in Figure 4.16 with a demand from 90 to 130 EVs
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the B/C ratio is higher than Case B. Likewise, with the EVs demand from 140 to 150 the
Case A has a higher B/C ratio than Case B as long as the number of BES cycles is higher
than 25000.
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Analysis of a Novel DC Fast-Charging Station with a Local Battery Storage for
EVs,” IEEE Power & Energy Society (PES) at 52nd International Universities
Power Engineering Conference , Heraklion, Greece, 2017.

Paper E
•

M. Gjelaj, S. Hashemi Toghroljerdi, C. Træholt, P.B Andersen, “Optimal
Infrastructure Planning of EVs Fast Charging Stations based on Prediction of
Users’ Behavior,” Institution of Engineering and Technology (IET) at Journal IET
Electrical Systems in Transportation, 2019.

4.11 Summary
In this chapter, a stochastic planning method was proposed to determine the DCFCS load
profile and its impact on the power distribution systems. The stochastic charging profile
was used exclusively to calculate the two key factors of the EVs charging demand: start
charging time and charging duration. According to the stochastic method, a DCFCSs load
demand was proposed to optimize the required grid capacity of the public DCFCSs based
on real data of the user behavior, driving distance probability and the charging time
probability. Three different layouts were considered within the stochastic planning
method: the uncontrolled charging demand, the coordinated charging demand and storage
charging demand.
In the uncontrolled charging demand, the grid configuration and the number of charging
spots were defined according to the proposed stochastic planning method. In addition, the
voltage quality at the receiving end of the LV line and the cable losses were analyzed
considering different scenarios of the future EVs demand and the cable lengths in LV
grids. It was shown that an increase in voltage drop due to EV charging negatively affects
the power losses in LV distribution grids. According to the performed tests, an optimal
cable length was defined to reduce the network losses and improve the voltage magnitude
within ±10%Vn.
In the coordinated charging demand, an optimization model was adopted to minimize the
DCFCSs peak-load during the congestion periods by setting the power and the charging
duration. Setting strategies were implemented as a multifunctional optimization problem
with the primary objective of minimizing the grid infrastructure costs.
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Instead, in the storage charging demand, an optimization model was adopted by using
BES as stationary applications within the DCFCSs to minimize the EVs peak load and its
power fluctuation during the congestion hours. BESs with different cycles were proposed
to avoid the grid reinforcement costs when the DCFCSs demand exceeds the grid
capacity. Moreover, the stochastic planning method was used to minimize the grid
installation costs, as well as the BES size considering EVs annual energy demand.
Simulation results showed that BESs is a trade-off between the grid constraints and the
DCFCSs load. An economic assessment for the proposed solution was performed, and
PBP, NPV and B/C ratio were considered to evaluate the financial performance of the
BES investment compared to the costs of grid reinforcement.
The economic assessment of Case A was subjected to the life cycle cost of the batteries.
On the contrary, Case B with a new grid reinforcement was linked to the EVs daily
demand. Consequently, in Case A using BESs with cycles from 10000 to 25000, the B/C
ratio is higher than Case B as long as the daily demand is between 90 and 130 EVs.
Instead, if EVs daily demand exceeds 140 EVs, Case A has the B/C ratio higher than
Case B as long as the number of BES cycles is higher than 25000.
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5

Grid services provision from
batteries within fast-charging
stations
This chapter presents a novel methodology to reduce the operating costs of the BES
considering the EV stochastic charging method with BES presented in Chapter 4, in order
to mitigate the impact of the investment costs of BES within DCFCSs. This chapter
proposes the BES as a multifunctional device able to provide ancillary services, such as
peak shaving and frequency regulation. As shown in Chapter 4, the primary objective of
the BES is to reduce the DCFCSs peak-load demand during the congestion hours with the
purpose of avoiding additional grid reinforcement costs due to DCFCSs peak demand.
Instead, in this chapter the objective is to optimize the investment costs of BES and
increase the profit by providing primary frequency regulation (FNR) during the night
when the EV demand can be assumed very low. Finally, an economic analysis is carried
out to evaluate the technical and economic aspects of the BES life-cycle costs compared
to the revenue provided from the TSO for frequency regulation. Detailed information of
this chapter are in Paper C, F and G, which are included as appendices.

5.1 Battery energy storage for services provision to TSO
5.1.1 Literature survey and contributions
Over the last 10 years, renewable resources replaced several conventional generating
units. The integration of intermittent DERs such as wind turbines and photovoltaic
systems have introduced a variable generation to the power systems. Therefore,
increasing penetration of DERs creates increasing uncertainty in the balance between
production and consumption. The variable generations due to DERs cause frequency
unbalances to the grid. This means that there is a growing need to provide frequency
regulation to TSOs, which is paid from the ancillary services market. In addition, many
researchers are focusing on the transition from a traditional, centralized power system,
where the frequency is controlled by a small set of large generating units to a future,
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distributed one, where it is controlled by several small DERs [198]-[199] or EVs [200].
Different projects in Europe have integrated BESs with and without DERs to provide
ancillary services such as peak shaving to DSOs and frequency regulation to TSOs [201][202]. Instead, in Copenhagen an example of the BES integration is the Nordhavn project
[46]. It was shown in Chapter 1 and 2 that V2G for frequency regulation works as long
as the EVs are charged by providing flexibility with long charging time [203]. In addition,
according to the Nordhavn project [46], BES can provide a fast response time for the
primary frequency regulation and balance it to its nominal value. Figure 5.1 shows the
existing Nordhavn grid in Copenhagen used as a case study within this PhD thesis. The
integration of BES and DCFCSs considering the Nordhavn grid have been analyzed in
Chapter 4. Instead, the BES is, in this case assumed to be used by the DSO through a
separate transformer to provide frequency regulation and peak shaving services.

Figure 5.1: Copenhagen-Nordhavn grid configuration with BES and DCFCSs
Figure 5.1 shows the current configuration of the Nordhavn grid used in Chapter 4. The
BES and the DCFCSs are connected to the same MV grid. Instead, the data of the charging
profiles are obtained from a 50kW charger in DC as shown in the previous chapter. The
DCFCS of 150kW is installed in the Nordhavn grid, but it is not operating properly
because the current EVs battery can not except 800V in DC.
Considering the state-of-the-art of the public DCFCSs and BES for grid services, this
chapter proposes a smart methodology to minimize the operating costs of the BES
considering the EV stochastic charging method with BES presented in Chapter 4. The
primary objective is to minimize the EV peak-load demand by avoiding addition grid
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reinforcement costs due to DCFCSs peak demand. The secondary objective is to optimize
the investment costs of BES by providing FNR during the night when the EV demand is
negligible as shown in Chapter 4. The grid configuration implemented in this chapter is
shown in Figure 5.2.

Figure 5.2: Configuration of the proposed grid architecture for peak shaving and
frequency regulation
The charging architecture used to provide frequency regulation is the same presented in
Chapter 4 considering the “Storage charging demand” as peak shaving. Therefore, the
main contributions of this chapter are:
• Use the stochastic planning method presented in Chapter 4 to analyze the expected
charging demand of the DCFCSs according to the probabilistic driving patterns.
• Use the proposed method as shown in Chapter 4 to determine optimal storage
charging demand to avoid the DCFCSs peak load in order to minimize the grid
installation costs by using BES within DCFCSs as peak shaving.
• To propose a method to optimize the investment costs of BES by providing FNR
during the night when the EV demand is negligible.
• To propose a cost-benefit analysis to evaluate the technical and economic aspects
of BES life-cycle costs compared to the revenue provided by the TSO for
frequency regulation.
The work proposed is conducted to analyze the BES operational costs and benefits within
DCFCSs considering a realistic case study in Nordhavn neighborhood in Copenhagen.
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5.2 Battery energy storage for peak shaving and frequency regulation
This section presents a methodology for providing peak shaving and primary frequency
regulation through the BES by considering different EVs’ charging demand. The
proposed mathematical methods are given in the Subsections 5.2.1 and 5.2.2

5.2.1 Peak shaving via battery energy storage
The peak shaving strategy considering BES as a stationary application within the
DCFCSs is presented in Chapter 4. According to the stochastic planning method different
BES size are proposed in order to minimize the EV peak demand during the congested
hours. As shown in Chapter 4, the PS-BES is used to minimize the EV peak-load demand
by avoiding the grid reinforcement costs due to DCFCSs load demand. The coordinated
storage interface must take into account the system’s overall power balance as shown in
Equation (5.1):
E (t )

Etcl (t ) − b ,dis
, if discharging BES
g (t )
 E=
ηdis

 E (t ) = E (t ) + E (t ) ⋅η , if charging BES
tcl
b ,ch
ch
 g

(5.1)

Eg(t) is the limited grid energy, Etcl (t) is the energy required from the DCFCSs at the time
t during the discharging and charging process, Eb (t) is the energy given or absorbed from
the BES, ɳdis and ɳch are the BES’s converter efficiency during the discharging and
charging process. The Eb,ch (t) is the BES charging energy and Eb,dic (t) is the discharging
energy. ɳdis and ɳch are considered with efficiency at 95% [156]. The BES capacity can
be calculated as a function of the EVs daily demand, as shown in Chapter 4. During the
EVs charging demand the BES operates in parallel with the DCFCSs and the PS is used
only during the congestion hours where EV demand is high. During the congestion hours
the BES charging power is limited by the available grid power. The discharging power is
defined by the converter’s rated power and the difference between the grid power and
DCFCS power. As mentioned in Chapter 4, the objective function in Equation (5.2) is
implemented to minimize the energy peak load demand by using the minimum BES
within the DCFCSs as described in the following equations:
min ( Eb (t ) )


T
T
 E (t ) = E (t ) − ( E (t ) − E (t )) + ( E (t ) − E (t ))
∑
∑
 b
b 0
tcl
g
g
tcl
=
t 0=t 0

if : E (t ) > E (t ) ,discharging BES
tcl
g

if : Etcl (t ) < Eg (t ) ,charging BES

(5.2)

Eb (t0) is the BES energy at the time t0 calculated as the difference between Eb (t0) and the
energy required from the DCFCSs. According to Equation (5.2), the size of the BES can
be calculated and when the BES is defined, a CBA can be analyzed.
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5.2.2 Frequency regulation via battery energy storage
Frequency regulation is a common ancillary service provided by TSOs to minimize the
frequency deviation from 50Hz. BESs are a suitable option for frequency regulation due
to their fast response. In addition, the frequency regulation in Denmark is one of the most
profitable grid services [204] with PS. Considering frequency regulation as profitable
service a smart methodology is proposed to provide primary frequency regulation with
the BES to reduce the PBP by increasing the revenue. In Denmark, frequency regulation
services can be provided in two areas: Western Denmark or (DK1) and Eastern Denmark
or (DK2) as shown in Chapter 1 in "Introduction” [22]. The BES under consideration
(Figure 5.2) is assumed to provide FNR to Energinet, which is the Danish TSO in DK2.
The FNR corresponds to a symmetric frequency control activated for both under and over
frequencies. The aim is to automatically stabilize the frequency at 50Hz and minimize the
frequency deviations by using a droop control as shown in Figure 5.3.

Figure 5.3: Droop control for frequency regulation in DK2
The objective of the droop control is to limit the frequency within the boundary values
(fmin= 49.9 [Hz] and fmax= 50.1[Hz]) by injecting or absorbing power from the BES. Pbat
is power from the BES for the droop control, which is implemented in Equation (5.3):
if , f mis > f max
 Pbat

| Pbat | =
m ( f nom − f mis ) if , f min < f mis < f max
 Pbat =⋅
− P
if , f mis < f min
 bat

(5.3)

fnom is the nominal grid frequency, which is equal to 50Hz, fmis is the measured grid
frequency with 5mHz accuracy in Nordhavn grid. Instead, m is the angular coefficient of
the droop control and can be calculated according to the Equation (5.4).
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if , f mis > f nom , DWR
if , f mis < f nom ,UWR

(5.4)

where mdwr and muwr represent the downward regulation (DWR) and upward regulation
(UWR) expressed in [MW/Hz] and the power bid [MW] considering the day ahead
ancillary services market paid for the available power [205]. According to the Danish
market regulations, the minimum bid must be 0.3MW, in addition the power bid should
be submitted to the TSO one or two days ahead. The aggregator introduced in “V2G
strategy” in this case will be paid from the TSO according to the MW provided for
frequency regulation. Moreover, the service is compensated based on an availability
payment and pay-as-bid [204]. In this context, a control strategy is proposed to provide
FNR when the BES is not providing other services such as PS. The provision of FNR is
proposed in an attempt to decrease the investment costs of the BES according to the
characteristics of the BES defined in Chapter 4. Considering the BES characteristics and
also the market rules for FNR, the minimum power bid as mentioned must be of 300kW.
In addition, the power for FNR will be provided from the BES during the night when the
EVs demand is low. Moreover, specific time intervals will be used to restore the battery
SoC in order to provide PS during the daytime. FNR is also limited by the available grid
power and the converter capacity as well as the BES charging and discharging
requirements from the TSO. The proposed method consists to maximize the profit by
providing FNR as described in Equation (5.5). The objective function is to maximize the
power bid from the BES Pbat (t) which is offered in the day-ahead market and paid by the
TSO. Since the profit for this service is calculated based on a capacity payment, it is
expected that the profit increases according to the power bid during the year. In this case,
Pbat (t) represents the required power according to the frequency deviation from 50Hz and
the droop control described in the Equation (5.3). The remaining equations represent the
operation of the BES in terms of the energy Eb and SoCEb(t) constraints along the complete
regulation period called total frequency regulation (TFR). Eb is the energy absorbed or
injected from the BES at time t and ∆t represents the duration of each interval.

TFR

max ∑Pbat (t )

t =1


Pbat (t ) ≤ Pg

min
≤ Eb (t ) ≤ Ebmax
E

b

SoCmin ≤ SoCEb (t ) ≤ SoCmax


=
E (t ) Eb ,ch (t ) = Eb (t + ∆t ) − Pbat (t ) ⋅ ∆t ⋅ηch ,   
if Pbat (t ) < 0, DWR
 b
⋅
∆
P
(
t
)
t
=
Eb (t + ∆t ) + bat
,   
if Pbat (t ) > 0, UWR
b ,dis (t )
 Eb (t ) E=
ηdis


(5.5)
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5.3 Cost-benefit analysis methodology
This section presents two-design architecture to connect the DCFCSs within the power
systems, and outlines a CBA methodology, as shown in Chapter 4. The CBA is carried
out to evaluate the costs and benefits of BES life-cycle costs compared to the revenue
provided by the TSO for FNR services. As shown in Chapter 4, the first method, called
Case A, uses the BES as a stationary application during the congestion hours to support
the increasing EV demand over the years. In this case, the BES operates as PS in parallel
with the grid and provides FNR during the night when the EVs demand is negligible. The
second method, Case B, adopts grid reinforcement, as shown in Chapter 4 by using a new
MV transformer to sustain the increasing EV demand. As shown in Chapter 3 and 4 the
main objective of the CBA is to evaluate the economic performance of Case A versus
Case B. In particular, the economic performance of Case A considering the BES costs
and the lifetime by using the BES for PS and FNR. The annual benefits and costs of Case
A and B are calculated in Chapter 3 in “Cost-benefit analysis methodology”. Instead, the
component costs of Case A in this section are calculated as:
C
=
A

T

∑ BES
t =1

D ,t

⋅ CBES ,t + CC

(5.6)

BESD,t is the BES degradation life per year, CBES,t represents the BES costs per kWh
considering the replacement costs during investment life T. Instead, CC are the chargers
costs. The BESD,t can be calculated as shown in Equation (5.7):
t2
t4

=
 ED (t ) ∫ | Pb (t ) | dt + ∫ | Pbat (t ) | dt

t1
t3

−1
Ed ⋅ ∆Te

 K PYD =
2 ⋅ Eb


K PYD
 BES D ,t =
K BES



(5.7)

ED (t) is the enegry consumed during the PS time and FNR, from t1 to t2 is the time where
the BES works as PS, from t3 to t4 is the time where the BES provides FNR servirse.
Instead, KPYD considers the number of cycles utilized during the year. BESD,t is the BES
degradation life time per year under a work temperature ∆Te =0,9814 [181]. KBES is the
number of cycles given by the manufacturers. In additon, the capacity fade per year can
be calculated as shown in Chapter 3. Therfore, in order to calculate the total annual costs
the Equation (5.6) replaces the Equation (3.14) in calculated in Chapter 3 in “Cost-benefit
analysis methodology”. Therefore, the total annual benefits for Case A can be calculated
as:
BA = ( E ⋅ Ce ) ⋅ TA + BFNR

(5.8)
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E represents the daily energy consumed in function of the EV demand, Ce is the cost of
electricity paid by the EV users and TA is the number of the day measured in a year. BFNR
is the benefits by providing FNR in DK2 to the TSO. BFNR can be calculated according to
Equation (5.9):
B=
pFNR ⋅ Pbid
FNR

(5.9)

Pbid is the power bid in MW considering the day ahead ancillary services market paid
from the TSO for the available power. pFNR is the price paid according to the day ahead
ancillary services market [205]. Figure 5.4 shows the prices in €/MW between 2013 and
2017 for the power bid. The revenue considered in the CBA is calculated considering the
year 2017.

Figure 5.4: Mean FNR prices from 2013 to 2017 in DK2
The prices are given by the Danish TSO Energinet.dk [22]. Considering that FNR will be
provided only form 20:00 to 5:00 when the EV demand is low. pFNR according to Figure
5.4 can be assumed 40.88 €/MW considering the mean value from 20:00 to 5:00. In
additon, fmis represents a year signal missured in Nordhavn grid in 2017 as shown in
Figure 5.1. Pbid is calculated from 20:00 to 5:00 and it is fixed during each hour according
to the converter’s power. The AC/DC converter size for the BES is 300kW with 95%
efficiency. Under the AC/DC converter condition, the battery size can be assumed
437kWh according to (5.2) as shown in Chapter 4. Table 5.1 shows the revenue calculated
accorging to the FRN prices and the measured frequency in 2017.

Table 5.1: Revenue for FNR regulation
Price FNR
[€/MW]
pFNR

Power bid ±
[kW]

Day
profit [€]
BFNR

Year
profit [€]
BFNR

40.88

300kW

110

40150
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5.4 Simulations and results
5.4.1 Results storage charging demand for peak shaving and frequency
regulation
In this section, a simulation-based approach is used to present the performance of the
proposed methodology. For this purpose the following assumptions are considered: a)
The BES and DCFCSs belong to the same private stakeholder called EVSEOs or DCFCSs
operators, which is also responsible for grid upgrade. In this case, the private stakeholder
can be the DSO or a private owner of the DCFCSs such as aggregators. b) PS is a local
grid service provided by EVSEO, and it will be performed to manage the EV demand
during the congestion hours in order to avoid the costs of grid reinforcement, and c) FNR
is a service provided to TSO, and it is implemented in order to reduce the investment
costs of the BES. A case study is carried out to validate the proposed methodology
considering EV demand from 140 to 150EVs. The BES size is calculated for PS in the
Equation (5.2) and FNR in Equation (5.5). In addition, the size of the AC/DC converter
and BES consider the grid constrains, i.e., the transformer capacity as well as the DCFCSs
power demand as calculated in Chapter 4. Figure 5.5 shows the grid configuration
considering 150 EVs charged per day and the BES operation after 1-day simulation.

Figure 5.5: DCFCSs load with 150 EVs/day: a) EVs demand and BES in kWh, b)
required grid power, c) BES charging and discharging process for PS and FNR, d) BES
SoC during the EVs demand
Figure 5.5 shows the EV charging demand during the normal workday where the peaks
can be observed early in the morning (between 06:00 and 10:00) and in the afternoon
(between 16:00 and 19:00) as shown in Chapter 4. The BES during peak hours provides
PS to support the local grid. Moreover, between 12:00 and 16:00 the BES is used to
restore the SoC of the battery and in order to be ready to provide PS during the second
peak of the day from16:00 to 19.00. In addition, as shown in Figure 5.5 the BES is able
to provide FNR during the period from 20:00 to 05:00 of the next day. During this period
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of time, the BES is charged or discharged according to the measured frequency signal.
Instead, periods from 05:00 to 06:00 and from 19:00 to 20:00 are used to restore the
battery SoC to ensure PS during the daytime. As shown in Chapter 4, the introduction of
the BES helps the DCFCSs to avoid the grid reinforcement costs when the EVs peak
demand exceeds the grid capacity. In addition, the Equations (5.2) and (5.5) are
implemented to maximize the profitability of the BES versus its investment costs by
providing PS during the day and FNR during the night. An economic analysis is carried
out in the next section to evaluate the financial performance of the BES as life-cycle costs
calculated in Equation (5.7) versus the revenue provided to the TSO for FNR calculated
in Equation (5.9).

5.4.2 Cost-benefit analysis results
This section analyzes the costs and benefits of the BES within DCFCSs. In particular, the
economic evaluation of the BES life-cycle costs compared to the benefits provided by PS
and FNR. Case A CBA as shown in Chapter 4 uses BES as stationary application during
the congestion hours to support the increasing EVs demand over the years. In this case,
the BES provides PS only during the congestion hours (morning and evening) and FNR
during the night. Instead, Case B evaluates a CBA as shown in Chapter 4 by using a new
grid upgrade to MV grid to sustain the increasing EVs demand. In both cases at the
beginning, a transformer in MV is required with a power of 500kVA. An economic
assessment of each scenario is analyzed considering the same EVs demand, as shown in
Figure 5.6. All the economic parameters used in Case A and B are listed in Table 4.8
considering the cycle costs for FNR and the benefits are calculated in Equation (5.9) in
“Cost-benefit analysis methodology”.

Figure 5.6: Case A grid integration of BES and DCFCSs and Case B standard
integration of DCFCSs with a connection to the MV grid
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The main objective of the CBA is to evaluate the costs and the benefits of Case A and
compare them with Case B, which considers a traditional grid reinforcement. Case A
considers three different lithium –ion technologies as shown in Chapter 4 with 5000 and
10000 cycles (NMC) [112] and LTO battery with 25000 cycles [187]. In Case A, the
number of EVs charged per day is used to calculate the total annual benefits Bt,A, as
shown in Equation (3.15) in “Cost-benefit analysis methodology”, and it is based on the
annual energy consumed by the EV users. The total benefits are the annual energy sold
to the EV users and the profits provided by the TSO for FNR services calculated in the
Equation (5.9). Instead, the costs Ct,A is calculated by substituting Equation (3.14)
calculated in Chapter 3 in “Cost-benefit analysis methodology”, with the Equation (5.6).
The equations consider the investment costs including the component costs such as
DCFCS costs, the replacement costs of the BES at the end of their useful life Equation
(5.6), converter costs and the installation costs. When Ct,A and Bt,A are defined, PBP and
B/C ratio can be calculated as shown in Chapter 3 in “Cost-benefit analysis
methodology”. Likewise, the costs and the benefits of Case B are calculated as shown in
Chapter 3 and 4 in “Cost-benefit analysis methodology”. Instead, as shown in Chapter 4
in “Economic assessment of Case A and Case B”, grid investments consider a 4%
discount rate [186], while investments in BESs are considered riskier. Therefore, the
discount rate used is 8% [182] as shown in Table 4.8. Figures 5.7 compares the economic
assessment of Case A versus Case B considering three types of batteries with different
cycles.

Figure 5.7: Economic comparison of Case A versus Case B with BES for PS and FNR
As mentioned, Case A considers the integration of BESs to support the grid when the EVs
daily demand exceeds 90 EVs. As shown in Figures 4.16, in Case A the red and orange
line represent the current technology of lithium-ion NMC batteries with 5000 and 10000
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cycles [112]. The blue line is the future generation of the lithium-ion LTO battery with
25000 cycles [187]. Instead, in Case B, the black line shows the financial performance by
using a new connection to the MV grid. According to Figure 5.7, the economic assessment
of Case A is subjected to the life-cycle costs of the batteries, on the contrary, Case B,
classic grid reinforcement depends from the number of EVs charged per day. Case A
shows that, with a demand from 90 to 130 EVs charged per day the B/C ratio is higher
than Case B. Likewise, with the EVs demand from 140 to 150, Case A has a higher B/C
ratio than Case B as long as the number of BES cycles is higher than 10000. In addition,
considering a load demand from 90 to 130 EVs by using small size of BESs as 18kWh or
30kWh the CBA for FNR is not economically convenient because the revenues compared
to the BES life-cycle costs are not high enough. Therefore, in this case, it is recommended
to use the BES only for PS services as shown in Chapter 4. Instead, considering a load
demand from 140 to 150 EVs by using big size of BESs as 437kWh or 586kWh, the CBA
for FNR proves to be economically convenient because the total revenues are marginally
higher than BES life-cycle costs during the lifetime of the investment. In this case, it is
recommended to use the BESs for FNR services and PS, as long as the BES cycles are
higher than 10.000.
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5.6 Summary
In this chapter, a smart methodology was presented to reduce the operating costs of the
BES within DCFCSs considering the user behavior and the probabilistic driving patterns
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proposed in Chapter 4. The EV stochastic charging method with BES was considered by
using the BES as a multifunctional device to provide ancillary services, such as PS and
FNR. It was shown that, according to stochastic charging demand and grid constraints,
the BES can reduce the DCFCSs peak-load demand during the congestion hours by
providing PS in the morning and evening in order to prevent further grid reinforcement
costs due to DCFCSs load demand. In addition, an optimal BES was proposed to optimize
the investment of the DCFCSs and the BES by using the BES for FNR during the night
in order to increase the profit of the entire investment. It was shown that, BES operation
costs can be minimized by providing PS and FNR only under specific conditions.
In the CBA and the economic assessment, Case A was related to the life-cycle costs of
the batteries, while Case B a classic grid reinforcement was linked to the number of EVs
charged during the day. In the same CBA, it was shown that considering a daily demand
between 90 and 130 EVs charged per day, Case A has a higher B/C ratio than Case B.
Likewise, considering a demand from 140 to 150 EVs, Case A has a higher B/C ratio than
Case B, as long as the BES cycles are higher than 10000. In addition, considering a load
demand from 90 to 130 EVs and small size of BESs, the CBA for FNR is not
economically convenient because the revenues compared to the BES life-cycle costs are
not high enough. In this case, it was recommended to use the BES only for PS services,
as shown in Chapter 4. Instead, considering a demand from 140 to 150 EVs by using big
size of BESs, the CBA for FNR proves to be economically convenient because the total
revenues are marginally higher than BES life-cycle costs. In this case, it was
recommended to use the BESs for FNR services and PS as long as the BES cycles are
higher than 10.000.

Conclusions and future research

CHAPTER

103

6

Conclusions and future research
6.1 Conclusions
This thesis focused on the challenges that are imposed by the high integration of EVs and
charging stations at different levels in the power systems. The overarching question
investigated in this dissertation focused on the main challenges and opportunities when
pro-actively integrating BES within EV charging stations in the power systems. The work
focused on answering the main research question “Can the BES reduce the self-induced
grid impact of the EV fast charging stations and actively contribute to the stability of the
power system?”. This main question was divided into four sub-questions. The results are
concluded below:
Q.1 What is the grid impact of the uncontrolled EV fast charging stations considering
high EV penetration?
The grid impact of uncontrolled EV charging stations was analyzed considering the
future EV market penetration in different countries in Europe. It was shown that the
increasing EV market penetration might causes violations in the voltage constraints
and the overloading of the MV transformers. In the existing literature review,
different methods were considered to mitigate the EV grid impact. Section 2.6
proposed to use EV controlled charging strategies such as a local EV charging
control, demand-side management and V2G strategy. The proposed charging
strategies consider as a necessary parameter to control the EV charging power and
to reduce EV charging time based on the aggregators' signals. It was shown that the
proposed method affects user behavior as well as their habits. Alternatively, to the
EV charging strategies with BES within EV charging were introduced in Section
2.7. The objective of this section was to minimizing EV charging impact by
maintaining the same user behavior and the EV charging at the nominal power
level. According to the state of the art, the BESs for the EV charging can be
integrated within households for a private charging station or public charging
stations. Particular attention has been given to public charging stations architecture
considering BES as a crucial strategy to reduce the EV charging impact. It was
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recognized that the integration of BES can mitigate the EV grid impact and at the
same time, it can provide different benefits to the grid such as ancillary services.
Q.2 Can battery energy storage be a cost-effective solution to reduce the grid impact of
uncontrolled EV fast charging station?
In Chapter 3 an advanced design architecture for EV fast-charging stations was
performed considering the integration of BES within EV charging. The work
presented can help to understand the business model behind the use of different
storage systems within the context of DCFCSs. The proposed design method
facilitates the integration of DCFCSs in the existing low-voltage grid by using two
modular lithium-ion batteries within the uncontrolled DCFCSs. It was shown that
the reduction of battery costs could be a profitable solution for the integration of
DCFCSs on a large scale. The simulation results presented in this chapter
demonstrate that the operation of DCFCS can be partially decoupled from the LV
grid by introducing BESs with the advantage of minimizing the grid impact and the
installation costs due to grid upgrade. In order to evaluate the financial performance
of the BESs within DCFCSs, two separate layouts were considered. Frist, BES
within connected in LV grids and second, DCFCSs with a new connection to MV.
In both cases, an economic assessment was performed including a PBP, IRR, NPV
and B/C ratio. The economic assessment of Case A, BES within the DCFCSs was
crucially dependent on the life-cycle cost of the batteries. On the contrary, Case B,
MV connection was closely linked to the number of EVs charged per day. The
results of Case A showed that the number of battery replacements affects the main
economic parameters significantly and financial performance. In addition, the
economic assessment in Case A showed that the batteries with low cycles such as
5000 or 10000 (NMC) are not economically viable because the investment holds
the perspective of a continuous battery replacement costs. Instead, the batteries with
a large number of cycles 25000-30000 (LTO) provide a B/C ratio higher than Case
B as long as the EVs daily demand is between 35 and 250 EVs. Moreover,
considering LTO batteries, Case B has higher profitability than Case A only when
the number of EVs charged per day exceeds 250.
Q.3 Focusing on the public fast charging stations, how can we predict the EVs charging
demand? And which charging strategies can be implemented to reduce the
infrastructure costs of the EV fast charging?
Different sources of data including user behavior, the daily travel distance and the
EV charging locations have been analyzed carefully to predict EVs’ charging-start
times. Chapter 4 proposes a stochastic planning method to predict the expected
charging demand from the uncontrolled EV fast charging stations considering the
user behavior in Copenhagen and their probabilistic driving patterns. Additionally,
according to the proposed method, three EV charging strategies were performed:
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uncontrolled charging demand, coordinated charging demand and storage charging
demand.
In the “uncontrolled charging demand” the grid configuration and the number of
charging spots were defined according to the proposed stochastic planning method.
In addition, the voltage quality at the end of the LV line and the cable losses were
analyzed considering different scenarios such as EVs demand and different cable
lengths in the LV grid. It was shown that an increase in voltage drop due to EV
charging negatively affects the power losses in the LV transmission line. According
to the performed tests, an optimal cable length was defined to reduce the network
losses and improve the voltage magnitude within ±10%Vn.
In the “coordinated charging demand”, an optimization model was adopted to
minimize the DCFCSs peak-load during the congestion periods by setting the
power and the charging duration. Setting strategies were implemented as a
multifunctional optimization problem with the primary objective of minimizing the
grid infrastructure costs.
Instead, in the “storage charging demand”, an optimization model was adopted by
using BES as stationary applications within the DCFCSs to minimize the EVs peak
load and its power fluctuation during the congestion hours. BESs with different
cycles were proposed to avoid the grid reinforcement costs when the DCFCSs
demand exceeds the grid capacity. In addition, the stochastic planning method was
used to minimize the grid installation and operation costs as well as the BES size
by maximizing the annual energy demand from EVs. Simulation results showed
different sizes of BESs, which are a trade-off between the grid constraints and the
DCFCSs load.
Additionally, two separate grid reinforcements were considered to evaluate the
financial performance of the BES. The first case, Case A uses the BESs as
stationary application during the congestion hours (PS) to support increasing EV
demand over the years. The second case, Case B adopts grid reinforcement by using
a new MV transformer to sustain the increasing EV demand. The economic
assessment of Case A was linked to the life cycle cost of the batteries. On the
contrary, Case B with a new grid reinforcement was linked to the EVs daily
demand. Consequently, in Case A using BESs with cycles from 10000 to 25000
provide a B/C ratio higher than Case B as long as the EVs daily demand is between
90 and 130 EVs. Instead, if EVs daily demand exceeds140 EVs, Case A has the
B/C ratio higher than Case B as long as the number of BES cycles is higher than
25000.
Q.4 Which grid services could battery energy storage provide within the fast charging
stations?
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The requirements to provide grid services from BES within the fast-charging stations have
been identified in Chapter 5, applying the stochastic charging demand presented in Chapter
4. The proposed method uses lithium-ion batteries as a multifunctional device ensuring
ancillary services such as peak shaving and frequency regulation with the objective of
reducing EV charging infrastructure costs. The primary objective of BES was to minimize
the EV peak-load demand (PS) to avoid addition grid reinforcement costs. The secondary
objective was to optimize the investment costs of BES by providing primary frequency
regulation to the local TSO during the night when the EV demand is low. It was shown
that according to stochastic charging demand and grid constraints the BES can reduce the
DCFCSs peak-load demand during the congestion hours by providing PS in the morning
and evening. Moreover, an optimal BES was proposed to optimize the investment of the
DCFCSs and the BES by using the BES for FNR during the night to increase the
profitability of the entire investment. It was shown that, BES operation costs can be
minimized by providing peak shaving and frequency regulation only under certain
conditions. The two separate grid reinforcements were considered to evaluate the
financial performance of the BES. The first case, Case A uses the BESs as stationary
application during the congestion hours to support increasing EV demand during the day
and FNR during the night. The second case, Case B adopts grid reinforcement by using a
new MV transformer to sustain the increasing EV demand.

According to the financial performance, Case A was subjected to the life-cycle costs of
the batteries, diversely, Case B classic grid reinforcement was linked to the number of
EVs charged during the day. It was shown that, assuming a demand from 90 to 130 EVs
charged per day, Case A has the B/C ratio higher than Case B. Likewise, considering a
demand from 140 to 150 EVs Case A has the B/C ratio higher than Case B as long as the
BES cycles are higher than 10000. Moreover, assuming EVs load demand from 90 to 130
by using small size of BESs, the CBA for FNR is not economically convenient because
the revenues compared to the BES life-cycle costs are not extremely high. In this case, it
was recommended to use the BES only for PS services as shown in Chapter 4. Instead,
considering a demand from 140 to 150 EVs, using big size of BESs the CBA for FNR
proves to be economically convenient because the total revenues are marginally higher
compared to the BES life-cycle costs. In this case, it was recommended to use the BESs
for FNR services and PS with cycles higher than 10.000.

6.2 Future research
The results obtained in this project have also uncovered topics that give motivation for
further research.
•

The battery degradation for the provision of ancillary services through the BES
can be improved with more advanced methods, such as using a real stress test in
the laboratory.
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The costs and benefits related to recycling of BESs at the end of their useful life
are not addressed, but in the future the recycling costs can be added in the CBA.
Li-ion batteries can have a second life as energy storage, therefore deeper
research for this technology should be done considering different ancillary
services for the distribution grids.
The communication strategies between the aggregator, EVs and BESs have not
been discussed in this thesis.
Bidirectional converters are already used for primary frequency regulation and
their design can be improved in the future. Therefore, deeper research for this
technology should be done to improve the efficiency of the converters.
Many grid services were experimentally demonstrated in this work but it is worth
mentioning that the introduction of multiple winding transformers within the
uncontrolled EV fast-charging stations can be used in the future to regulate the
voltage drop according to the cable length in LV and number of DCFCSs. This
can be added to the proposed methods.
The integration of PV and BES within uncontrolled EV fast-charging stations
can be integrated within the proposed methodologies by considering a new CBA
for the new design architecture.
The impact on voltage profiles in LV grid considering the coordinated charging
demand and storage charging demand though BES were not tested.
BES within the uncontrolled EV fast-charging stations can be used to regulate
the voltage profile in the future by using reactive power from the AC/DC
converter.
The DCFCSs can use the V2G technology during the night when the EV demand
is negligible through the demand response from the aggregators or electric
vehicle supply equipment operators.

Appendix A - Nordhavn distribution grid

Appendix A - Nordhavn
distribution grid

Copenhagen-Nordhavn MV grid configuration
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Appendix A - Nordhavn distribution grid

Copenhagen-Nordhavn area MV grid configuration
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Appendix A - Nordhavn distribution grid

Copenhagen-Nordhavn MV grid configuration with BES and DCFCSs
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Appendix B - Nordhavn grid with
DC fast-charging stations

Copenhagen-Nordhavn area 150kW DCFCS

Appendix B - Nordhavn grid with DC fast-charging stations

Copenhagen-Nordhavn area150kW DCFCS
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Appendix C - Nordhavn grid with
battery energy storage

Copenhagen-Nordhavn area, 460kWh battery energy storage with NMC technology

Appendix C - Nordhavn grid with battery energy storage

Copenhagen-Nordhavn area, 460kWh battery energy storage with NMC technology
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Abstract: Widespread use of electric vehicles (EVs) requires investigating impacts of vehicles’ charging on power systems. This
paper focuses on the design of a new DC fast charging station (DCFCS) for EVs combined with local battery energy storages
(BESs). Due to the BESs the DCFCS is able to decouple the peak load demand caused by multiple EVs and decrease the installation
costs as well as the connection fees. The charging system is equipped with a bidirectional AC/DC converter, two lithium-ion
batteries and a DC/DC converter. The introduction of BES within the DCFCSs is investigated with regards to operational costs of
the charging stations as well as the ability of a BES to mitigating negative impacts on the power grid during congestion hours.
The proposed solution is shown to reduce not only the installation costs but also the charging time and it facilitates the
integration of fast chargers in existing low voltage (LV) grids. A cost-benefit analysis (CBA) is performed to evaluate the financial
feasibility of BES within the DCFCSs by considering the installation costs, grid connection costs and battery life cycle costs.

E
1. Introduction
INCREASED focus on sustainable transportation and CO2
reduction leads to large investments into electric vehicle (EV)
technology from the major car producers. Rising numbers of
EVs in major cities and widespread rollout of EV charging
infrastructures are introducing new high power loads to
distribution system operators (DSOs). In recent years
environmental concerns and advances in battery technology
drive the rapid development of electrical transportation [1][3]. In a sustainable city [4], with an increasing amount of
electric vehicles, a lot of concern is raised on EV grid
integration as well as a tariff system that allows to control the
EVs charging demand [5]-[6]. The EN /IEC 61815 and
automotive engineers in U.S. SAE J1772 have proposed the
EV charging modes and the maximum current delivered both
on alternating and direct current (AC and DC).
Currently, the public charging stations in the major
European cities are providing 7 - 43 kW [7], which with the
current EV models and charging stations require more than an
hour to cover a range of 150 km.
Considering the growing number of EVs over the next 10
years [8], appropriate fast charging infrastructures are
anticipated to supply the future EV power demand. Therefore,
the widespread use of EVs requires investigating impacts of
vehicles’ charging on the distribution grids. So far, extensive
study has focused on optimizing the EV penetration and the
charging infrastructure. An optimal approach is proposed in
[9] with a day-ahead energy planning of EVs by scheduling

different EVs scenarios. Some authors are focused on
innovative schedule price policies [10], in order to avoid the
peak load and the waiting time at the fast charging stations
(FCSs). Instead, reference [11] suggests a hierarchical game
approach on the electricity price strategy by improving the
reliability of the power systems and the economic profits of
the FCSs. However, the integration of the FCSs involves
different aspects of the power systems, such as the network
losses, overloading of distribution transformers during the
peak demand and the negative impact on the voltage profile.
Reference [12] proposes an optimal sizing and siting of the
charging infrastructures in order to reduce the network losses
and improve the voltage profile. In [13] an optimization
process is made of the sizing and siting the EV charging
stations by minimizing the charging station costs. In addition,
[14] suggests a spatially explicit agent-based model that
determines the spatial distribution of chargers by introducing
load shifting of the EV demand. Another solution in [15]
recommends a scheduling strategy of the FCs by reducing the
impact in low voltage (LV) grid. Alternatively, another study
proposes to use stationary batteries as buffer between the grid
and the charging stations in order to limit the peak
consumption [16]. Likewise, [17] introduces an optimal size
of battery energy system (BES) in the FCSs, by using a
dynamic traffic model in order to minimize the FCSs
operational costs and the BES size.
Consequently, it is important to design appropriate fastcharging stations for EVs, which are able to meet the expected
demand. Designing appropriate charging infrastructures
require not only meeting the EVs demand at any time of a day,

but also minimizing the installation costs as well as the grid
reinforcement costs. In many DSO/LV network load is limited
to 500kW [18]. Despite the fact that recent papers have
introduced the FCs and BESs, more work is required on the
DC fast charging stations (DCFCSs) design and the BES size
by considering the increasing EVs market penetration [8].
Additionally, the integration of the BESs within the FCSs have
to take into account the evolution of the power electronics, as
well as the new Li-ion battery technologies [19] and the annual
cost reduction of batteries [3].
In this paper, the authors attempt to determine a design
criteria including a concept with two BESs within the
DCFCSs. In particular, we propose a novel design of a
stationary twin BESs that allows partial decoupling between
DCFCSs and LV grid as shown in Fig. 1. The operation of the
DCFCS is based on dynamic charging systems of the BESs
that allow one of the batteries (BES2) to be charged from the
grid while the other (BES1) is charging an EV and vice versa.
The study aims to determine an optimal size of the DCFCS
and BESs by taking into account different EVs charging
demand. Furthermore, the proposed solution allows to reduce
the charging time as well as the power required from the grid
in order to avoid grid reinforcement costs of the DCFCSs. In
conclusion, compared with the published works, the main
contributions of in this paper are the following:
 A statistical method is proposed to determine the
expected EV charging demand by using different
commercial EVs. According to the EV demand, an
optimal design of the BES and DCFCSs are
implemented by using real BES data from the
datasheet within the simulations.
 A planning method is presented for the integration of
different DCFCSs within the power systems in order
to minimize grid connection costs by using BESs.
 Finally, a cost-benefit analysis (CBA) is performed
to evaluate the financial feasibility of BES within the
DCFCSs by considering the battery life cycle and
replacement costs.
Numerical simulations are conducted to illustrate the
implementation of the proposed method.
The paper is organized as follows. Charging modes for EVs
are described in Section 2. Section 3 discusses the
methodology used to design and control the BES within the
DCFCs. An optimal BES control strategy with a CBA are
discussed with the results in Section 4 and the conclusions in
Section 5.

summarizes the main characteristics of these charging modes
with their respective maximum power according to IEC 61851
[7] and IEC 62196 [21]. The IEC 62196 applies to plugs,
socket-outlets, and connectors based on conductive charging.
The current AC charging infrastructure has proved its ability
to deliver the charging services safely and reliably. Most of
the existing stations are operated in modes 2 and 3 in order to
lower the infrastructure costs, reduce the impact on the grid
and align with international standards. However, using these
modes lead to the limitations on the transferred power as
shown in Table 1 and therefore longer charging times.

2. EV Charging Modes
There are two main approaches for charging EVs. The first
one is to use on-board EV’s charger and connect it to the AC
grid. The second is to charge the EV via an off-board charger
using DC. Existing charging modes for EVs are specified by
the standard IEC 61851 for “electric vehicle conductive
charging system”. The standard describes both on-board and
off-board EV chargers and distinguishes between four
charging modes: 1, 2, 3 and 4 [7]. Mode 4 is the only mode
that allows connection to DC. The requirements for control
and communication of both DC charger and EV can be found
in part 23 and 24 of IEC 61851 [7] and IEC 15118 [20]. By
using mode 4, the charging time can be reduced to 30-45
minutes for charging an EV battery of 30 kWh up to 80%
state-of-charge (SoC) with a power of 50 kW. Table 1

3. Methodology

Table 1 Charging mode according to IEC 61851 [7]
Mode
Phase
Maximum
Minimum
current
voltage
Mode 1
1
16A
250V
(AC)
3
16A
480V
Mode 2
1
32A
250V
(AC)
3
32A
480V
Mode 3
1
32A
250V
(AC)
3
250A
690V
Mode 4
400A
1500V
(DC)
The mode 3 takes around 1 hour to charge an EV with 20 kWh
battery up to 80% of its SoC with charging power of 22 kW.
In addition, the AC chairing time may cause congestion with
the parking lots, especially in urban areas. In order to solve
those issues the special attention should be brought to mode 4
with off-board charging in DC. The IEC 62196 standard
allows for DC charging up to 400 A with power from 50 to
600 kW in CHarge de MOve (CHAdeMO) ”mode” and
Combined Charging System (Combo) ”mode”. The following
DC charging stations are currently available on the market:
ABB 50 kW with combo in LV, 62.5 kW by CHAdeMO in
LV and 120 kW Tesla system with connection on medium
voltage (MV) side (charger-to-grid connection). The
advantages of mode 4 are reduced charging time and higher
efficiency due to the absence of additional converter.
However, the high power demand (especially more after 100150 kW) from such charging stations requires a strong
distribution grid and typically a connection to MV level with
a specifically designated transformer. This creates obstacles in
regards to space and investment cost for the DC charging
stations.

3.1. Integration of the BES into DCFCS
Combining DCFCS and BES can provide a reliable
solution to mitigate unfavorable side effects on the grid. The
EVs’ load demand can be partially reduced through this setup
by supporting the system operation in terms of power
decoupling through the BESs. The solution also contributes
the improvement of grid regulation and defers costly network
reinforcement [22]-[23]. Lastly, this solution has the potential
of providing various ancillary services to support the power
system operation, such as primary frequency control or
voltage control [20],[24] The DCFCS is not only an
infrastructure for EVs recharge, but also a crucial solution to
integrate them into smart grids, which interconnects the main

grid with various distributed renewable energy resources and
storage [8]. Another factor that needs to be taken into account
is the cost reduction of the lithium-ion batteries. The annual
cost reduction of Li-ion batteries can be reduced up to 8% [3].
This represents a great opportunity for integrating the
penetration of EVs and smart charging stations. Therefore,
possible scenarios of the BES within the DCFCS can be
implemented in order to provide different ancillary services
for flexible loads such as EVs [24]-[25]. In EVLabDK [26]
and the project EnergyLab Nordhavn [4], BESs data was
collected and analysed by using our laboratory facilities. A
model for optimal operation of the BES in the distribution grid
was developed. Communications management and
compatibility of devices with the current technologies were
considered according to IEC61850 [27] to evaluate the
performance and interoperability of all those systems.
Particularly, advancement in power electronics interfaces
development, as well as battery storage technology, will be
decisive factors. In this paper, proposed DCFCS focuses on a
specific power electronic architecture consisting of a
bidirectional AC/DC converter, DC/DC converter and two
BESs. By combining these elements, the EV battery will be
charged from the first BES in order to support its demand.
When size is properly designed, the AC/DC converter will
recharge the second BES while the vehicle is being charged.
In this case, with a fully charged second BES, the DCFCS can
support the next user to recharge the EV with the same
charging rate for 10 minutes. In the meantime, the first battery
that was discharged earlier on will immediately be charged
through the AC/DC converter. Once congestion or batteries
malfunction occurs, the EV will be charged directly by the grid
through the AC/DC as shown in Fig. 1.

the sum of the internal contact of individual cells. conv
represents the efficiency (%) of the converter, and it is
estimated at 95%. The charging station will have one or more
charging slots, and each of them can be connected to the LV
grid with a minimum power of 22 kW required form the grid
in AC. The EVs load demand generated by the EVs changes
during the day, and it is considered as a random variable. To
make the power demand study more realistic, the following
steps are made:
1.
2.

Initial EV SoC ( SoCEVs ) is estimated between 20% - 50%
with a mean of 35%;
Battery capacity ( Bc ) of the EV is between 5 kWh – 60
kWh with a mean of 32.5 kWh;

3.

The uoc is the open circuit voltage of each BES which has

4.

linear relationship to SoC;
The charging curves of the EVs are based on random
arrival charging time
The current DC off-board charger has a voltage of

VREF  500 V . The EV battery pack considered for the
simulation is 20 kWh. The energy exchanged between the
BES and the EV varies from 25% to 100% SoC as shown in
Figure 2. The resistance is considered with base value
 Rcell  20 kWh   98 mΩ from the datasheet [26], [29].

R

cell  E 
bat

  Rcell   Bc 

In this case study, the most important factors to take into
account are the available power from the grid side and the
battery charging process. The SoC(t) of batteries can be
calculated based on the coulomb counting [28]:
SoC  t   SoCi 

Fig. 1. DCFCS in mode 4 in LV grids with BESs

In the following batteries, BES1 and BES2 converters
AC/DC and DC/DC and the EV have been designed by using
models available in Matlab/Simulink. For determining the
optimal operation of the DCFCS, a large amount of data must
be known, such as the arrival time, EVs SoC and the charging
duration. The local grid provides the battery-charging power
and it can be expressed as [28]:

Pgrid 

conv

 I BES   uoc  SoC0  I BES   Rcell 

t
Qbat

t

  I BES ,

(3)

 0

where Qbat is the coulomb count of the battery capacity in
ampere-second and it is used within the numerical time step
integration. The charging is completed, when SoC  SoC80% .

3.2. Optimal Design of the DCFCS

1

(2)

I BES (t ) is the battery current in ampere and SoC0 corresponds

to the SoC (in %) of the battery at the beginning of the
simulation  t0  [28]. The I BES (t ) can be expressed as:

I BES  t   k2 (t ) I (t )  k1 I (t )  k0

(4)

where k0 , k1 , k2 are constant values obtained from the
(1)

The I BES is the BES current measured in ampere (A) and it is
given by the AC/DC converter, uoc is open circuit voltage
(V), the Rcell is the resistive characteristics (Ohm) caused by

datasheet [29]. The BES terminal voltage VBES is a sum of uoc
and it drops across the internal resistance, and it has a linear
relationship between SoC and uoc as shown in (5);

VBES  t   uoc  SoC   I BES   Rcell
The size of each BES can be calculated as:

(5)

 BES1  BES 2  CBES  Bc

CBES  SoC80%  SoCEVs  SoC10%

(6)

curve of the BES within the nominal operating area. Fig. 2a
shows the operation limits considering three levels: normal,
low and high-level SoC. Fig. 2b represents the control system
used between BES and EV.

CBES represents the probabilistic coefficient of the BESs and
the SoC10% is the usable EVs battery. According to the tests
performed in the EV laboratory [26] only 90% of the nominal
capacity is used as work capacity, and the remaining 10% will
be used over time in proportion to the battery degradation.
SoC80% is the fixed constraint for charging EVs up to their
80% SoC. The limitation of the charging process up to 80% is
due to the battery management system (BMS) of the cars
which will drastically reduce the charging power and increase
the charging time until the end of the charging process. In the
equation (6), each BES is 11.4 kWh, and both have been
oversized of 14.25 kWh in order to maximize the BES lifetime
cycles according to a maximum depth of discharge (DoD)
which cannot exceed 75% [30] as shown in Figure 2. The
BESDL is the BES degradation life expressed per year as [30]:


CPY  Te 1
 BES DL 
BESCDoD

 BES
  DL
CDoD   DL  DoD


(7)

CPY represents the number of cycles per year of the BESs
under a predefined variable work temperature Te  0, 9814
[31]-[32]. BESCDoD is the relation between the number of
cycles given by the manufacture and the DoD.  DL is the
maximum life cycles with DoD at 100% [32], and  DL is the
interpolation value of the lithium-ion battery which is 1.61
[32]. For Lithium Nickel Manganese Cobalt Oxide (NMC)
with 5000 Cycles calculated with 80% DoD  DL corresponds
to 3500 cycles [32]. The cycles ageing per year can be
expressed based on end of life (EOL) criterion. EOL is
considered when 20% capacity fade ( CF ) is reached [32].
According to (7) the BES capacity fade ( BESCF ) in [%] per
year can be calculated as:

BESCF  BES DL  CF

(8)

The charging/discharging characteristics of Li-ion battery
are considered in this paper in order to size the AC/DC –
DC/DC converters. According to (6) with a discharge rate of
6C [29] the DC/DC converter is 70 kW. Instead, the AC/DC
converter is 50kW with BES charging rate of 4.62C [29].
With 6C discharge rate the DC/DC converter is designed to
charge EVs in less than 10 minutes. In addition, the design
model allows partial decoupling between DCFCS and LV
grid by reducing the required grid power by 28.57%.
3.3. DCFCS Modelling and Control
The SOCs of the batteries, SoCBES1 and SoCBES 2 are
determined by measuring the voltage on the battery terminals
VBES . The reference voltage VBES establishes the discharge

a

b
Fig. 2. BES SoC level and control system
(a) SoC level determination through the VBES , (b) BES
control system
In order to maintain a constant voltage on the EV side, the
measured voltage VBES is compared at the end with a reference
voltage VREF . VREF is used as a linear loop of the DC/DC
converter for the dynamic limitation of the BES current and to
determine the end of the SoC levels. The PI controller uses the
I BES as a current reference of the BES to control the
transferred power from the EV. Instead, the I BES is limited in
function to the discharging rate 6C. The PI controls the duty
cycle of the BES DC/DC converter within the set parameters.
When the SoCBES reaches 25% the BES will stop to transfer
power to the vehicle. The AC/DC converter will recharge each
BES with 50 kW and a charging rate of 4.62C.
3.4. Cost-benefit analysis methodology
Designing an appropriate DC-charging station in low
voltage (LV) is important to avoid the connection in MV and
minimize the operating costs. In addition, DSOs are focused
on minimizing losses and reducing the size of the electrical
lines to mitigate the network congestion. This section
presents the methodology applied for CBA comparing BESs
in conjunction with a charging stations [33]-[34].
The first method uses the BESs within the charging
stations with the connection to LV grids and the second
method the charging stations will be connected to the MV
grid. The main objective of the CBA is to establish the
infrastructure costs and lifetime of different storage that make
battery installations profitable. In particularly if it is
convenient for the Electric Vehicle Supply Equipment
Operator to integrate batteries within the DC charging
stations. The economic analysis of investments is a crucial
stage especially if there is not a clear perspective of the EV
market penetration [34]-[35]. The key components of an
investment are: the capital cost or initial investment, the

interest rate, the return on the investment and the lifetime of
the investment. In this case, two methods have been used.
3.4.1 The method 1: does not consider the time
value of the money over the years and interests. The payback
period (PBP) is the amount of time necessary to recover the
capital investment from the net cash flow and is calculated as
[35]:

B/C is largely employed to estimate the cost of a project
compared to the benefits derived, seeking to determine an
optimal approach to achieve benefits. When it comes to
monetary decisions, where the discount rate /interest r is
considered, the CBA estimates the monetary value of the
costs, and the monetary value of the benefits, and compares
them to evaluate whether the decision is worth taking.
3.5. Cost and Revenue Calculation

cost of investment
PBP 
annual revenue

(9)

The internal rate of return (IRR) is the reciprocal of the PBP
and it is generally expressed as a percentage [35]:

IRR 

annual revenues
cost of investment

(10)

The IRR is the discount rate at which the net present value of
all cash flows is equal to zero. The interest are considered
equal to zero.
3.4.2 The method 2: considers the time value of
the money over the years and interests. The net present value
(NPV) is the difference between the present value of cash
inflows and the present value of cash outflows. It is one of the
most frequent investment criteria for deciding on a given
investment. The NPV is calculated as [2], [35]:

Two cases are considered for the CBA in the current paper.
Case A – DCFCS with BES and Case B – DCFCS with a
connection to MV grid.
3.5.1 Case A – DCFCS with BES: the annual
costs and benefits associated to the case A – BES within the
charging stations are calculated taking into account the
infrastructure costs and as benefits the consumption of
electricity.
The total annual cost for case A (TACA) is:

TACA  CA  In  O & M

(13)

where C A includes the component costs: the chargers costs
CC and batteries costs as well as the BES life cycle costs
(LCC), considering the replacement costs during investment
life T (7).
T

T

NPV 

Bt

Ct

T

 (1  r )   (1  r )
t

t 1

C A   BES DL ,t  CBES ,t  CC
t

 C0

(11)

t 1

The NPV is the sum subtracted from future benefits minus
costs as shown in (11). Bt and Ct represent the benefit
(revenue) and the net cash inflow during the investment
period T, respectively, r is the discount rate (interest) and C0
stands for the total initial investment costs. The NPV is used
to analyse the profitability of a planned investment or project,
and any project with a positive NPV can be considered.
In this paper, the method 2 is used for the financial
assessment of BES projects as used in [33]-[34]. If the NPV
is higher than zero, the project is valid since the revenues are
enough to pay the interest and to recover the initial capital
cost before the end of the investment life. If the NPV equals
zero, the balance occurs at the end of the life, but the
investment is scarcely attractive. Negative NPV means
investment not profitable for the investors. Similar projects
can be compared through the parameter of the ratio between
the NPV of the project and the related investment (NPVbenefits/NPV-costs) commonly called “Benefit-Cost Ratio”
[2], [35]. This method is used for evaluating and comparing
the economic performance of one or more investments.
The benefit-cost ratio (B/C) and can be expressed as:
Bt

T

B/C

NPV ( Benefits )
NPV (Cos ts )



 (1  r )

t

t 1

T

Ct

 (1  r )
t 1

t

 C0

(12)

(14)

t 1

BESDL is the BES degradation life per year, CBES represents
the BES costs per kWh. In is the installation costs and
O & M is the operation and maintenance cost. The LCC of
the BES is based on the optimal (DoD) of the BESs [30], and
in this case study the BES is sized to be discharged by the EV
with a DoD=75%. Therefore, considering a variable EVs
daily demand, each EV charged by the BES involves two
cycles of the BES. The BESs are oversized of 25% in order
to achieve the minimum operational lifetime cost [31], [36].
The total annual revenue for case A (TARA) can be
calculated as:

TARA   E  Ce   TA

(15)

where E is the daily energy consumed in function of the EV
demand, Ce is the cost of electricity paid by the EV users
and TA is the total time in a year measured in days.
3.5.2 Case B – DCFCS with a connection to MV
grid: the annual costs and benefits associated with the case B
- classic connection in MV are represented by comparing
similar investments [33]. This configuration takes into
account the infrastructure costs, new lines and a transformer
of 500 kVA as well as the DC charging stations and the
installation costs. The benefits are the consumption of
electricity.
The total annual cost for case B (TACB) is:

TACB  CB  In  O & M

(16)

where CB is the cost of components (including the chargers,
lines and transformer).
The total annual revenue for case B (TARB) can be
calculated as:

TARB   E  Ce   T

(17)

4. Results
4.1. Modelling and Control results
The reliability of the system and the performance of the
DCFCS are evaluated by a 15-minute simulation in
Matlab/Simulink. A boost converter controls the DC/DC
converter through the PI controllers. The boost converter helps
to keep the voltage limits constant to ensure the stability of the
system for each SoC of the EVs. Finally, in order to evaluate
the stability of the converter, a case study has been done with
an EV of 20 kWh and SoC of 25%. In addition, other studies
have been performed considering the capability of the DCFCS
in various scenarios with different EVs and SoCs.
4.1.1 The charging process of an EV: in the Fig.
3 every EV has a nominal capacity given by the manufacturers
that represents an amount of km that the car can reach with
specific driving conditions. Only 90% of the nominal capacity
is used as work capacity.

This system helps the user to maintain a consistent number of
km during their use of the EV. Therefore, an EV with 20 kWh
declared by the manufacturer only 18kWh is used as work
capacity [26]. Consequently, the discharging capacity of the
BES in this case is 10 kWh calculated as 18  (1-0.25-0.20),
0.25 is the EV SoC and 0.2 is the end of the charging process
at 80%SoC [26]. The BES is able to transfer 11.4 kWh with a
discharging rate of 6C. Due to the communication [20]
DCFCS-EV, when the EV reaches 80% SoC the DCFCS will
stop charging. The power delivered from the BES, in this case,
will be 10 kWh, enough to reach 80% SoCEV in 10-minutes.
Fig. 3 show the discharging process of the BES1 through the
EV and the power absorbed by the EV. As expected, with
decreasing of the SoCBES1 (Fig. 3a), the current remains
constant at 140 A (Fig. 3d), and the voltage drops as shown in
Fig. 3c. Instead, Fig. 3b represents the active power absorbed
through the EV. The converter respects the power limit of 70
kW with discharging rate at 6C.
4.1.2 Charging process of the BESs: when the
BES1 is charging an EV at 6C, the BES2 , if previously
discharged, can be recharged through the grid with the AC/DC
converter at 50 kW and a charging rate of 4.63C as shown in
Fig. 4. The charging process of each BES will take more time
to store 11.4 kWh because the grid power is limited to 50 kW.
As previously mentioned, the DCFCS has been designed to be
used in LV grids, mainly in the cities. It can recharge each
vehicle up to 80% of their SoC in a time period of 10 minutes.

Fig. 3. Charging process of EVs
(a) Discharging process of the BES1 through the EVs, (b) Active power absorbed by EVs
(c) Discharging voltage at 6C, (d) Current delivered by the BES

Fig. 4. Charging process of the BESs
(a) SoCBES 2 charging process ; (b) Active power delivered by the LV grid
4.1.3 Different scenarios of the DCFCSs: the
functionality of the charging system has been evaluated on a
large scale by comparing different commercial EVs. The
calculations made are based on two scenarios:
1: EVs SoC at the beginning = 25%, as shown in Fig. 5a;
2: EVs SoC at the beginning = 35%, as shown in Fig. 5b;
The case studies take into account several models from 2015
to 2017 with battery pack between 16 kWh and 60 kWh.

a

Table 2 Comparison of different commercial EVs
Models (2015-2017)
Range Battery Usable
[km]
[kWh]
battery
[kWh]
Mitsubishi i-MiEV
100
16
14.4
Smart Electric

110

17

15.3

Chevy Spark EV

130

20

18

BMW i3

130

22

19.8

Ford Focus EV

130

23

20.7

Fiat 500e

140

24

21.6

Nissan Leaf 24 kWh

130

24

21.6

Nissan Leaf 30 kWh

165

30

27

Kia Soul EV

150

30

27

Mercedes B-Class

170

36

32.4

VW eGolf

300

37

33.3

Tesla S 60

340

60

54

Tesla model 3

350

60

54

4.2. Cost-Benefit Analysis Results

b
Fig. 5. EVs SoC and distance (km) available at the end
of the charging process (a) with SoC 25%, (b) with SoC
35%
As shown in Table 2, all of the EVs have a nominal battery
and a usable battery for the charging system. All the EVs have
been charged by the DCFCS with 70 kW through the BESs as
shown in Fig. 5.

In this section, two separate layouts have been analysed to
connect the DCFCS. A CBA allows us to compare two
topologies of DCFCSs within the electrical grid. The first one
will consider a CBA of the DCFCs in LV grids by installing
lithium batteries. In this case, the benefits assessed include
the decrease of grid costs in terms of grid reinforcement such
as a new transformer, new lines and the connection fee in MV.
The second layout considers a CBA - to justify a standard
investment of the charging stations in MV grids with a new
transformer and new lines. A business model situation has
been made for each scenario by considering the same EV load
of each method.

4.2.1 Case A – DCFCS with BES: a combination
between DCFC and BES in the residential areas could be an
efficient solution to avoid the connection to MV. The DCFCS
with the BESs enables the users to recharge the EVs up to 80%
of their SoC with charging rate of roughly 10 minutes. The
new design of the charging stations is based on the installation
of two identical battery energy system (BES1 and BES2) that
physically decouples DCFCS from the LV distribution grid.
This system operates through successive switches of the BES

Fig. 6. Case A – DCFCS in mode 4 with BESs
connected to LV
connections that enable one of the batteries (BES2) to be
charged from the grid while the other (BES1) is charging an
EV and vice versa as shown in simulation results. The grid
configuration of the case A of the DCFCS with BESs is
shown in Fig. 6. This case study considers the maximum
power of the LV grids in order to prevent a connection in MV.
To avoid the connection to MV and in particular, the high
costs for the grid reinforcement in many cases DSO’s load
should not be higher than 500 kW [18]. In the present case,
seven chargers of 50 kW each are able to prevent the
connection to MV and thanks to the DC/DC converters; the
chargers provide 70 kW on the EV side through the
discharging rate of 6C of BESs. One of the shortcomings of
such system is the battery cost and in particular the
replacement costs at the end of their useful life. The CBA of
the case A will consider costs of the DC charging stations,
battery replacement, and the installation costs. The case A
takes into account different Lithium-ion batteries with
different cycles. The cases analysed are: current technology
Lithium Nickel Manganese Cobalt Oxide (NMC) with 5000
and 10000 cycles and a future scenario such as Lithium
Titanate Oxide (LTO) with 25000 and 30000 cycles. The
energy sold to the final users in the CBA is considered as
revenue in function of the EVs daily demand.

4.2.2 Case B – DCFCS with connection to MV
grid: case B is a classic connection to MV when the electrical
load is around 490 kW. The choice of the DCFCS has been
done according to the case A with the same EVs load demand
and charging time. Accordingly, seven DC charging stations
of 70 kW require the connection to MV. The investment cost
for the Case B is high in terms of grid reinforcement. New
dedicated lines are required for the connection to MV and a

Fig. 7. Case B – DCFCS in mode 4 with a new
connection to MV
new substation with a transformer of 500 kVA. The
infrastructure costs include: the expansion of the distribution
network, the new lines, DC charging stations as well as the
installation costs. The energy sold to the final users is
considered as revenue in function of the EVs daily recharged.
Many simplifications have been assumed to compare the two
CBAs such as the EVs load demand. The details of the costbenefit analysis steps will be discussed in the following
section through the use of different EV scenarios. The grid
configuration of the case B of the DCFCSs is shown in Fig.
7. The details of the cost-benefit analysis steps will be
discussed in the following section through the use of different
scenarios.
4.2.3 Financial, Market and Technology Inputs:
A financial assessment for the proposed solution is presented
and summarized in Fig. 8 and Table 3, 4 and 5. The financial
results analyse: the payback period, internal rate of return, net
present value and benefit-cost ratio. All the economic
parameters are used to evaluate the financial performance of
the five case studies. The financial performance of the case A,
BES within the DCFCSs is dependent on the life cycle cost
of the batteries and the case B, MV connection is closely
linked to the EV daily demand.

a

b
Fig. 8. Economic comparison
(a) Payback period (9) versus EVs daily demand, (b)
Benefit-cost ratio (12) versus EVs daily demand
The financial performance of the case A and case B are
compared assuming the rating and costs listed:
1. Discount rate (r): 8% case A and 4%
case B [33];
2. Li-ion battery price forecast:
200 €/kWh [3] (2020);
3. Component costs: 1 km line in LV and
1 km in MV and transformer
of 500 kVA [37]-[38];
4. EV demand: 14.25 kWh;
5. DCFCS cost: 35.000 € [39];
6. Ce – price paid by the EV users: 0.6 €/kWh;
7. The investment life: 20 years;
Fig. 8 compares the financial performance of five case studies
by using payback period (9) and the benefit-cost ratio (12)
with an interest rate of 4%. In Fig. 8, the black lines show

financial performance by using the case B connection to MV
grid. Instead, in the case A the red line and orange line are
representing the current technology of lithium-ion battery
(NMC) with 5000 and 10000 cycles. The blue line and violet
line are representing future generation of the lithium battery
(LTO) with 25000 or 30000 cycles. LTO has half energy
density but high performance in terms of cycles. The cycles
are strongly related to the battery replacement. As expected,
increasing the number of battery replacements has a
significant impact on the financial performance of the battery
storage project as shown in the red line and orange.
Fig. 8 shows that according to benefit-cost ratio B/C of
the case A is higher than case B as long as the EV demand
does not exceed 250 EVs/day.
Table 3, 4 and 5 summarized the main characteristics of
the financial performances. Batteries with high cycles will be
competitive to the case B standard configuration as shown
Table 3, 4 and 5.
Table 3, 4 summarized the main cost-revenue parameters
used for the financial performances of the case A.
The EV daily demand is used to calculate the total annual
revenue TARA calculated in (15) and based on the annual
energy consumed by the users. Instead, TACA (16) is the
investment costs including the component costs such as
chargers, batteries (BES1 and BES2) and their converters as
well as the installation of the chargers. Based on the EVs daily
demand TACA takes into account the replacements costs of
the BESs which varies in function of the EVs demand and the
duration of the investment. When TACA and TARA are defined,
PBP (9), IRR (10), NPV (11), and B/C ratio (12) can be
calculated as shown in the proposed methodology. Instead,
BESCF represents the capacity fade per year calculated in (8).
Table 5, summarized the main cost-revenue parameters
used for the financial performances of the case B. The EV
daily demand is used to calculate the total annual revenue
TARB calculated in (17). Instead, TACB (16) is the investment
costs including grid reinforcement costs. The infrastructure
costs of the case B are: the chargers, the new transformer of
500 kVA, new lines for the connection to the MV grid as well
as the installation costs. Instead, TARB uses the EV daily
demand to calculate the total annual revenue based on the
annual energy consumed by the users. When TACB and TARB
are defined, PBP, IRR, NPV, and B/C ratio can be calculated
as shown in the proposed methodology.

Table 3 Cost - revenue calculation with BES 25000 cycles – case A
EVs daily
Capacity fade
Invest. costs
Year benefits
demand
per year [%]
[€]
[€]
BESCF
TACA
TARA
35
1.4672
-396064
68788
70
2.9345
-475227
137577
140
5.8691
-633568
275154
210
8.8037
-791909
412731
280
11.738
-950250
550308
350
14.672
-1108591
687885
420
17.607
-1266918
825462
490
20.542
-1425259
963038

PBP
[years]

IRR
[%]

NPV
[€]

B/C ratio

5.76
3.45
2.30
1.92
1.73
1.61
1.53
1.48

16.6%
28.8%
43.4%
52.1%
57.9%
62.0%
65.2%
67.6%

538794
1394488
3105862
4817237
6528611
8239986
9951374
11662748

2.45
4.09
6.14
7.37
8.19
8.77
9.21
9.55

Table 4 Cost - revenue calculation with BES 30000 cycles – case A
EVs daily
Capacity fade
Investment cost
Year benefits
demand
per year [%]
[€]
[€]
BESCF
TACA
TARA
35
1.2227
-382867
68788
70
2.4454
-448848
137577
140
4.8909
-580797
275154
210
7.3364
-712745
412731
280
9.7819
-844694
550308
350
12.227
-976642
687885
420
14.672
-1108591
825462
490
17.118
-1240539
963038

Table 5 Cost - revenue calculation connection to MV grids – case B
EVs daily
Investment cost [€]
Year benefits
demand
TACB
[€]
TARB
35
-795000
68788
70
-795000
137577
140
-795000
275154
210
-795000
412731
280
-795000
550308
350
-795000
687885
420
-795000
825462
490
-795000
963038

5. Conclusions
In this paper, the configuration and an optimal design of
BESs within fast-charging stations were outlined. The work
presented in this paper can help to understand the business
model behind the use of different storage systems within
context of DCFCSs. It was confirmed that reduction of the
battery costs could present a profitable solution for the
proposed DCFCS in certain scenarios. Simulation results
showed that operation of DCFCS could be partially
decoupled from the LV grid by introducing intermediate
BESs with the advantage of minimizing the grid impact, the
installation costs as well as the grid reinforcement costs. First
of all, the DCFCS keeps the charging power constant during
peak demand. Second, thanks to the BESs and the AC/DC –
DC/DC converters the required power in LV grid is reduced
by 28.57%. Moreover, DCFCSs support more than 100km of
driving range within less than 10 minutes of charging.
In this study, the optimal size of the BESs within DCFCSs
was a trade-off between the grid constraints and the EVs
energy demand. A financial assessment for the proposed
solution was performed, and the payback period, internal rate
of return, net present value and benefit-cost ratio were
considered in order to evaluate the financial performance of
the five case studies. The financial performance of the case A,
BES within the DCFCSs was crucially dependent on the life
cycle cost of the batteries; on the contrary, the case B, MV

PBP
[years]

IRR
[%]

NPV
[€]

B/C ratio

5.57
3.26
2.11
1.73
1.53
1.42
1.34
1.29

17.2%
30.5%
47.4%
57.9%
65.1%
70.4%
74.5%
77.6%

551990
1420867
3158634
4896400
6634167
8371934
10109701
11847468

2.54
4.33
6.70
8.18
9.21
9.96
10.52
10.97

PBP
[years]

IRR
[%]

NPV
[€]

B/C ratio

11.56
5.78
2.89
1.93
1.44
1.16
0.96
0.83

5.9%
16.5%
34.5%
51.9%
69.2%
86.5%
103.8%
121.1%

139858
1074715
2944431
4814146
6683861
8553576
10423292
12293007

1.22
2.45
4.89
7.34
9.78
12.23
14.68
17.12

connection was closely linked to the load demand presented
by the EVs. The results of the case A showed that the number
of battery replacements affects the main economic parameters
significantly on the financial performance.
The finding of the financial assessment suggested the
following: Case A: using batteries with low cycles such as
5000 or 10000 (NMC) are not economically viable because
the investment holds the perspective of a continuous battery
replacement costs. Instead, batteries with large number of
cycles 25000-30000 (LTO) have the benefit-cost ratio higher
than the Case B as long as the EVs daily demand is between
35 and 250 EVs. The case B has illustrated that the
profitability of the investment increases if and only if the EVs
penetration corresponds to more than 250 EVs per day.
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Abstract — Electric Vehicles (EVs) are representing a great
opportunity for major car manufacturers to invest resources in
new technologies in order to support sustainable transportation
and the reduction of 𝐂𝐎𝟐 emissions, in particular in the
metropolitan areas. In recent years, the increasing penetration of
EVs and their charging systems are going through a series of
changes. This paper addresses the design of a new DC Fast
Charging Station (DCFCS) for EVs coupled with a local Battery
Energy Storage (BES) by using the IEC 15118, which provides a
communication interface among different actors. DCFCS is
equipped with a bidirectional AC/DC converter for feeding power
back to the grid, two lithium batteries and a DC/DC converter.
The proposed solution decreases the charging time of EVs and
facilitates the integration of fast chargers in existing low voltage
(LV) grids. The charging station can also be used as a
multifunctional grid-utility for ancillary services such as primary
frequency control, load levelling and congestion management.
Index Terms— Coordinated control, DC fast charging, battery
energy storage, electric vehicle

I.

INTRODUCTION

In recent years, the large-scale electrification of the
transport sector has become a major field of research. The
concept of the DC fast charging station is very important in
terms of investigating possible solutions to manage and control
the integration of numerous electric vehicles (EVs) in
sustainable cities, especially as far as long-distance travel is
concerned [1]. Many factors are contributing to the spread of
electric transportation such as the high levels of motor vehicle
pollution in many cities. In addition, the costs of electrical
batteries are dropping to affordable levels with reasonable
lifetimes and reliability [2]. Nevertheless, one main reason that
prevents part of the new potential customers to opt for EVs is
the longer charging time compared to gas fueled vehicles. So
far, the fast charging station has met implementation
difficulties in the major European cities, because its progress
poses demanding requirements in terms of EV battery and
issues related to the impact in low voltage (LV) grids [3].
Currently, the delivered power is between 7 kW and 43 kW in
This work has been supported by EUPD (Energy Technology Development
and Demonstration Programme) with the project EnergyLab Nordhavn –
New Urban Energy Infrastructures - City of Copenhagen

AC for public charging stations [4]. Such charging rate
requires about 1 hour or 2 hours to store the energy needed to
cover 110 km to 150 km.
To address this issue, research is moving in various
directions. New business models were proposed that envision
physical swap of battery stacks at dedicated stations, as in [5].
However, this solution still brings along concerns about
batteries ownership and stock management. Another
alternative approach, known as fast charging (FC) is to
increase the charging power with a dedicated connection to the
medium voltage (MV) grid. Though already successfully
implemented, manufacturers still show a conservative attitude
when it comes to allowing batteries to be charged at higher
power rates due to overheating issues and faster degradation of
the battery. In addition, in LV grids system operators are
concerned about increased losses as well as potential lines
overloads and network congestion. Moreover, fast charging
stations require higher connection fees to grid operators in
order to offset the cost of larger transformers and electrical
equipment. Some authors focused on innovative tariff systems
that allow a more even profile of the aggregated charging
demand during the day [6]. Another study proposed to use
stationary electrical batteries as a buffer between the grid and
the charging stations in order to reduce their peak consumption
[7].
This study covers the latter approach for reducing the
impact of FC stations on the grid and aims to address some of
the shortfalls not yet investigated. In particular, we propose a
novel design of a stationary twin battery energy system (BES)
that physically decouples a DC fast charging station (DCFCS)
from an LV distribution grid, as shown in Figure 1. The
operation of such a system is based on successive switches of
the BES connections that allow one of the batteries (BES2) to
be charged from the grid while the other (BES1) is charging an
EV, as shown in Figure 2. The user that immediately followed
would be served by BES2 that has just been charged. This
method has the advantage of reducing the grid utility peak
demand, connection costs and charging time.

The rest of the manuscript is organized as follows. In
Section II and III state of the art and the integration of fast
charging in LV grids are presented, respectively. The
description of the design and operation of the proposed
charging station are given in Section IV and V, respectively.
Results from simulated scenarios in terms of optimal control
of batteries are presented in Section VI. Finally, in Section VII
a discussion on the implications of the proposed system
concerning its practical implementation and the needs for
further investigation are provided.
II.

EVS CHARGING MODES: STATE OF THE ART

According to the international standard IEC 61851
“electric vehicle conductive charging system,” there are
different charging modes classified as mode 1, 2, 3 and [4].
The part 1 and part 2 of the standard are applied to on-board
and off-board equipment for charging EVs and providing
electrical power for any additional services on the vehicles.
One method for charging EVs is to connect the AC supply grid
to an on-board charger. An alternative method for charging an
EV is to use an off-board charger for delivering direct current
for charging in a short period of time. The charging modes for
EVs are the following: Charging mode1: connection of the EV
to the AC with a supply grid not exceeding 16–A and 11kW
and it is used at home. Charging mode 2: connection of the
EV to the AC with a supply grid not exceeding 32–A and
22kW. It is primarily used for dedicated private facilities.
Charging Mode 3: permanently connected to the AC with a
supply grid not exceeding 63–A and 43kW. This charging
mode is typical for public charging stations. Charging mode 4:
the mode 4 has been implemented for off-board chargers in
DC. The IEC 61851part 23 and 24 provide the general
requirements for the control communication between a DCcharger and an EV, according to IEC 15118 [8]. The charging
time at this moment in mode 4 is from 30 to 50 minutes to
reach 80% of battery state of charge (SoC) with power from
50kW up to 120kW.
TABLE I.

takes approximately 1 hour with a vehicle of 20kWh.
Furthermore, this raises issues of space congestion of the
public parking and in the future additional cost for the EV
parking; furthermore, recharging in AC entails high
conversion losses on the EV side. The efficiency of an onboard converter is around 85%, and this represents an
increasing energy demand from the EV in order to reach 80%
of SoC. In addition, the low efficiency of the on-board
charging is reflected on the total energy consumed, which adds
additional costs on the users. An idea to solve this problem is
to focus the attention on the mode 4: DC fast charging station
and in particular their integration in the LV grid. State of the
art at the moment is the following: 120kW by Tesla connected
in MV, 50kW by ABB with combo in LV, 62.5kW by
Chademo system in LV. Mode 4 significantly reduces the
charging time and the conversion losses on the EV side. These
charging stations, especially in the range of 100/150kW,
require a strong grid infrastructure with high investment cost.
Such large installed capacities usually require MV, with an
appropriate transformer. The transformer has high economic
costs and space restrictions, especially if the installation takes
place in the cities.
III.

INTEGRATION OF THE DC FAST CHARGING IN LV GRIDS

The DCFCS in combination with the BES can represent a
reliable solution to mitigate adverse effects on the grid, such as
the reduction of the peak load demand from the EVs and
benefits in terms of losses reduction from dispatching electric
energy. It also makes a large contribution to the grid regulation
and reinforcement [10]-[11]. Furthermore, the charger provides
a number of advantages such as: power decoupling,
increase of power levels and congestion management of
interruptible loads. In addition, it can provide different
ancillary services for supporting the power grid, such as
primary frequency control or voltage control [12]-[13].

PROFILE OF CHARGING CONDITIONS AND MODES

Charging Mode
Mode 1
Mode 2
Mode 3
Mode 4

Max Current
16 A
32 A
63 A
400 A DC

Vehicle Battery Charger
4-8h
2-4h
1 -2 h
5 - 30 min

The IEC 62196 applies to plugs, socket-outlets and
connectors which use conductive charging [9]. The standard
allows to recharging in DC with 400A and power from 50kW
up to 240kW in Chademo and Combined Charging System
(Combo). In most large cities a substantial part of the installed
chargers use mode 2 and mode 3, for the following reasons:
low infrastructure costs, electrical grid, and international
standards availability. Nowadays, the charging architecture in
AC is robust but it has power limitations. Moreover, in mode
3 the charging rate to reach 80% of the EV battery with 22kW

Figure 1. DC fast charging station in mode 4 with BES

The DCFCS represents an important element not only for
recharging EVs but above all; we need innovative
infrastructures for their integration with the smart grids, which
interconnect the main grid with different kinds of renewable
energy sources and stationary storage [14]. A very important
aspect to take into account is the reduction of the cost of the
lithium-ion battery; this could be transformed into an intelligent
opportunity for integrating the penetration of EVs and the smart
charging stations, which facilitates information and
communication technologies. The cost of the Li-ion battery for
electric vehicle (BEV) represents the 25% of the total cost of
the EV. The annual cost reduction of BEVs has been estimated

around 8% [2]. Consequently, this represents a chance to
evaluate possible scenarios of the DCFCS in order to develop a
smart charging station and control methods for these flexible
loads [15].
In addition, data are collected and analyzed using the
EVLabDK and EnergyLab Nordhavn, and a model for optimal
operation of the BES in the distribution grid has been
developed. The performance and interoperability of all those
systems have been assessed from different perspectives,
including communications management and functionalities of
devices with the current technologies [16]. In particular, the
evolution of power electronics interfaces, as well as battery
storage, will be playing an important role. This DCFCS
proposed is focused on a particular power electronic
architecture composed by a bidirectional AC/DC converter,
DC/DC converter and two BES. Through the combination of
these components, the battery from the EV side is charged
mainly from the first BES in agreement with the peak load
demand of the EVs and their SoC.

Through a proper sizing analysis the AC/DC will provide to
recharge the second BES while the vehicle is in charge. In this
case, with a full charge of the second BES, the DCFCS can give
the opportunity to the next user to recharge the EV with the
same charging rate of 10 minutes. The battery that was
previously discharged is immediately going to be charged by
the AC/DC converter. If there is a possible congestion or
problems with batteries, the EV is going to be charged directly
by the grid through the AC/DC as shown in Figure 2.
DESIGN THE OPTIMAL ARCHITECTURE OF THE DCFCS

Batteries BES1 and BES2 , converters AC/DC and DC/DC
and the EV have been designed by using models available in
Matlab/Simulink. For determining the optimal operation of the
DCFCS, a large amount of data must be known, such as, such
as the SoC of the battery, frequency of use and the objective
charging time. The most important factors to take into account
are the available power from the grid side and the battery
charging process. The SoC(t) of the batteries (in %) can be
calculated as:
SoC(t) = SoC0 +

100 t
∫ I (t)dt
QBat t0 bat

1
ɳconv

∙ ibat ∙ (u0C ∙ SoC0 + ibat ∙ ∑ R cell )

(2)

The ibat is the current given by the AD/DC converter, 𝑢0𝐶
is open circuit voltage, the R cell is the resistive characteristics
caused by the sum of the internal contact of individual cells at
the end ɳconv represents the efficiency of the converter, and it
is estimated at 95%. The charging station will have one or more
charging slots, and each of them can be connected in the LV
grid with a minimum power of 22kW required form the grid in
AC. The load curve generation is deducted from the objective
number of EV to be charged during the day. To make the power
demand study more realistic the following steps are made:
1.
2.
3.
4.

The SoC of the EV battery has a range between 20% 50% with normally distributed of 35%.
Battery capacity of the EV is between 5kWh - 60kWh
with normally distributed of 32.5kWh.
The 𝑢𝑜𝑐 the open circuit voltage has linear relationship
to SoC.
The charging curves of the EVs are based on the
objective charging time with ich constant.

The EV battery rated voltage EEV,n changes according to
the type of charging station. The DC off-board charger has
UEV,n = 500V with large battery pack around 23kWh up to
35kWh. The SoC exchanged between the BES and the EV
battery is from 20% to 80%, and the resistance is considered
with base value ∑ R cell (32.5kWh) = 98mΩ from the datasheet
[17] and calculated in (3).

Figure 2. DC fast charging station in LV grids with BES

IV.

Pgrid =

(1)

where Q Bat is the maximum battery capacity, Ibat (t) is the
battery current and SoC0 corresponds to the SoC of the battery
at the beginning of the simulation (t0), (1). The local grid
provides the battery-charging power (2), and it can be expressed
as:

∑ R cell (Ebatt) = ∑ R cell ∙ (32.5kW ∙ h) ∙

32.5 kW∙h
Ebatt

(3)

The charging current 𝑖𝑐ℎ has been used to determine the
objective charging time 𝑡𝑐ℎ and the uoc is considered to have
linear relationship between SoC and U0 (4).
uoc SoC (%) = (0.8 + 0.2 ∙ SoC) ∙ UEV,n

(4)

The SoC is based on the coulomb count (5):
SoC (t) = SoCi +

∆t
Qbat

∙ ∑tτ=0 ich , τ, with Q bat =

Ebatt
UEV,n

(5)

𝑄𝑏𝑎𝑡 is called coulomb capacity of the battery and ∆t is
numerical integration time step. The charging process has been
fixed when SoC = SoC80% .
The battery terminal voltage is a sum of 𝑢𝑜𝑐 and it drops
across the internal resistance, calculated in (6):
uEV (t) = uoc (SoC) + ich ∙ ∑ R cell

(6)

The power absorbed by the EV is calculated in (7):
PEV (t) = uEV (t) ∙ ich (t)

(7)

The size of each BES can be calculated with the expression
(8):

BES1 = BES2 = 0.35 ∙ 32.5kWh = 11.4 kWh

(8)

Each BES has been oversized of 14.25 kWh because it cannot
exceeding 25% SoC (8). The case study has used an AD/DC
converter of 50kW and according to the discharging rate of 5C
has been chosen a DC/DC converter of 70kW.
V.

DCFCS MODELLING AND CONTROL

The main objective of the DCFCS is to control the power
flow between the converters and the batteries BES1 , BES2 . The
SOCs of the batteries, BESSoC1 and BESSoC2 are determined by
measuring the voltage on the battery terminals VBES as shown
in Figure 3. Furthermore, Figure 3 shows the nominal working
area of the BES, the curve is calculated by modeling the
lithium battery through Simulink’s model and each BES is
14.25 kWh.
The reference voltage VBES establishes the discharge curve
of the BES within the nominal operating area. Figure 4 shows
the operation limits considering three levels: normal, low and
high-level SoC.

Figure 5. BES control system

The PI controller uses the IBES as a current reference of the
BES to control the transferred power through EV. The IBES is
limited in function to the discharging rate 5C. The PI controls
the duty cycle of the BES DC/DC converter within the set
parameters. When the SOCBES reaches 25% the BES will stop
to transfer power to the vehicle. The AC/DC converter will
recharge each BES with 50kW and a charging rate of 4.62C.
VI.

SIMULATION RESULTS AND CASE STUDY

The reliability of the system and the performance of the
DCFCS are evaluated by a 15-minute simulation in Matlab/
Simulink. A boost converter controls the DC/DC converter
through the PI controllers. The boost converter helps to keep
the voltage limits constant to ensure the stability of the system
for each SoC of the EVs. Finally, in order to evaluate the
stability of the converter, a case study has been done with an
EV of 20 kWh and SoC of 25%. In addition, other studies have
been performed considering the capability of the DCFCS in
various scenarios with different EVs and SoCs.
A. The charging process of an EV

Figure 3. SoC determination with discharge voltage at 5C and 135A

Every EV has a nominal capacity given by the
manufacturers that represents an amount of kilometers that the
car can reach with specific driving conditions. According to
the tests performed in the EV laboratory, only 90% of the
nominal capacity is used as work capacity. The remaining
10% will be used over time in proportion to the battery
degradation. This system helps the user to maintain a
consistent number of kilometers during their use of the EV.
Therefore, for a typical 20 kWh battery declared by the
manufacturer, only 18 kWh is used as work capacity.
The charger is able to transfer 11.4 kWh with a discharging
rate of 5C. Considering the case study of an EV with 20 kWh
and a SoC of 25%, 18 kWh could be usable to recharge (9)(10).
EV 25% SoC = 18 ∙ 0.25 = 4.5kWh

Figure 4. SoC level determination through the VBES

Figure 5 represents the dynamic control system used
between BES and EV. In order to maintain a constant voltage
on the EV side, the measured voltage VBES is compared at the
end with a reference voltage VREF . VREF is used as a linear loop
of the DC/DC converter for the dynamic limitation of the BES
current and to determine the end of the SoC levels.

EV charged = 11.4+4.5 = 16 kWh, with a SoC of 88%

(9)
(10)

Thanks to the communication between the DCFCS and the
EV, and according to IEC 15118 the EV will send a message
to the DC charger when it reaches 80% of the SoC. The power
delivered from the BES, in this case, will be 10 kWh, enough
to reach 80% EVSoC in 10-minutes.
The graphs in Figure 6 and Figure 7 show the discharging
process of the BES1 through the EV and the power absorbed
by the electric vehicle.

a)

B. Charging process of the BESs
When the BES1 is charging an EV at 5C, the BES2, if
previously discharged, can be recharged through the grid with
the AC/DC converter at 50kW and a charging rate of 4.63C as
shown in Figure 8.

b)

c)

Figure 8. Active power delivered by the LV grid

Figure 6. BESSoC1, discharging voltage at 5C and current delivered by the
BES

As expected in Figure 6 (a) with decreasing of the SoCBES1
the voltage drops Figure 6 (b), and the current remains constant
at 135 A. Instead, Figure 7 represents the active power
absorbed through the EV. The converter respects the power
limit of 70 kW and discharging time at 5C.

The charging process of each BES will take more time to
store 11.4 kWh. Each BES with 25% SoC requires around 13
minutes because the grid power is limited to 50kW. As
previously mentioned, the DCFCS has been designed to be
used in LV grids, mainly in the cities. It can recharge each
vehicle up to 80% of their SoC in a time period of between 10
minutes and 13 minutes, depending on the SoC of each EV.
C. Different scenarios of the DCFCS
The functionality of the charging system has been
evaluated on a large scale by comparing different commercial
EVs. The case studies take into account several models from
2015 to 2017 with battery pack between 16 kWh and 60 kWh.
As shown in table 2 below, all of the EVs have a nominal
battery and a usable battery for the charging system. The
calculations made are based on two scenarios:
1: EVs SoC at the beginning = 25%, as shown in Figure 8
2: EVs SoC at the beginning = 35%, as shown in Figure 9

Figure 7. Active power absorbed by the EV

All the EVs have been charged by the DCFCS with 70 kW
through the BESs. The results associated with the capability of
the DCFCS and its limits in order to supply energy to the end
users are shown in Figure 8 and Figure 9.

TABLE II.

COMPARISOIN OF DIFFERENT COMMERCIAL EVS

Figure 8. EVs SoC and km available at the end of the charging process with
SoC 25%

VII. CONCLUSIONS
The paper introduced the configuration and an optimal
design of BESs within fast charging stations. The results have
shown that the DCFCS could be partly decoupled from the LV
grid with the advantage of minimizing the grid impact and the
congestion during the peak power demand significantly. By
using the BES, the charging station can satisfy the following
main conclusions:
1. The EV market will grow along with the impact on the
electrical grid. The DCFCS keeps constant the charging power
during peak demand.
2. The use of the intermediate battery helps to downsize the
required capacity in LV grid.
3. The DCFCS provides the possibility of more than 100km
driving in less than 10 minutes.
4. The optimal size of the BESs within charging stations is a
trade-off between the grid constraints and their charging times.
To conclude, an optimal control of the DC/DC converter was
implemented, which could dynamically estimate the SoC of
the BES. Thanks to a coordinated control strategy, the
charging/discharging process could be automatically updated.
As a future consideration, we will propose a fast charging
station with BES, capable of recharging a large number of EVs
in LV grids by adding load control flexibility.
REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

Figure 9. EVs SoC and km available at the end of the charging process with
SoC 35%

Figure 10 represents the charging limit of the DCFCS and
the capability to recharge EVs up to 80% SoC according to the
EVSoC and the battery pack.

[7]
[8]
[9]
[10]
[11]
[12]

[13]
[14]
[15]

Figure 10. Charging limit of the DCFCS with EVs at 25% SoC and 35% SoC

[16]
[17]

Nordhavn project; Design - dimensioning of the energy infrastructure of
future sustainable cities, http://www.energylabnordhavn.dk/
Björn Nykvist1 and Måns Nilsson, “Rapidly falling costs of battery
packs for electric vehicles” , DOI: 10.1038/NCLIMATE2564, 2015.
Wen Chen and Chunlin Guo, “The Impact of fast charging for EVs on
Distribution System”, ISSN: 1662-8985, vols. 1070, pp 1664-1667
IEC 61851: Conductive charging system / DC EV charging station
Yu Zheng, Zhao YangDong, YanXu, “Electric Vehicle Battery
Charging/Swap Stations in Distribution Systems: Comparison Study and
Optimal Planning” IEEE International, pp, vol. 29, no. 1, Jan 2014.
S. Martinenas, A. B. Pedersen, M. Marinelli, P. B. Andersen, C. Træholt,
“Electric Vehicle Smart Charging using Dynamic Price Signal” IEVC,
2014 IEEE International, pp.1-5, Florence,17 Dec. 2014.
Sanzhong Bai and Srdjan M. Lukic,” Unified Active Filter and Energy
Storage System for an MW Electric Vehicle Charging Station”, ” IEEE
International, pp, vol. 28, no. 12, December 2013
IEC 15118: Vehicle to grid communication interface
IEC 62196: Connectors for conductive charging of electric vehicles
K. Clement-Nyns, E. Haesen, and J. Driesen, “The impact of vehicle-togrid on the distribution grid,” Electric Power Systems Research, vol. 81,
no. 1, pp. 185–192, Jan. 2011.
J. Hu, S. You, M. Lind, and J. Østergaard, “Coordinated charging of
electric vehicles for congestion prevention in the distribution grid,”
Smart Grid, IEEE Transactions on, vol. 5, no. 2, pp. 703, March 2014
K. Knezović, M. Marinelli, P. B. Andersen, C. Træholt, “Concurrent
Provision of Frequency Regulation and Overvoltage Support by Electric
Vehicles in a Real Danish Low Voltage Network,” (IEVC), 2014 IEEE
International, pp.1-5, Florence, 17- 19 Dec. 2014.
W. Kempton and J. Tomić, “Vehicle-to-grid power implementation:
From stabilizing the grid to supporting large-scale renewable energy,”
Journal on Power Sources, vol. 144, pp. 280–294, 2005.
Battery Storage for Renewables: market Status and Technology
Outlook,” IRENA, Janary, 2015.
Johan S. Vardakas, “Electric Vehicles Charging Management in
Communication Controlled Fast Charging Stations” funded by EC
FP7/2007-2013, under grant agreement No. 285969 [CODELANCE].
IEC61850 Communication/automation, Part 90-8: Object model for EV
GS Yuasa products , http://www.gsyuasa-lp.com/products.ht

Collection of papers

155

Paper C
Title:
“Cost-Benefit Analysis of a Novel DC Fast-Charging Station with a Local
Battery Storage for EVs”

Authors:
M. Gjelaj, C. Træholt, S. Hashemi Toghroljerdi, P.B Andersen

Published at:
IEEE Power & Energy Society (PES) at 52nd International Universities
Power Engineering Conference , Heraklion, Greece, 2017.

Cost-Benefit Analysis of a Novel DC Fast-Charging
Station with a Local Battery Storage for EVs
Marjan Gjelaj, Chresten Træholt, Seyedmostafa Hashemi, Peter Bach Andersen
EVLabDK-CEE Department of Electrical Engineering
Technical University of Denmark - Copenhagen, Denmark
Email: margje@elektro.dtu.dk, ctr@elektro.dtu.dk, shtog@elektro.dtu.dk, pba@elektro.dtu.dk
Abstract ― The increasing penetration of Electric Vehicles
(EVs) and their charging systems is representing new highpower consumption loads for the distribution system operators
(DSOs). To solve the problem of the EV range in terms of
driving kilometers, the car manufacturers have invested
resources on new EV models by increasing the size of the
batteries. To satisfy EV load demand of the new EV models in
urban areas the public DC Fast-Charging Station (DCFCS) is
indispensable to recharge EVs rapidly. The introduction of the
Battery Energy Storage within the DCFCSs is considered in this
paper an alternative solution to reduce the operational costs of
the charging stations as well as the ability to mitigate negative
impacts during the congestion on the power grids. An accurate
description of the DCFCS and its design system has been
implemented, which is able to decouple the peak load demand
caused by EVs on the main grid and decrease the connection
fees. Finally, an economic evaluation is done to evaluate the
feasibility and the cost-benefit analysis (CBA) of the DCFCSs.
The proposed approach considers various technical and
economic issues, such as cost of installation, connection fees and
life cycle cost of the batteries. The proposed cost-benefit analysis
can be used to verify the effectiveness and applicability of
DCFCS in large scale.
Index Terms— Battery energy storage, cost-benefit analysis,
fast charging station, electric vehicles, market design.

I.

INTRODUCTION

The greenhouse gas emissions and limited fossil fuel
resources, as well as the constant rise in oil prices, have
expanded the debates to replace gasoline-fuel with electric
vehicles (EVs). To reduce the CO2 emissions, European cities
are increasing driving restrictions on gasoline vehicles around
the metropolitan areas, and a smart alternative could be the
introduction of EVs [1]. Thanks of driving limitation from
gasoline vehicles in urban areas the EV market has started to
grow, and many European countries are contributing with
incentives to buy hybrid and fully electric vehicles [2]-[3].
The widespread use of EVs requires investigating the impacts
of vehicles’ charging systems on the electrical grids. The EV
charging infrastructures need smart management systems able
to support their required energy demand. The EN /IEC 61815
and automotive engineers in U.S. SAE J1772 have proposed
their standards with charging modes for EVs and the
maximum current delivered both on alternating and direct
current (AC and DC) [4]-[5]. Charging modes are classified
according to international standards as mode 1, 2, 3 and 4 for
the EV inductive charging system. The 61851 applies to onboard and off-board equipment for charging EVs. According

to the International Standard Classification for EV chargers,
Mode 1,2 and 3 are designed to charge EVs in AC and mode
4 in DC. The power delivered in AC is between 7 kW and
43kW. The charging rate requires about 2-3 hours to store the
energy needed to cover 110km. The DC method is designed
for recharging in a short period. The DC charging facilities
are installed at high power levels. Currently, the delivered
power in DC is between 50 kW and 150 kW for public
charging stations with a charging rate about 45 min and 30
min to store energy for 110km of driving [5]. The fastcharging station has met implementation difficulties in the
major European cities because of charging rate restrictions on
the EV batteries [6]. With the new technologies available on
the market and especially the evolution of power electronics,
interfaces, as well as battery energy storage, will be playing
an important role for developing competitive EVs. Recently,
EV auto motives are investing on new EV Lithium batteries,
which are able to accept high rate power between 150kW and
300kW in DC.
The main issues of the DC fast charging station is to
manage the congestion during the peak hours and the highcost connection on the distribution grid [7]. To address these
issues, research is moving in different directions. In [8] a
coordinated charging system is proposed to minimize the
power and maximize the main grid load force to approach an
optimal charging profile for EVs. To avoid the congestion
from EVs, a dynamic price for the users to keep the reliability
of the electrical grid is proposed in [9]. Only a few
researchers are working to determine the fast charging
stations’ demand and their impact on the electrical grids, even
though the DCFCS has a strong impact especially during the
peak demand. Consequently, it is important to design an
appropriate fast-charging station for EVs, which is able to
meet the expected demand.
Designing an appropriate DC-charging station in low
voltage (LV) is important to avoid the connection in MV and
minimize the operating costs [10]-[11]. In addition,
distribution system operators (DSOs) are focused on
minimizing losses and reducing the size of the electrical lines
to mitigate the network congestion [12]-[13]. DCFCS station
can significantly increase during the peak-load demand and
high connection fees to the grid operators as well as the cost
of the larger transformers/cables in MV grids.

Recent studies have focused on using battery energy storage
(BES) as a buffer between the grid and the charging stations
to reduce their peak consumption, but more work is required
on the optimal size of battery BES within the charging
stations [14]. An important aspect to take into account is the
reduction of the cost of the lithium-ion battery; this could be
transformed into an intelligent opportunity for integrating the
penetration of EVs and DC fast charging stations with Li-ion
batteries support. The cost of the Li-ion battery for electric
vehicle (BEV) represents the 25% of the total cost of the EV.
The annual cost reduction of BEVs has been estimated around
8% [15]-[17].
The study aims to determine an optimal design of the
DC fast -charging station with the integration of BESs to
reduce its grid impact, with a cost-benefit analysis (CBA) of:
the cost of the installation, lifetime of the batteries and price
of the electricity. The operation of our DCFCS is based on
exchanges of the BESs that allow one of the batteries (BES2)
to be charged from the grid while the other (BES1) is
charging an electric vehicle. The user that immediately
followed would be served by BES2 that has just been
charged. This method has the advantage of reducing the grid
utility demand. A cost-benefit analysis has been analyzed to
evaluate the effectiveness and applicability of the chargers in
large scale.
II. METHODOLOGY
This section presents the methodology applied for a CBA
by using BESs within the charging stations through the
comparison without batteries. The first method uses the BESs
within the charging stations with the connection to LV grids
and the second method the charging stations will be
connected to the medium voltage (MV) grid. In the context of
the technological evolution of batteries and decreasing costs
[15]-[17], the main objective pursued by the CBA hereby
proposed is to determine the costs of the infrastructures and
lifetime of different storage that make the installation of
batteries profitable. In particular, if it is convenient for the
Electric Vehicle Supply Equipment Operator (EVSEO) the
integration of batteries within the DC chartering stations. The
EVSEO could be the DSO or a private company such as car
sharing. The economic analysis of investments is a critical
step especially if we do not have a clear perspective of the EV
market penetration. The main elements of investment are: the
capital cost or initial investment, the interest rate, the return
on the investment and the lifetime of the investment. Several
methods can be used, according to the company’s internal
evaluation criteria for investment. In function of the
importance of the investment, sophistical methods can be
used. In this case study two methods has been used.
A.

The Method 1

1. The payback period
The payback period (PBP) is the time required to recover
the capital investment from the net cash flow and thus shorter
payback periods would make a BES project more attractive to
investors. The PBP is calculated as:

Payback period 

Cos t of investment
Annual revenues

The two terms of the PBP ratio can be either before or after
taxes depending on the requirements of the investor. The PBP
method does not consider the time value of the money during
the years, it takes the interest as a unknown factor.
Nevertheless, the payback method is very simple, and it can
serve as a yardstick to compare possible investments.
2. Internal Rate of Return
The internal rate of return (IRR) is the reciprocal of the
PBP and it is generally expressed as a percentage.

Internal Rate of Return 

Annual revenues
Cos t of investment

(2)

The IRR is the discount rate at which the net present
value of all cash flows is equal to zero. The projects with the
highest percentage of IRR would be considered the most
attractive investment among projects with similar
characteristics. The IRR method does not consider the time
value of the money over the years; it takes the interest as a
unknown factor.
B. The method 2
The Method 2 considers the time value of the money over
the years and interests. Methods using life-cycle costing are
based on the conversion of investment and annual cash flow
at various times to their equivalent present values and vice
versa. It takes the interest as a known factor. Several factors
are used to accomplish these conversions:
Future worth factor (FWF) converts a single present amount
(at year zero) to an amount at a future point in time:

Future worth factor  1  r 

n

(3)

Present worth factor (PWF) which is used in this paper
converts a future amount to an amount today (at the year
zero):
1
Present worth factor 
(4)
(1  r )n
n

1
(5)
(1  r )t
Respectively, r is the discount rate (interest), and t is the
number of time periods or years in this case.
Present annuity factor  
t 1

The Method 1 does not consider the time value of the
money over the years and interests.

(1)

1. Net Present Value Analysis
Net present value (NPV) is the difference between the present
value of cash inflows and the present value of cash outflows. It is
one of the most used investment criteria for making decisions to a
specific investment. The NPV is calculated with the following
formula:
T
Bt
Ct

 C0

t
t
t 1 (1  r )
t 1 (1  r )
T

NPV  

(6)

The NPV is the discounted sum of future benefits minus costs
computed as shown in (6). Where, Bt and Ct are the benefit
(revenue) or the net cash inflow during the period t and Co
total initial investment costs. The NPV is used to analyze the
profitability of a projected investment or project and as a rule
any project with a positive NPV under consideration. In this
paper a method has been analyzed for the financial
assessment of BES projects [18]-[19]. If the NPV is greater
than zero, the project is valid since the revenues are enough to
pay the interest and to recover the initial capital cost before
the end of the life of the investment. If the NPV equals zero,
the balance occurs at the end of the life, but the investment is
scarcely attractive. NPV less than zero means bad investment
on the project. Projects with similar characteristics can be
compared by taking as a parameter the ratio between the NPV
of the project and the related investment (NPV-benefits/NPVcosts) commonly called “Benefit - Cost Ratio”.
2. Benefit - Cost Ratio
In addition to the NPV analysis, there is another method
to evaluate and compare the economic performance of one or
more investments, namely benefit-cost ratio (B/C).
T

NPV ( Benefits)
Benefit cost ratio 

NPV (Cos ts)

Bt

 (1  r )
t 1

t

Ct
 C0

(1

r )t
t 1
T

(7)

If B/C >1 then project(s) is economically satisfactory
If B/C =1 then project(s) the economic breakeven of the
project is similar to other projects (with same discount rate or
rate of return)
If B/C <1 then project(s) is not economically satisfactory
In this paper the IRR and PBP have been calculated
by taking into account the present annually factor (5).
III. CASE STUDY
In this paper, two different layouts have been
analyzed to connect the DCFCS. With a CBA we are able to
compare two typologies of DCFCSs within the electrical grid.
The first layout will consider a CBA of the DCFCs in LV
grids with the installation of lithium of batteries. In this case
the benefits assessed include the reduction of grid costs in
terms of reinforcement such as new transformer and new lines

as well as the fee connection in MV. The second layout
considers a CBA - to justify a standard investment of the
charging stations in MV grids with a new transformer and
new lines. For each of them, a scenario with a business model
situation has been done and the EV load demand in both
methods is considered equivalent. The four charging modes
according to IEC 61851 are applied for the EV conductive
charging on the on-board and off-board charging systems.
The most used system at the moment is charging EVs in AC
with an on-board charger. Another approach is to use an offboard charger for delivering direct current (DC), for charging
in a short period. Special charging spots are operating at high
power levels by using medium voltage (MV). The EV
charging modes are the following: Charging Mode 1: home
in AC 11kW with maximum 16A, ; Charging Mode 2: private
facilities 22kW with maximum 32A, ; Charging Mode 3:
public charging stations AC 43kW with maximum 63A, ; and
Charging Mode 4: public charging stations DC 240-300kW
with maximum 400A [3]-[4]. The mode 4 has been
implemented for the AC/DC charging by the use of off-board
chargers. Typically, the charging time of the mode 4 is from
50 to 30 minutes to reach 80% of battery SoC with a power
between 50 and 120kW. The charging systems used now are
mode 2 and mode 3, for the following reasons: international
standards availability, low infrastructure costs, availability of
the power grid. The charging architecture in AC is robust, but
it has power limitations of 43kW and high conversion losses
on the EV side. In mode 3 the charging rate to reach 80% of
the EV battery with 22kW takes approximately 1 hour with
an EV of 20kWh. To solve the problem of the low range, the
major car manufacturers are increasing the battery pack of the
new models from 20/25kWh to 40/60kWh such as Tesla
model 3 and eGolf. Therefore, charging in AC will represent
an issue for the long charging time and in particular space
congestion of the public parking as well as congestion on the
electrical grids. Recently, some company are starting to
develop new fast charging systems in DC because the
standard allows charging with 400A and maximum power of
240kW -300kW in Combined Charging System (Combo) [3].
State of the art at the moment is the following: Tesla 120kW,
connected in MV (outside the cities), 50kW by ABB with
combo in LV (inside the cities), 62.5kW by Chademo system
in LV (inside the cities). From 2018 ABB has designed a
charger of 150kW in combo in MV (inside and outside the
cities). The DC charger significantly reduces the charging
time and the conversion losses on the EV side.
A. Connection to LV grids of the DCFCD with BES – case A
To avoid the connection to MV especially within
residential areas, the DCFCS in combination with the BES
can represent a smart solution. Thanks to the large scale
production of power electronics and batteries the cost of the
EV-battery is decreasing every year around 8 % [15]-[17].
This represents a chance to evaluate possible scenarios of the
DCFCS in order to develop a new charging stations and
control methods for these flexible loads [13]. In addition,
DCFCS with the BESs gives the opportunity to the users to

recharge the EVs up to 80% of their SoC with charging rate
of around 10 minutes. The new design of the charging
stations is based on the installation of two identical battery
energy system (BES1 and BES2) that physically decouples a
DC fast charging station (DCFCS) from an LV distribution
grid, as shown in Figure 1. The operation of such a system is
based on successive switches of the BES connections that
allow one of the batteries (BES2) to be charged from the grid
while the other (BES1) is charging an EV and vice versa [10][11].

chargers of 100kW each can prevent the connection to MV
and thanks to the DC/DC converters; the chargers provide
150kW on the EV side through the discharging rate of 9C of
BESs. The disadvantage of this system is the costs of the
batteries and the replacement at the end of their useful life.
The CBA of the case A will consider costs of the DC
charging stations, battery replacement as well as installation
costs. The case A takes into account different Lithium
batteries with different cycles. The energy sold to the final
users in the CBA is considered as revenue in function of the
EVs daily recharged. The details of the cost-benefit analysis
steps will be discussed in the following section through the
use of different scenarios.
B. Connection to MV grids of the DCFCD – case B

Figure 1. DC fast charging station in mode 4 with BESs

The case study uses an AC/DC converter of 100kW and
charging rate of 6C (9.7min) [11]. The discharging rate
through the DC/DC is 9C (6.7min) with a converter of 150kW.
To satisfy the energy demand from EVs, the optimal BES for
a DCFCS is 16kWh because it meets the highest level of
SoCs satisfaction. It means more than 80% of the commercial
EV can be charged up to their 80% of SoC [11]. Each BES
has been oversized of 19.2 kWh because it cannot exceeding
20% SoC for two reasons: overheating issues and faster
degradation of the battery. The configuration of the case A of
the DCFCS with BESs is as shown in Figure 2:

The case B is a classic connection to MV when the
electrical load exceeds 600kW. The choice of the DCFCS has
been done according to the case A with the same EVs load
demand and charging time. Accordingly, six DC charging
stations of 150kW require the connection to MV because the
electrical load is 900kW. The case B has high investment
costs in terms of grid reinforcement, and it requires new
dedicated lines for the connection to MV and a new
substation with a transformer of 1MVA. This grid connection
also has space restrictions, especially if the installation takes
place in the cities. The infrastructure costs include:
distribution network expansion, new lines and the costs of the
DC charging stations as well as the installation costs. The
energy sold to the final users is considered as revenue in
function of the EVs daily recharged. Many simplifications
have been assumed to compare the two CBAs such as the
EVs load demand. The details of the cost-benefit analysis
steps will be discussed in the following section through the
use of different EV scenarios.

Figure 2. DC fast charging station in mode 4 with BESs connected to LV

This case study takes into account the maximum power of
the LV grids in order to prevent the connection in MV. To
avoid the connection to MV and in particular the high costs
for the grid reinforcement in many cases DSO’s load should
not exceed 500kW-600kW [20]-[21]. In this study case, six

Figure 3. DC fast charging station in mode 4 with a new connection to MV

IV. FINANCIAL ASSESSMENT AND COST-BENEFIT ANALYSIS
RESULTS
The methodology and inputs used in section III are used to
perform the cost-benefit analysis, and the financial
assessment of the case A and case B. The results of this work
and comparison of the systems are presented in this section.
A. Cost and Revenue calculation with BES – case A
The annual costs and benefits associated to the case A –
BES within the charging stations are calculated taking into
account the infrastructure costs and as benefits the
consumption of electricity. The total cost per year is:
Total annual cost = Cs + In + Re + O&M

(8)

where Cs are the component costs (including the chargers and
batteries), In is the installation cost, Re is the cost of replacing
the batteries in function of the EVs demand, and O&M is the
operation and maintenance cost. The total revenue per year
can be calculated as:
Total annual revenue = (E ▪ P) ▪T

(9)

where E is the daily energy consumed in function of the EV
demand, P is the price paid by the EV users and T is the total
time in a year measured in days.

-

Component costs: 1km line in LV and 1km in MV and
transformer of 1MVA [22]
EV demand: 16kWh [11]
DCFCS cost: 50.000€
The investment life is 20 years

Figure 4 and 5 compare the financial performance of five
case studies by using payback period and benefit-cost ratio
(7) with an interest rate of 4%. In Figure 4 and 5 the red lines
show financial performance by using the case B connection to
MV grid. Instead, in the case A the blue line and orange line
are representing the current technology of lithium ion battery
with 5000 and 10000 cycles with energy density of
160Wh/kg. The green line and violet line are representing
future generation of the lithium battery with 25000 or 30000
cycles, such as Lithium Titanate (LTO), which has half
energy density (80Wh/kg) but high performance in terms of
cycles, or Lithium-Sulfur (370Wh/kg) or Lithium-Air Battery
(1700Wh/kg) [23]. The cycles are strongly related to the
battery replacement. As expected, increasing the number of
battery replacements has a significant impact on the financial
performance of the battery storage project (line blue and
orange). Batteries with high cycles will be competitive to the
case B standard configuration as shown Table I and II. Figure
5 shows that the benefit-cost ratio B/C ratio - case A is higher
than case B as long as the EV demand does not exceed 325
EVs/day.

B. Cost and Revenue calculation with connection to MV
grids – case B
The annual costs and benefits associated with the case B
- classic connection in MV are represented by comparing
similar investments [20]. This configuration takes into
account the infrastructure costs, new lines and a transformer
of 1MVA as well as the DC charging stations and the
installation costs. The benefits are the consumption of
electricity. The total cost per year is:
Total annual cost = Cs + In + O&M

(10)

where Cs are the component costs (including the chargers,
lines and transformer). The total revenue per year can be
calculated as:
Total annual revenue = (E ▪ P) ▪T

Figure 4. Payback period (5) versus EVs daily demand

(11)

C. Financial, Market and Technology Inputs
The most important inputs used in this financial assessment
are summarized in Figure 4, Figure 5, Table I and Table II.
The financial performance of the case A and case B are
compared assuming the rating and costs listed:
-

Discount rate (r): 4% [18]
Li-ion battery price forecast: 200€/kWh [15]-[17] (2020)

Figure 5. Benefit-cost ratio (7) versus EVs daily demand

TABLE I
COST - REVENUE CALCULATION WITH BES 30000 CYCLES – CASE A
EVs daily
Investment Payback
IRR
NPV
B/C
demand
cost [€]
[years]
[%]
[€]
ratio
30
-452273
7.67
12.2%
349034
1.84
60
-528468
4.48
22.8% 1074145
3.15
120
-680857
2.89
35.9% 2524370
4.73
180
-833231
2.36
44.1% 3974608
6.00
240
-985620
2.09
49.8% 5424833
6.76
300
-1138008
1.93
53.9% 6875057
7.32
360
-1290396
1.82
54.8% 8325282
7.75
420
-1442785
1.75
57.2% 9775507
8.09
TABLE II
COST - REVENUE CALCULATION CONNECTION TO MV GRIDS CASE B
EVs daily
Investment Payback
IRR
NPV
B/C
demand
cost [€]
[years]
[%]
[€]
ratio
30
-1190000
20.18
-0.1%
-388693
0.70
60
-1190000
10.09
7.6%
412613
1.40
120
-1190000
5.05
19.2%
2015226
2.71
180
-1190000
3.36
29.6%
3617839
4.20
240
-1190000
2.52
39.6%
5220452
5.60
300
-1190000
2.02
49.5%
6823065
7.00
360
-1190000
1.68
59.5%
8425679
8.40
420
-1190000
1.44
69.4% 10028292 9.80

V. CONCLUSIONS
A financial assessment of the BES within the DCfast charging has been performed. The payback period,
internal rate of return, net present value and benefit-cost ratio
were determined to evaluate the financial performance of the
five case studies. The financial performance of the case ABES within the DCFCSs is crucially dependent on the life
cycle cost of the batteries; on the contrary, the case B -MV
connection is closely linked to the EV demand. The results of
the case A have shown that the number of battery
replacements affects the main economic parameters
significantly on the financial performance. The finding of the
financial assessment suggests the following: Case A: using
batteries with low cycles such as 5000 or 10000 is not
economically viable because the investment has constant
battery replacement costs. Instead, batteries with big cycles
25000-30000 have the benefit-cost ratio higher than the Case
B as long as the EVs daily demand is between 10 and 325.
The case B has illustrated that the profitability of the
investment increases if and only if the EVs demand
penetration is bigger than 325 EVs/day. To conclude, the
work presented in this paper can help to understand the
business case behind the use of different storage systems
within the DCFCSs. In the future, a drastic reduction of the
battery costs of different technologies could represent a
profitable alternative for the considered cases.

Vehicle-Lab. The EVlab has been established to support a
wide array of EV integration and technology services.
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Abstract— DC Fast Charging Station (DCFCS) is essential for
widespread use of Electric Vehicle (EVs). It can recharge EVs in
direct current in a short period of time. In recent years, the
increasing penetration of EVs and their charging systems are
going through a series of changes. This paper addresses the design
of a new DCFCS for EVs coupled with a local Battery Energy
Storage (BES). DCFCS is equipped with a bidirectional AC/DC
converter for feeding power back to the grid, two lithium batteries
and a DC/DC converter. This paper proposes an optimal size of
the BES to reduce the negative impacts on the power grid through
the application of electrical storage systems within the DC fast
charging stations. The proposed solution decreases the charging
time and the impact on the low voltage (LV) grid significantly. The
charger can be used as a multifunctional grid-utility such as
congestion management and load leveling. Finally, an optimal
design of the DCFSC has been done to evaluate the feasibility and
the operability of the system in different EVs load conditions.
Keywords— DC fast charging station, battery energy storage,
electric vehicle.

I.

INTRODUCTION

European cities are increasing driving restrictions on
gasoline vehicles and replacing them with electric vehicles
(EVs) as a responsible alternative to reduce the CO2 emissions.
Many factors are contributing to the spread of electric
transportation, and the sector is starting to benefit from
incentives given by individual governments and European
Commission [1]. Considering the growing number of EVs, it
seems necessary to establish a smart DC fast charging
infrastructure to provide their required energy demand in a short
period of time. The EN /IEC 61851 and automotive engineers in
U.S. SAE J1772 have proposed their standards on the charging
modes for EVs and the maximum current delivered in DC [2].
According to the international standards, there are different
charging modes classified as mode 1, 2, 3 and 4 for the EV
conductive charging system. IEC 61851 applies to on-board and
off-board equipment for charging electric vehicles and
providing electrical power for any additional services on the
vehicle if required when connected to the electrical grid. One
method for EV charging is to connect the AC supply network to
an on-board charger, the power delivered is between 7 kW and
43kW [3]. The charging rate requires about 2-3 hours to store
the energy needed to cover 150km. Another method to recharge
EVs is to use an off-board charger for delivering direct current,
to recharging in a short period of time. In addition the charging

facilities operating at high power levels. Currently, the delivered
power in DC is between 50 kW and 120 kW for public charging
stations with a charging rate about 45 min and 30 min to store
energy for 150km of driving. The fast charging station has met
implementation difficulties in the major European cities,
because its progress poses demanding requirements in terms of
EV battery and charging rate restrictions. In addition, there are
many issues related to the impact of the DC fast charging on the
distribution network in the low voltage (LV), such as control the
congestion during the peak hours and the high losses among the
feeders [4]. The widespread use of EVs and especially the
installations of the fast charger requires investigating on the
distribution grid impact. So far, many studies have been done
about the EVs and their grid impact.
To address this issue, research is moving in various
directions, for example in some papers, a coordinated charging
system is proposed to minimize the power losses and maximize
the main grid load force for an optimal charging profile for EVs
and plug-in hybrid electric vehicles (PHEVs) [5]. To mitigate
the congestion from EVs, other studies have proposed dynamic
price for the uses to keep the reliability of the electrical grid [6].
N.G. Paterakis has developed a detailed energy management
system structured for an unpredictable loads such as EVs and
PHEVs. He has determined the optimal day-ahead appliance
scheduling of a smart-load based hourly pricing and peak power
limiting based on a demand response strategies [7]. Other
authors have focused their studies on the impact of the charging
stations based on simulation models. The models determine the
spatial distribution of different charging stations to evaluate the
potential for load shifting EVs demand [8]. Although the DC fast
charging station has a deep impact on the grid and at the moment
few researcher are working to determine the fast charging
stations’ demand.
It is very important to design an appropriate fast charging
station for EVs, which is able to meet the expected demand.
Designing an appropriate charging station in LV grid requires
not only meeting the charging demand at any time of the day,
but also minimizing the station operation costs [9]. Especially,
in LV grid where the operators are focused to minimize the
losses and to reduce the size of the electrical lines and avoid the
network congestion. The load curve profile of the DC fastcharging station can increases significantly the peak load
demand as well as high connection fees to grid operators in order
to offset the cost of larger transformers and electrical equipment.
Some recent studies have focused on using battery energy
storage as a buffer between the grid and the charging stations in

order to reduce their peak consumption [10], but more work is
required on the optimal size of BES in the station. In this paper,
the authors attempt to determine the optimal design of the DC
fast charging station to reduce their grids impact. In particular,
we propose a new design of a stationary battery energy system
that physically decouples a DC fast charging from an LV
distribution.
The rest of the manuscript is organized as follows. In Section
II conductive charging modes and the Section III charging
station design and demand modeling. Section IV the description
of the optimal design of the BES is given in Section IV and V,
respectively with the simulation results. Finally, in Section VI
the conclusions with the optimal size of the BES within the DC
fast-charging stations and its practical implementation in LV
grids.
II.

CONDUCTIVE CHARGING MODES IEC61851

According to IEC 61851, there are four charging modes
classified as mode 1, 2, 3 and 4 [3] for EV conductive charging.
IEC 61851 applies to on-board and off-board equipment for
charging electric vehicles and providing electrical power for
any additional services on the vehicle if required when
connected to the electrical grid. One method for charging EVs
is to connect the AC supply network to an on-board charger. An
alternative method is to use an off-board charger for delivering
direct current, for charging in a short period of time. Special
charging spots are operating at high power levels by using
medium voltage (MV). The EV charging modes are the
following: Charging Mode 1: homes and offices, Charging
Mode 2: private facilities. Charging Mode 3: public charging
stations. Charging Mode 4: public charging stations. The mode
4 has been implemented for the AC/DC charging by the use of
off-board chargers. Typical at the moment the charging time of
the mode 4 is from 50 to 30 minutes to reach 80% of battery
SoC with a power between 50 and 120kW. Figure 1
summarizes the main characteristics of the charging modes with
their respective powers according to IEC 61851 and IEC
62196 [2]-[3]. The IEC 62196 applies to plugs, socket-outlets,
and connectors which use conductive charging.

entails high conversion losses on the EV side. The efficiency
of an on-board converter is around 85% and this represents an
increasing energy demand from the EV in order to reach 80%
of SoC. In mode 3 the charging rate to reach 80% of the EV
battery with 22kW takes approximately 1 hour with a vehicle
of 20kWh. To solve the problem of the low range, the major car
manufacturers are increasing the battery pack of the new
models from 20/25kWh to 40/60kWh such as Tesla model 3
and eGolf. Therefore charging in AC will represent an issue for
the long charging time and in particular space congestion of the
public parking. Recently, some company is starting to develop
new fast charging systems in DC because the standard allows
charging with 400A and maximum power of 240kW in
Chademo and Combined Charging System (Combo). The state
of art at the moment is the following: 120kW by Tesla
connected to MV (outside the cities), 50kW by ABB with
combo systems in LV (inside the cities), 62.5kW by Chademo
system in LV (inside the cities), 150kW ABB with combo in
MV (outside the cities). Mode 4 significantly reduces the
charging time and the conversion losses on the EV side.
III.

CHARGING STATION DESIGN AND DEMAND MODELING IN
LV GRIDS

Two DC charging stations of 240kW might require the
connection in MV with a high investment costs Figure 2. The
new dedicated line and the transformer have high economic
costs and space restrictions, especially if the installation takes
place in the cities [9].

Figure 1. DC - Fast charging station in mode 1, 2, 3 and 4

In the European cities, the charging systems most used at the
moment are mode 2 and mode 3, for the following reasons: low
infrastructure costs, electrical grids, and international standards
availability. The AC charging architecture is robust, but it has
power limitations of 43kW. Furthermore, recharging in AC

Figure 2. New connection to MV for DC-fast charging stations

The DCFCS in combination with the BES can represent a
reliable solution to avoid the connection in MV especially
within residential areas. The annual cost reduction of BEVs has
been estimated around 8% [11]-[12]. This represents a chance
to evaluate possible scenarios of the DCFCS in order to develop
a smart charging station and control methods for these flexible
loads [13].
In addition, DCFCS with the BESs gives the opportunity to
the users to recharge the EVs up to 80% of their SOC with
charging rate of 9 -10 minutes. The new design of the charging
stations is based on the installation of two identical battery
energy system (BES1 and BES2) that physically decouples a
DC fast charging station (DCFCS) from an LV distribution
grid, as shown in Figure 4.

IV.

OPTIMAL DESIGN OF BESS IN FUNCTION OF CHARGING
DEMAND

The charging station will have one or more charging slots,
and each of them can be connected to the LV grid with a
minimum power of 100kW required from the grid in AC. Every
EV has a nominal capacity given by the manufacturers that
represent an amount of kilometers that the car can reach with
specific driving conditions. According to the tests performed
in the EV laboratory, only 90% of the nominal capacity is used
as work capacity. To make the EV demand study more realistic,
the following steps are made: SoC of the EV battery is fixed at
25% SoC (worst case). The EVs load demand capacity is
between: 7.2 kWh and 36kW, Table 1:

TABLE I.

Figure 3. DC fast charging station in mode 4 without BES

Figure 4. DC fast charging station in mode 4 with BESs

The operation of such a system is based on successive
switches of the BES connections that allow one of the batteries
(BES2) to be charged from the grid while the other (BES1) is
charging an EV, as shown in Figure 5.

Models
(20152017)
Mitsbuishi
i-MiEV
Smart
Electric
Chevy
Spark EV
BMW
i3
Ford
Focus EV
Fiat
500e
Leaf
24kWh
Leaf
30kWh
Kia Soul
EV
Mercedes
BClassEV
VW
eGolf
Tesla
S 60
Tesla
model 3
Tesla
modelS80

COMPARISON OF DIFFERENT COMMERCIAL EVS

Range

Battery
[kWh]

Usable
battery
[kWh]

SoC
25%
[kWh]

SoC
80%
[kWh]

∆
load
[kWh]

[km]

100

16

14.4

3.6

10.8

7.2

110

17

15.3

3.8

11.5

7.7

130

20

18

4.5

13.5

9

130

22

19.8

4.95

14.9

10

130

23

20.7

5.17

15.5

10.33

140

24

21.6

5.4

16.2

10.8

130

24

21.6

5.4

16.2

10.8

165

30

27

6.75

20.3

13.55

150

30

27

6.75

20.3

13.55

170

36

32.4

8.1

24.3

16.2

300

37

33.3

8.3

25

16.7

340

60

54

13.5

40.5

27

350

60

54

13.5

40.5

27

450

80

72

18

54

36

The following statistical calculations are carried out to
evaluate EVs load demand in different confidence intervals (2):

1 n
 X i = 15.42kWh, with n=14
n i 1
___
1 n
( X i  X n )2
Sample variance: sn2 
(1)

n  1 i 1
___

Sample mean: X n 
Figure 5. DC fast charging station in LV grids with BESs

sn2 

of kilometers needed for driving in the city instead of their SoC
at 80%. Moreover, the DCFCS is designed to be installed in the
cities. Table 2 shows the results of different BES and the energy
in terms of kilometers provided by the BES. The driving
efficiency of the new EVs model between 2020 and 2025 will
be around 0.1kWh/km.

___
___
1 n
1 14
( X i  X n )2 
( X i  X 14 )2  107.65


n  1 i 1
14  1 i 1

and

s  107.75  10.375
The confidence interval is 0.95 of BES ∈ X, with n=14, the
the confidence interval is:

TABLE II.

SATISFACTION

[kWh]

[%] of
EVs
charged
up to 80%

[%] of
EVs
charged
up to 70%

Average
[km] with
0.1
kWh/km

Average
[km] of
EVs with
SoC 25%

23.5

78%

93%

235

45

280

21.5

78%

93%

215

45

260

19.5

78%

78%

195

45

240

17.5

78%

78%

175

45

220

16

78%

78%

160

45

205

15.5

75%

78%

155

45

200

15

65%

78%

150

45

195

13.5

50%

78%

135

45

180

11.5

50%

64%

115

45

160

9.5

22%

50%

95

45

140
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BES
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The estimation of the BES size is calculated with this expression
and student's t distribution (3):
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9.634, 21.2
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If the confidence interval is 0.99 of BES ∈ X with n=14, the
confidence interval is (4):
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___
10.375
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3.012,15.42
3.012
15.42
15
15



OPTIMAL SIZE OF THE BES IN FUNCTION OF EVS SOC

[km]

To satisfy the energy demand from EVs, the optimal
BES for an DCFCS is 16kWh because it meets the highest level
of SoCs satisfaction. In addition, according to Danish National
Transport Survey, the average Danish driving distance is
around 29.48km per day. Therefore 205 km are sufficient for
driving in the city and outside. Each BES has been oversized of
19.2 kWh (Figure 6) because it cannot exceed 20% SoC for two
reasons: overheating issues and faster degradation of the
battery.

(4)

7.35, 23.5 kWh
In this case study there are two criteria to size the BESs:
Fist, considering EVs SoC at 80% and considering to cover
78% of the EVs demand the BES should be sized around
16kWh. Second, it is important to take into account the number

Total

Figure 6. Optimal design of a DCFCS for EVs

The case study uses an AD/DC converter of 100kW and
charging rate of 6C (9.7min). The discharging rate through the
DC/DC is 9C (6.7min) with a converter of 150kW.
V.

charged by the DCFCS with 150 kW through the BESs. The
results associated with the capability of the DCFCS and its
limits in order to supply energy to the end users is shown in
Figure 5.

SIMULATION RESULTS

The reliability of the system and the performance of the
DCFCS are evaluated by with 11-minute simulation in Matlab/
Simulink. A boost converter controls the DC/DC converter
through the PI controllers. The boost converter helps to keep
the voltage limits constant to ensure the stability of the system
for each SoC of the EVs.

A. The charging process of the BESs
When the BES2 is charging an EV at 9C, the BES1, if
previously discharged, can be recharged through the grid with
the AC/DC converter at 100kW and a charging rate of 6C as
shown in Figure 5.

Figure 8. Active power absorbed by the EV

C. Capability of the DCFCS
Figure 9 represents the charging limit of the DCFCS and the
capability to recharge EVs up to 80% in function of their SoCs
and battery packs. The DCFCS can provide to recharge EVs at
80% of SoC with maximum EVs battery pack of 40kWh. For
large EVs battery packs such as Tesla models of 60/80kWh,EVVan and EV-suv, the DCFCS can recharge them fast up to
50/60% their SoC with more than 250km of driving. If the users
need more driving kilometers or they want to reach 80% of the
SoC with 450 - 500km the EVs could be recharge twice with a
charging time around 20min.

Figure 7. Active power delivered by the LV grid

100
80

The graph in Figure 6 shows the charging process of an EV
through BES2 and the power absorbed by the electric vehicle.
As previously mentioned, the DCFCS has been designed to be
used in LV grids, mainly in the cities. It can recharge each
vehicle up to 80% of their SoC in a time period of between 6
minutes and 7 minutes, depending on the SoC of each EV. The
functionality of the charging system has been evaluated on a
large scale by comparing different commercial EVs with
different batteries. The case studies take into account several
models from 2015 to 2017 with battery pack between 16 kWh
and 80 kWh. As shown in table 1 below. All the EVs could be

60

SoC [%]

B. The charging process of an EV

40
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Figure 9. Charging limit of the DCFCS with EVs at 25% SoC

VI.

CONCLUSIONS

This paper introduced an optimal size of the BES within the
DC-fast charging stations with the objective of decoupling the
LV grid from the peak load demand from EVs.
The research activities have shown that the DCFCS could be
decupled from the LV grid with the goal of minimizing the
connection costs of the grid by using the BESs. In addition, the
advantage of this charging station is to reduce the charging time
and grid impact during the peak demand. Results show the
following main conclusions:
1. The grid impact of the DCFCS grows with the EV market
penetration, and the integration of the BESs will avoid the
connection costs in MV especially within residential areas.
2. The load leveling control by the installation of intermediate
battery helps to reduce the power from the grid connection
at 34%.
3. The DCFCS provides the possibility of more than 200km
driving in less than 10 minutes. It means to maximize the
user satisfaction minimize the costs from the DCFCSoperators for the public parking lots.
4. The optimal size of the BES will depend from: grid
constraint, charging time, SoC satisfaction and EV battery
packs.
5. This paper did not take into account optimal storage
solution in terms of: lifetime, costs and volumes for the
DCFCS. A possible solution could be to use the second life
batteries for ancillary services such as primary frequency
control or voltage support by using the bidirectional
AC/DC converter.
To conclude, an optimal control of the DC/DC has to be
implemented with a coordinated strategy to estimate the EVs
SoC and the load demand periodically. The IEC 61851 and
IEC15118 define the general requirements for the control
communication between the DC-charger and the EVs, which
could provide the charging/discharging process of the BESs. As
a future consideration and thanks to a coordinated control
strategy of the BESs, we will propose a DC fast-charging
station capable of recharging a large number of EVs fast in LV
grids by using load demand prediction in function of EVs SoC.
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Abstract: Electric vehicles (EVs) appear to offer a promising solution to support sustainable transportation and the reduction of
CO2 emissions in the metropolitan areas. To satisfy the EV load demand of the new EV models with larger battery capacities,
public direct-current fast-charging stations (DCFCSs) are essential to recharge EVs rapidly. A stochastic planning method of the
DCFCSs is presented considering user behaviour and the probabilistic driving patterns in order to predict EVs charging demand.
According to the stochastic method, a coordinated charging demand and storage charging demand are proposed with the
objective of minimising peak load from EVs and charging-infrastructure costs. The proposed planning method can prevent
additional grid reinforcement costs due to EV demand during the peak hours. In the coordinated charging demand, the peak
load from EVs is managed by controlling the DCFCSs. Instead, in the battery energy storage (BES) charging demand, an optimal
BES is proposed as an alternative solution to reduce the peak demand of EVs as well as DCFCSs operational costs. Finally, an
economic analysis is carried out to evaluate the technical and economic aspects related to DCFCSs, the BES life-cycle costs as
well as the financial performance of BES costs versus grid reinforcement costs.

Parameters

Nomenclature
Abbreviations
AC
BES
B/C
BMS
CBA
CCS
DC
DSO
DCFCS
DNTS
EV
IEC
ICE
LV
LTO
MV
NPV
NMC
PDF
PS
PBP
SoC
SD
V2G

Alternating Current
Battery Energy Storage
Benefit-Cost ratio
Battery Management System
Cost-Benefit Analysis
Combined Charging System
Direct Current
Distribution System Operator
DC Fast-Charging Station
Danish National Transport Survey
Electric Vehicle
International Electrotechnical Commission
Internal Combustion Engine
Low Voltage
Lithium Titanate Oxide battery
Medium Voltage
Net Present Value
Nickel Manganese Cobalt battery
Probability Density Function
Peak Shaving
Payback Period
State of Charge
Standard Deviation
Vehicle to Grid

B
C
E
EVD
EVr
EVmp
ICEr
K
P
T
Vec
d
t

ln
ɳ
µ
σ

τ
α
β
γ

Benefit [€]
Costs [€]
Energy [kWh]
EV demand [kWh]
Electric Vehicle range [km]
EV maket penetration [%]
ICE vehicle range [km]
BES cycles
Power [kW]
Investment life
EV consumption [kWh/km]
Driving distance [km]
time
PFD logarithmic distribution
Efficiency
Mean
Standard deviation
EV charging time
DCFCS charging power setting
DCFCS charging duration setting
DCFCS power and charging duration setting

1. Introduction
MANY European cities consider introducing driving
restriction for diesel vehicles in and around metropolitan
areas [1]. Electric vehicles (EVs) are a smart alternative to
replace traditional vehicles in order to support sustainable

1

transportation. For this reason, the demand for EV charging
is expected to increase rapidly and could lead to load
congestion in power systems [2].
This increase in EVs’ penetration is an essential aspect of
the planning for EVs charging infrastructures, in particular on
the use of direct-current fast-charging stations (DCFCSs).
Several studies have been carried out to analyse the possible
impact of EVs on power systems considering various
planning methods. The authors of [3] proposed an optimal
location of the charging stations by taking into account the
power transmission grid. Alternatively, [4] recommended a
prediction method based on the energy-equivalent model for
both centralised and decentralised charging loads. In addition,
the authors of [5] suggested a multi-objective collaborative
planning strategy in order to minimise the annual cost of
investments in EV charging systems. Likewise, [6] proposed
an optimal approach for sizing and siting fast-charging
stations in order to reduce the infrastructure costs. The
authors of [7] exanimated the EV charging demand using
demand-response programs and uncertainty problems.
Differently, [8] considered travel distance using a
probabilistic model of EV charging loads. Similary, [9] used
statistical data to establish a multi-objective EV charging
planning model, with the goal of maximising captured traffic
flow.
Another popular method for generating the EV load
profiles involves Monte Carlo’ simulations. The authors of
[10] proposed a stochastic method in which Monte Carlo’
simulations are used to calculate the EVs’ arrival times and
state of charge (SoC). Monte Carlo simulations in
combination with Markov modelling can be used to
statistically examine EVs, regardless of whether they are
moving or parked. The stochastic method replicates different
observations such as time of day, day of week and the driving
patterns. Using this probabilistic method, it is possible to
estimate the expected EV load profile using stochastic
individual driving behaviour as a time-dependent function of
the number trips and the driving distance. Likewise, [11]
proposed to use the Markov chain in order to calculate the EV
charging times. The Monte Carlo samples of driving patterns
use discrete-times and states according to Markov chains [12].
In this framework, several states are defined (e.g., parked in
a residential area, parked in a commercial area or in transit)
[13]. Consequently, it is essential to predict the DCFCSs load
demand.
In addition, the DCFCSs add a high-power consumption
load that the distribution system operators (DSOs) must
consider [14]. The impact of the DCFCSs such as generation
planning [15], distribution transformers under different
penetration levels [2] the aggregated EV charging demand
[16], distribution network losses [17] and voltage drops have
been investigated and analysed [18]-[19].
EVs have a serious impact on the grid, including various
aspects of power systems; for example distribution
transformers can become overloaded during peak hours [20],
causing violations in voltage constraints [21]-[22]. To
resolve these issues, for instance, large-scale vehicle-to-grid
(V2G) can provide energy storage as part of the power grid
by offering spinning reserves and regulating frequency
through aggregators [23]. Likewise, [24] suggested V2G for
ancillary services in particular frequency regulation and peak
shaving (PS) by using a large fleet of EVs. V2G has
demonstrated the potential to mitigate the negative grid

impact of EVs by controlling DCFCSs during the charging
and discharging processes. Alternatively, [25] proposed using
stationary batteries as a buffer between the grid and the
charging stations, thus helping to limit the peak consumption.
On the other hand, [26] explored the optimal size of battery
energy storage (BES) within DCFCSs using a dynamic traffic
model to minimise the DCFCSs costs.
The design criteria of DCFCSs with BES were proposed
in [27] considering EV energy consumed based on the driving
distance. However, in urban areas, to satisfy the load demand
of the new EV models, public DCFCSs that can recharge EVs
rapidly are indispensable. In our previous work, we sought to
reduce DCFCSs’ charging time using a modular BES within
DCFCSs as a buffer to decouple the EV load from the low
voltage (LV) grid [28]. In addition, the integration of
DCFCSs must meet the EV demand in order to evaluate the
grid-related infrastructure costs [29].
Although recent papers have recently discussed using BES
with DCFCSs, more work is required to predict the DCFCSs
demand given EVs’ increased market penetration [2].
Additionally, the integration of the BESs within the power
systems must consider the evolution of the power electronics,
the new lithium-ion battery technologies [30] and the gradual
reductions in the costs of BES[31].
Assuming the state-of-the-art of the public DCFCSs, this
work proposes a stochastic planning method of the DCFCSs
considering user behaviour and probabilistic driving patterns
in order to predict EV charging demand. According to the
stochastic method, a coordinated charging demand and BES
charging demand are proposed with the objective of
minimising peak EV load and the charging infrastructure
costs. In the coordinated charging demand, the peak EV load
is managed by controlling the DCFCSs in terms of power and
charging duration. Instead, in the BES charging demand, an
optimal BES is proposed as an alternative solution to reduce
DCFCSs operational costs as well as peak EV demand. The
case studies in consideration use the real data from Nordhavn
Project in Copenhagen [32] such as the electrical grid, BES
and the DCFCSs. In addition, the proposed stochastic
planning method is formulated as a multi-objective
optimisation problem based on EV charging demand. The
two objectives are, first, to minimise the DCFCSs’
installation and operation costs and, second, to minimise the
BES systems’ size.
In conclusion, the main contributions of this paper are:
 To propose a stochastic planning method to analyse
the expected charging demand from the DCFCSs
according to different properties and probabilistic
driving patterns.
 To propose a method to determine an optimal
coordinated charging demand to avoid the DCFCSs
peak load in order to minimise the grid installation
costs by controlling the DCFCSs.
 To propose a method to determine optimal storage
charging demand to avoid the DCFCSs peak load
in order to minimise the grid installation costs by
integrating BES within the power systems.
 To propose a cost-benefit analysis (CBA) to
evaluate the financial feasibility of BES within the
power systems by considering the DCFCS costs,
grid connection costs and battery life cycle cost.
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This work comprises an analysis the of DCFCSs’ impacts
of in a realistic case study in Copenhagen grid.
The paper is organised as follows. The method used to
calculate the EV demand is introduced in Section 2, and the
models for the stochastic method used in determining the EV
loads are described in Section 3. The optimisation problems
are introduced in Sections 4, 5, 6. The results are presented in
Section 7 and the conclusions in Section 8.
2. EV charging modes
The IEC 61851 describes the “electric vehicle conductive
charging system,” and the four charging modes. The charging
modes are classified as Mode 1, 2, 3 and 4 [33]. These
charging modes affect the charging power during the entire
EV-charging process. The EV charing poprcess depends on
the type of EV battery and on the battery-management system
(BMS). Modes 1, 2 and 3 are designed to charge EVs in
alternating current (AC) and the mode 4 in direct current (DC).
At the moment, the power delivered in AC is between 3kW
and 43kW, and it is mainly used at home, offices or for slow
public charging stations. The DC method (Mode 4) is
designed only for public charging stations; it allows for
charging in a short period of time. Mode 4 is implemented for
off-board chargers. IEC 61851 (parts, 23 – 24) and IEC15118
provide the general requirements for the control of
communication between DCFCSs and an EVs [33]. In
addition, IEC15118 provides guidance on how EVs can
provide power to the grid, as well as services such as voltage
support and frequency regulation [34]. The evolution of
power electronics, including new control interfaces and EV
batteries, will play an important role in the development of
competitive EVs. Table 1 summarises the main charging
modes’ characteristics and power levels according to IEC
61851 and IEC 62196 [33]-[35].
Table 1. Charging modes according to IEC61851 [33]
EV50[kWh]
20% SoC

Pc [kW]
t1_SoC 80%
t2_SoC 100%
t1 [km]
t2 [km]

Mode
1

Mode
2

Mode
3

Mode
4

Mode
4

Mode
4

3.5

11

22

50

150

300

9.15h

2.8h

1.5h

38min

12.6min

6.3min

13.7h

4.3h

2.15h

1.28h

25.2min

12.7min

368

368

368

368

368

368

500

500

500

500

500

500

Recently, to reduce the charging times, many companies have
started to develop DCFCSs with power ranging from 150kW
to 300kW at 800V considering the socket-outlets in combined
charging systems (CCSs) [30]. These new DCFCSs require a
strong grid infrastructure, which carries a high investment
cost. These large installed capacities also require a dedicated
connection to the medium-voltage (MV) grid, including an
appropriate transformer. The transformer has high economic
costs and space restrictions, especially if the installation takes
place in the cities. In this paper, it is assumed the EVs will be
charged using Mode 4 at public charging stations in and
around the Copenhagen metropolitan area. Fig. 1, shows the
EV charging profile in Mode 4 tested in our laboratory [36].
In particular, Fig. 1 shows the EV charging profile in Mode 4
tested with a charger of 50kW (ABB t53) [37]. The car under
consideration is a BMW i3 with 33kWh and 18% SoC.

Fig. 1. ABB EV charging profile of 50kW in DC
The charging profile in Mode 4 can be mathematically
expressed as:
 Pc ,

t


P(t )   Pc  e  ,

 Pc  0 ,


0  t  t1
t1  t  t2

(1)

t  t2

where P(t) is the charging rate at time t, Pc is the charging
power according to charging mode in DC, τ is the charging
time, t1 represents the charging time from 18% to 80% SoC,
and t2 represents the charging time from 80% to100% SoC as
shown in Fig. 1.
3. Stochastic method for EV charging demand
The EV charging demand is calculated using the charging
characteristics in DC, the arrival charging time and the SoC.
The SoC depends on the travel usage and can be considered
a random variable related to the travel distance. According to
the Danish National Transport Survey (DNTS) the average
daily travel distance in Denmark is 40.1km, comprising three
trips and slightly under 1 hour of travel per day. The
probability distribution of the distances is shown in Fig. 2
[38] and is expressed as a lognormal type, with zero
probability of a negative distance and an extension to infinity
for the positive distance [39]. The probability density
function (PDF) of the traditional vehicle travel distance is
expressed as:

Fig. 2. Probability of travel distance in Denmark
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µd and σd are the ln mean and the standard deviation of the
mentioned normal distribution, respectively. The travel
distance in Denmark, as shown in Fig. 2 has µ = 3.6913 σ =
0.9361. Since the new EVs can reach more than 400km, the
probability distribution of daily travel distance for an EV is
assumed to be the same as for a traditional vehicle. The future
EV range will be 350-650 km for EVs with typical lithiumion batteries of 40, 50 or 60kWh. In this case study, we use
the mean values of 50kWh and 500km as shown in Table 1.
The EV energy demand (EVD) after one-day of travel can be
calculated as shown in equation (3) considering a driving
distance d of 40.1 km (2).
1
EVD  (d Vec  ) 
(3)
c
Instead, ɳc represents the efficiency of the DCFCS, and Vec is
the vehicle’s energy consumption. The energy consumption
is based on the driving pattern, which changes according to
the EV’s performance. The current EVs’ consumption vary
between 0.1 and 0.2 kWh/km [28] and this paper considers
Vec of 0.15kWh/km. According to the daily travel distance,
the SoC after one day can be calculated as:

SoC0  SoC1 

d
,
d max

0  d  d max

(4)

where SoC0 is the residual battery capacity after one day,
SoC1 is dimensionless with value 1, d is the daily travel
distance of the EVs and dmax is the maximum range of the
EVs. Assuming that SoC0 drops linearly with the travel
distance d, the PDF can be calculated by substituting equation
(4) into equation (2) and changing variable form d to SoC.
After one-day travel distance, the SoC based on PDF is
obtained as:

f (d , d , d ) 

1
d  d 2

e

(ln d d )2
2 d 2

,d 0

(2)

two stochastic variables calculated in equations (2) and (5).
The SoC after an amount of days dn can be calculated as:
SoCn  SoC1 

dn
d max

(6)

Where SoCn is the residual battery capacity after a number of
days, the SoC1 is dimensionless with value 1.
3.1. Prediction of the EV charging demand
To predict the EVs’ charging-start times several factors
need to be analysed carefully including user behaviour, the
daily travel distance and the home or work location of the EV
users. People in the metropolitan areas will need to charge
their EVs at public charging stations because most of them
live and work within shared buildings. However, outside
metropolitan areas, people will prefer to charge at work or at
home [39]. In this paper, the start charging time of EVs is
calculated by analysing internal combustion engine (ICE)
vehicles and their refuelling behaviour at the petrol stations.
In order to determine the EVs’ charging-start time, six
months of data from four petrol stations have been collected
and analysed [40]. Once the data are collected the mean and
the standard deviation from petrol stations can be defined.
Fig. 4 shows the refuelling-time distribution of four petrol
stations in Copenhagen.

Fig. 4. Petrol stations: number of ICE vehicles every hour
The mean and standard deviation (SD) are calculated
according to the normal distribution:

Fig. 3. Probability density of EVs’ SoC after one-day of
travel
f ( SoC0 , d , d ) 
1
e
( SoC1  SoC0 ) d max  d 2

(ln ( SoC1 SoC0 )  ln ( dmax )  d )
2 2

2

(5)

f (tst , st , st ) 

1

 st 2

e

(tst st )2
2 st 2

(7)

tst is the observation hour during the day at the time t. µst and
σst are the mean and the standard deviation, respectively, of
ICE vehicles sampled every hour at the four petrol stations.
Fig. 5 shows PDF according to tst at 7 AM, 8 AM 4 PM and 5
PM with their mean and the standard deviation.

Fig. 3 shows the probability density of the EVs’ SoC
calculated in equation (5), after one day of travel. The daily
distance and the probability density of SoC are based on the
4

Ptcl (t )  ev (t )  Pdc (t )  ndc , t

(9)

Ptcl (t) is the total charging load at time t and Pdc is the
DCFCSs’ power based on the number of charging spots and
their efficiency ɳdc. The charging time of EVs is distributed
with a random function every hour across the public DCFCSs.
However, the charging duration depends on the EVs’ initial
SoC and on the DCFCSs’ power.
Fig. 5. Normal distribution of vehicles at the petrol stations
In this case, study, because new EVs have ranges of 500 km
or more, we assume that the daily travel distance of an EV
and the number of trips per day are the same as those of a
traditional vehicle. According to this evaluation, we can
define the correlation between two dependent variables: the
arrival time of traditional vehicles at gas stations versus the
EVs’ arrival time at the charging stations. To convert the
refuelling-time distribution into EVs’ charging-start times,
two correction factors need to be considered: first, the range
in km of ICE vehicles (ICEr) versus the range of EVs in km
(EVr), and second, the EV market penetration (EVmp) in
Denmark. Therefore, µst and its σst calculated in (7) need to be
converted according to EVmp expressed in [%] and the EVr in
Denmark [2].

ev (t )  ( st (t )   (t )) 

ICEr EVmp

, t
EVr 100

(8)

µev (t) is the mean number of EVs at the tth hour at the public
charging stations, µst (t) is the mean number of ICE vehicles
at the tth hour at the petrol stations considering σst (t) with a
confidence interval of 95%. In Copenhagen ICEr vehicles
have a mean driving range of 710km and the mean of EVr
range in 2020-2025 will be 500km [41]. Since the EVs range
is lower than ICEr vehicles range, the charging frequency of
EVs at the DCFCSs will be higher than the frequency of
refuelling at the current petrol stations. Therefore, ICEr/EVr
defines the correlation between refuelling frequency of ICEr
vehicles and the EVs charging frequency. According to (8),
Fig. 6 shows the estimated EV arrival time at the fast charging
stations around the Copenhagen metropolitan area for EV
market penetrations ranging from 5% to 50% [2].

4. EV charging demand methodology
In this section, large-scale EVs are assumed to be
incorporated within the power systems of the Copenhagen
Nordhavn area [32]. The proposed stochastic planning
method is presented to evaluate the public DCFCSs’ demand
and grid impact. In this paper, three different DCFCS layouts
are analysed: uncontrolled charging demand, controlled
charging demand and storage charging demand.
4.1. Uncontrolled charging demand
In the uncontrolled charging scenario, each EV will start
charging when it reaches a low level of SoC, especially when
SoCn after a number of trips cannot satisfy the next travel
distance SoCnt programmed from the drivers.
SoCn  SoCnt

(10)

The SoCnt can be calculated according to the daily travel
distance calculated in equation (2), and it can be assumed to
be equal to around 10% SoC. In addition, for the uncontrolled
charging demand, both the grid’s power conditions, Pg (t), and
the available power from the transformer must satisfy the EV
load demand.
Pg (t )  Ptcl (t )
(11)
The number of charging spots can be calculated based on
the maximum daily EV demand, which can be calculated
using equations (3), (6), and (10), after a number of trips as:

EVD  ( evt  SoCnt  d max Vec ) 

1

(12)

c

µevt is the number of EVs per day, which is calculated as
shown in Fig. 6; in addition, Vec is the vehicle energy
consumption, which is considered 0.15kWh/km for a
charging efficiency ɳc of 95% [28]. Table 2 shows various
daily EV demands and the minimum grid power required to
support EV demands as shown in equation (12).
Table 2. Charging spots based on EVs demand
EV
Market
[%]
5%
10%
20%
30%
40%
50%

Fig. 6. Number of EVs per hour at DCFCSs
Therefore, the power demand of EVs can be calculated as:

Number
EVs per
day
15
20
60
90
120
150

EV
demand
EVD [kWh]
896
1792.0
3583.9
5375.9
7167.9
8959.9

Pgr 

Grid
power
Pgr [kW]
72.2
144.3
288.6
433.0
577.3
721.6

EVD [kWh]
evp [h]

Number
DCFCS
50kW
2
3
6
9
12
15

Number
DCFCS
150kW
1
1
2
3
4
5

(13)

Pgr represents the minimum required grid power and µevp
represents the maximum EV demand during the congested
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peak hour of the day as shown in Fig. 6. The number of
charging spots and their power levels will determine the
maximum power required from the grid. Once the daily EV
demand is defined, the network parameters and the number
of charging spots can be modeled as well as a CBA can be
performed based on the EV demand.
4.2. Coordinated charging demand
In the coordinated charging scenario, the DCFCSs are
controllable. The primary objective is to minimise the peakload when the DCFCSs demand exceeds the grid power.
According to the IEC15118 [34], we define three controllable
charging loads. The first involves setting the DCFCSs’
nominal power to a predefined value. The second involves
setting the charging duration using the DCFCSs’ nominal
power. The third involves setting the nominal power and
charging duration to specified values. The three control
settings can be expressed as:

Pctcl (t )  ev (t )  ( Pdc,i   (t )   (t )   (t ))  ndc , t

(14)

where Pctcl (t) is the controlled load demand during the day by
using the three control settings parameters. α is the DCFCS
charging power setting to a predefined value that can vary
from 0 to 1. β is the charging duration of the DCFCSs
expressed in minutes. Instead, γ includes α and β. In addition,
α, β and γ are three independent parameters. The selected
parameters define the communication protocols and the
controllability modes between the DCFCS and the EV
according to international standard IEC15118 [34]. In our
case, the coordinated charging mode of each DCFCS is
controllable by γ. Using γ avoids the congested peak hours
during the workday by reducing the DCFCSs’ nominal power
and charging duration. The objective in equation (15) is to
provide as much energy as possible to the users according to
the grid conditions Pg (t) at the time t. The controlled load can
be expressed as:

max  P c tcl (t ) 

if : P c tcl (t )  Pg (t )

c
 set  with P tcl (t )  Pg (t )

c
if : P tcl (t )  Pg (t )
 set   1


(15)

Therefore, the nominal DCFCSs power can exceed the
available power of the transformer as long as γ is used to set
the DCFCSs power.
4.3. Storage charging demand
In this section, an optimal PS management is proposed to
minimise the EV load during the congestion hours by using
BES as a stationary application. The introduction of the BES
within the DCFCs helps to minimise the DCFCSs’ operation
costs and reduce the charging time during the congestion
hours. The cost reduction of the lithium-ion batteries is an
important parameter, which must be taken into account. This
represents an opportunity to integrate the EVs’ penetration
and charging systems into the power systems. The BES
systems have been estimated to decrease in price by 8%
annually [31]. DCFCSs, in combination the BES, can thus

represent a smart way of minimising grid-reinforcement costs
and meeting EV demand during peak hours. In this case
study, the controllability mode is not used, and the EVs peak
demand will be supported by the BES. Storage charging
demand must include the system’s overall power balance
over a specified time:
Pb,dis (t )

, if discharging
 Pg (t )  Ptcl (t ) 
dis

 P (t )  P (t )  P (t )  , if charging
tcl
b ,ch
ch
 g

(16)

Pb (t) is the power given or absorbed from the BES, ɳdis and
ɳch are the BES’s converter efficiency which is 95% during
the discharging and charging processes, respectively. The
objective function is used to minimise the EV energy peak
demand by using the minimum BESs Eb (t) within the
DCFCSs as described in the following equations:
min  Eb (t ) 


T
T
 E (t )  E (t )  ( E (t )  E (t ))  ( E (t )  E (t ))


 b
b 0
tcl
g
g
tcl
t 0
t 0

if : E (t )  E (t ) ,discharging BES
tcl
g

if : Etcl (t )  Eg (t ) ,charging BES

(17)

Eg (t) is the grid energy, Eb (t0) is the BES at the time t0 , Etcl
(t) is the energy required from the DCFCSs during the
discharging and charging processes according to available
energy Eg (t). During the EVs charging demand, the BES
operates in parallel with the DCFCSs, and the PS is provided
during the congestion hours due to the high EV demand. The
BES charging power is limited by the available grid power Pg
(t) at the time t. The discharging power is defined by the
converter’s power and the difference between the grid and the
DCFCSs power (16). The BES is calculated based on
equations (16) and (17). Once the BES size is defined, a CBA
can be implemented in order to evaluate the financial
feasibility of BES within the DCFCSs by considering the
installation costs, grid connection and battery life cycle cost.
5. Results of the EVs charging demand
This case study consideres the future EVs demand in
Copenhagen, which could vary from 15 to 300 EVs per day
for each charging station. As shown in Table 2, the minimum
power required from the grid depends on the daily EV
demand and on the EVs’ market penetration. To analyse the
EV demand, three scenarios have been considered:
uncontrolled charging demand, coordinated charging demand,
storage charging demand. All scenarios consider chargers of
150kW in DC. The 150kW charging profiles are obtained
considering the performed tests in our laboratory with
chargers of 50kW in DC as shown in Fig. 1 [36]. In addition,
based on the performed tests, the 150kW charging profile is
assumed to follow the same trend of the 50kW charger as
described in equation (1). To generate the 150kW-DCFCSs’
load demand simulations are carried out by using
MATLAB/Simulink for the given mean and standard
deviation functions (7), (8). The distribution functions of
those random variables can be obtained from the equations
calculated in Section 3 and 4.
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5.1. Results for uncontrolled charging demand
This scenario considers the daily EV demand from 15 to
150 EVs in Nordhavn-Copenhagen area as shown in Table 2.
Various charging configurations can be utilised to support the
EV demand. As shown in Table 2, the minimum grid power
required to support the EVs demand varies according to the
EVs demand. In all scenarios chargers of 150kW are
considered. Fig. 7 shows the results from five DCFCSs,
where all the input parameters are assumed to follow the
stochastic demand model calculated in Section 3 and 4. The
DCFCSs load profile is one of the most critical parameters
obtained from the stochastic model. It shows the daily
pulsating load profiles of the EVs charging demand on the
grid side according to equations (9) and, (11). The case study
considers 50 % EV market penetration and five chargers of
150kW, as shown in Fig. 7.

transformer and two or three DCFCSs of 150kW over the next
10 years, an additional MV transformer will be required to
support the growing number of EVs. The new MV
transformer requires a new investment cost which includes
new dedicated LV and MV lines, switchboards as well as the
installation costs [28]. In the next section, a CBA is
performed according to the EV demand.

Fig. 7. DCFCSs load demand for: a) a congested workday
150EVs, b) a normal workday 140EVs, c) Saturday 90EVs,
d) Sunday 80EVs

Fig. 8. DCFCSs load demand for: a) congested workday
150EVs, b)a normal workday 140EVs, c) Saturday 90EVs,
d) Sunday 80EVs

Fig. 7 shows five DCFCSs of 150kW supplied by two
transformers of 500kVA. The EV demand is considered for a
congested workday, a normal day, a Saturday, and a Sunday.
According to Table 2, in this scenario, two transformers can
serve150 EVs and 140 EVs during the congestion and the
normal workdays, respectively. For this grid configuration,
high investment costs are required to reinforce the grid by
adding a new transformer, especially when the EVs demand
will increase over the years. Therefore, as shown in Fig.7, in
addition to the initial investment, which includes one MV

5.2. Results for coordinated charging demand
In the optimal coordinated strategy, the primary objectives
are to minimise the peak-load demand and to reduce the gridreinforcement costs. In the coordinated charging mode, each
DCFCS is controllable using α, β and γ according to equations
(14) and (15). In this case study, γ is used to control DCFCSs
during the peak hours by reducing the nominal DCFCSs
power and the charging duration, as shown in Fig. 8.

Fig. 8 shows five DCFCSs of 150kW and the EV demand
during a congested workday, a normal workday, a Saturday,
and a Sunday with α =100kW and β =15min. The
controllability mode can (as shown in this case) be used as a
multifunctional grid-utility with the main objective of
minimising the EV load demand during peak hours using an
optimal coordinated strategy of γ (15). Using γ reduces the
grid-reinforcement costs and costs of the new transformer’s
substation. Nevertheless, the controllability mode must meet
certain criteria, as it also has several different disadvantages.
For example, reducing the power and charging duration can
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affect the users' comfort because the EVs are partially
charged during the congestion. In addition, the controllability
mode of the charging stations is a trade-off between grid
constraints and the DCFCSs’ needs. Therefore, for this grid
configuration, a CBA is not required because the costs and
benefits are similar to Section 5.1.
5.3. Results for storage charging demand
The storage charging demand reduces the DCFCS load
during congested workdays, when the EV demand is high. As
shown in Fig. 7, the EV load demand has a high power
fluctuation especially in the morning and the late evening.
The introduction of BESs within the DCFCSs helps to reduce
the charging-infrastructure costs and the negative impacts of
congestion. The BES stores electrical energy during off-peak
hours and returns the stored energy to the grid during peak
hours as described in equation (16). In the optimal storage
strategy, the primary objectives are to minimise the peak
demand and to reduce grid-reinforcement costs.
Consequently, an optimal BES size is determined to support
the EV demand during a congested workday and a typical
workday. According to Table 2, the charging-storage method
considers the daily demand from 100 to 150 EVs for which
either grid reinforcement or BES is required.

As shown in Table 2, the minimum charging power is 600kW
to support the EV demand from 100 to 130 EVs/day, and with
a demand from 140 to 150 EVs/day, the minimum charging
power is 750kW. Thus, four or five chargers of 150kW are
required for a normal and a congested workday. In this case
study, with demand from 100 to 150 EVs/day the grid power
is fixed at 500kW, and the remaining energy will be provided
by the BES which is connected in parallel as shown in Fig. 9.
The EV load can be obtained from the equations calculated in
Section 3 and 4. Fig. 9 shows five DCFCSs of 150kW and an
EV demand during a congested workday. The storagecharging interface plays an important role during the
congested hours, and it can be used as a multifunctional gridutility with the primary objective of minimising the peak EV
demand through the optimal coordination of BES. As shown
in Fig. 9, the EV load demand fluctuates significantly,
especially in the morning and the late evening. At this stage,
the BES helps to prevent the grid reinforcement by providing
power to the grid during peak hours. The optimal BES size
varies as a function of the daily EVs demand, as shown in
Table 3. In addition, the integration of BESs within the power
systems is a trade-off between the grid reinforcement costs
and the BES investment cost. Table 2 shows EVs daily
demand from 15 to 90 EVs where the grid reinforcement is
not required. However, from 100 to 150 EVs grid
reinforcement is required to support the demand.
Alternatively, as shown in Table 3 the storage charging
demand can prevent the grid upgrade by using different BESs
as grid reinforcement.
Table 3. Storage and charging strategy
Number
EVs per
day
15
20
60
90
100
110
120
130
140
150

Grid
power
[kW]
500
500
500
500
500
500
500
500
500
500

Power
DCFCSs
[kW]
150
150
300
450
600
600
600
600
750
750

Overload
grid
[%]
0
0
0
0
20
20
20
20
50
50

Overload
time
[h]
0
0
0
0
1.04
1.27
2.13
3.18
5.15
7.44

BES
[kWh]
Eb
0
0
0
0
18.2
23.5
28.17
31.12
437
586

The BES size is calculated according to equation (17). Based
on Table 3 a CBA is analysed as a function of various BES
size to evaluate the financial feasibility of BES within the
DCFCSs by considering daily demands from 15 to 150EVs.

Fig. 9. DCFCSs load for150 EVs: a) EV demand and BES in
kWh, b) required grid power, c) BES charging and
discharging process, d) BES SoC during the EV demand

6. Cost-benefit analysis methodology
This section two cases of grid reinforcement are
considered. A CBA approach is used to compare the
profitability of the DCFCSs investment within power systems
considering different EVs charged per day.
In the first case, Case A uses the BESs as stationary
application during the congestion hours to support increasing
EV demand over the years as shown in Table 4 and Section
5.3. In this case, the BES operates as PS in parallel with the
grid. In the second case, Case B adopts grid reinforcement by
using a new MV transformer to sustain the increasing EV
demand over the years as shown in Table 4 and Section 5.1.
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In both cases, at the beginning, reinforcement of the MV grid
is required with a transformer of 500kVA as shown in Table
4.
Table 4.CBA of the case A and B
Number of
EVs per
day
15
20
60
90
100
110
120
130
140
150

Number of
DCFCSs
150kW
1
1
2
3
4
4
4
4
5
5

Case A
grid power
[kVA]
500
500
500
500
500+BES
500+BES
500+BES
500+BES
500+BES
500+BES

Case B
grid power
[kVA]
500
500
500
500
1000
1000
1000
1000
1000
1000

Since the EVs demand will increase during the years [2],
extra chargers will be required to sustain the EVs demand. As
shown in Table 4, 500kVA is the minimum grid power
required to support the demand up to 90 EVs/day. However,
if the EV demand increases over the years from 100 to 150
EVs per day, new chargers in DC, as well as a new
transformer of 500kVA must be installed. The main objective
of the CBA is to evaluate the economic performance of Case
A versus Case B. In particular, the financial performance of
Case A, which must take into account the BES costs and the
lifetime versus a traditional grid upgrade.
The key parameters of the CBA are listed below.
The payback period (PBP) is the amount of time necessary to
recover the investment, and is calculated as follows [42]:
C
PBP  t
(18)
Bt
Ct represents the cost of the investment, and Bt is the annual
benefit or revenue per year during the investment period T.
Net present value (NPV) is the present value of cash
inflows and the present value of cash outflows [42]:
T
Bt
Ct

 C0

t
t
t 1 (1  r )
t 1 (1  r )
T

NPV  

(19)

r is the discount rate or interest, and C0 is the initial
investment cost.
Instead, the method used to evaluate the economic
performance of one or more investments is the benefit-cost
ratio (B/C), which can be expressed as follows [42]:
T

NPV (Benefits)
B/C

NPV (Costs)

Bt

 (1  r )
t 1

T

Ct

 (1  r )
t 1

t

t

 C0

(20)

The costs and revenues are calculated for the two cases under
consideration: the Case A – DCFCSs with BES and Case B –
DCFCSs considering a new connection to the MV grid.
6.1. Case A cost and revenue
In Case A, the annual costs and benefits associated with
adding BES to the charging stations can be calculated using
the infrastructure costs and as benefits the consumption of
electricity from the EV users.
The total annual costs of Case A (Ct,A) are calculated as:

Ct , A  CA  CI  COM

(21)

CI is the installation cost, and COM is the operation and
maintenance cost. Instead, CA includes component costs, as
the chargers cost CC, and the batteries cost considering
replacement during the investment life t (22).
T

CA   BESD ,t  CBES ,t  CC
t 1

(22)

BESD is the BES degradation life per year, CBES represents the
BES costs per kWh considering replacement costs during
investment life T. The BESD can be calculated as:
t

 ED (t )   | Pb (t ) | dt
0


ED  Te 1

K

 PYD
2  Eb


K
 BES D  PYD
K BES



(23)

ED (t) represents the enegry consumed at time t. Instead, Pb (t)
is the power provided from the BES during the PS process. In
addition, KPYD considers the number of cycles utilised during
a year. BESD is the BES degradation per year under at a
predefined variable work temperature ∆Te =0,9814 [43]. KBES
are the number of cycles given by the manufacturers.
The total annual benefits or revenue for Case A (Bt,A) can
be calculated as:
Bt , A   E  Ce   tt

(24)

where E is the daily energy consumed as a function of the EV
demand, which is calculated in (12). Ce is the cost of
electricity paid by the EV users and tt is the total time in a
year.
6.2. Case B cost and revenue
In the Case B the annual costs and benefits associated to
grid upgrade are calculated considering the infrastructure
costs such as new lines and a transformer of 500 kVA as well
as the installation and DCFCS costs [28]. Instead, the benefits
are calculated considering the consumption of electricity
from EVs as shown in (24).
The total annual costs for Case B (Ct,B) are calculated as:

Ct ,B  CB  CI  COM

(25)

where CB is the component cost, which includes the costs of
the chargers, lines, and transformer. The total annual revenue
for Case B (Bt,B) can be calculated as shown in (24).
7. Cost-benefit analysis results
In this section, two separate layouts to connect the
charging systems within the power systems are considered.
Case A considers a CBA by using BES as stationary
application during the congestion hours to support the
increasing EV demand over the years as shown in Fig. 10. In
this case, the BES provides PS only during the congestion
hours. Instead, Case B considers a CBA by using a new grid
reinforcement to MV grid to sustain the increasing EV
demand over the years. In both cases, at the beginning, a grid
reinforcement is required with a transformer of 500kVA. A
flowchart model is proposed for each scenario based on the
same EV demand per day as shown in Fig. 10.
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Fig. 10. Case A grid integration of BES and DCFCSs and Case B standard integration of DCFCSs with a MV grid upgrade
7.1. Case A: CBA of DCFCSs considering BES
as peak shaving
The primary objective of this CBA is to estimate the
infrastructure costs of the Case A and costs of BES across its
lifetime. The benefits and the costs of the Case A are
calculated as shown in Section 6.1. It was shown that EVs
demand from 15 to 90 EVs requires a minimum grid power
of 500kVA as an initial investment. However, if the demand
increases over the years from 100 to 150 EVs, new DCFCSs,
and a new transformer of 500kVA are required to meet the
increasing EV demand. To avoid new grid-reinforcement
costs, the BES operates in parallel with the DCFCSs, as
shown in Fig. 9. In Case A, three different lithium –ion
technologies are considered, the current technology battery
lithium nickel manganese cobalt oxide (NMC) with 5000 and
10000 cycles [44] and a future scenario lithium titanate oxide
(LTO) battery with 25000 cycles [45]. The number of EVs
charged per day is used to calculate the total annual benefits
Bt,A calculated in equation (24) based on the annual energy
consumed from users. Instead, Ct,A is calculated based on the
equations (21) and (22). The equations consider the
investment costs including, the component costs: DCFCS
costs, BES replacement costs (22), converter costs and the
installation costs. Once Ct,B and Bt,A are defined, PBP
equation (18), NPV equation (19), and B/C ratio equation (20)
can be calculated as shown in the proposed Section 6 using
the CBA methodology.
7.2. Case B: CBA of DCFCSs considering MV
grid upgrade
The primary objective of this CBA is to establish the
infrastructure costs of Case B in order to justify a standard
investment of MV grid reinforcement. In Case B when EV
demand increases from 100 to 150 EVs, new DCFCSs, as
well as a new transformer of 500kVA are required to meet the
increasing EV demand as shown in Fig. 7. The benefits and
the costs of Case B are calculated in Section 6.2. The number
of EVs charged per day is used to calculate the total annual

benefits Bt,B , as shown in equation (24). Instead, Ct,B equation
(25) is the investment costs including grid reinforcement
costs. The infrastructure costs of Case B are DCFCS costs,
the costs of the new dedicated lines for both the LV and MV
grids, the cost of the new transformer of 500 kVA as well as
the installation costs. Once Ct,B and Bt,B are defined, PBP
equation (18), NPV equation (19), and B/C ratio equation (20)
can be calculated as shown in Section 6 using the CBA
methodology.
7.3. Economic assessment of Case A and Case
B
In this section, an economic assessment is carried out to
compare the costs and benefits of Case A and Case B. The
economical results of Case A and B are: the PBP, NPV and
B/C ratio which is summarised in Fig. 11, and in Tables 6, 7,
and 8. All the economic parameters used in Case A and Case
B are listed in Table 5:
Table 5. Costs and benefits of Case A and Case B
Case A
DCFCS cost
[37]
BES price
€/kWh [31]
EV demand:
45 kWh
Electricity
price paid by
EV users [2]
Discount rate
(r): 8% [46]
Investment
life: 20 years

Case B
Costs Benefits
[€]
50000
200

0.6
€/kWh

DCFCS cost
[37]
Component
costs [28]
EV demand:
45 kWh
Electricity
price paid by
EV users [2]
Discount rate
(r): 4% [47]
Investment
life:20 years

Costs
[€]
50000

Benefits

0.6
€/kWh

The grid investment for the upgrade is based on a 4% discount
rate [47]. However, the investment in BES can be considered
riskier than that in the grid reinforcement. Therefore, the
interest rate used for BES is 8% [46]. Fig. 11 compares the
financial performance of Case A and Case B considering
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three types of batteries with different cycles. As mentioned,
Case A requires the integration of BES to support the grid
when the daily EV demand exceeds 90 EVs. As shown in Fig.
11, in Case A the red and orange lines represent the current
technology of lithium-ion NMC battery with 5000 and 10000
cycles respectively [44]. The blue line is the future generation
of lithium-ion LTO battery with 25000 cycles [45]. Instead,
in Case B, the black line shows the financial performance of
using a new connection to the MV grid.

Fig. 11. Economic comparison of the Case A PS through
BES and Case B MV grid upgrade
Tables 6 and 7 summarise the main economic assessment of
the Case A, considering BES as a stationary application in
parallel with the grid. Instead, Table 8 summarises the main
economic assessment of Case B considering a new grid
reinforcement in MV.
Table 6. BES 10000 cycles - economic assessment: Case A
Number
EVs per
day
15
20
60
90
100
110
120
130
140
150

Grid
power
[kVA]
500
500
500
500
500
500
500
500
500
500

BES
[kWh]
Eb
0
0
0
0
18.2
23.5
28.17
31.12
437
586

Investment
cost [€]
Ct,A
720000
720000
720000
720000
750941
757120
763299
769478
1157601
1201235

Benefits
[€]
Bt,A
58413
77885
233654
350481
389423
428365
467308
506250
545192
584135

PBP
[years]

NPV
[€]

B/C
ratio

12.33
9.24
3.08
2.05
1.93
1.77
1.63
1.52
2.12
2.06

73858
338477
2455432
4043148
4541446
5064505
5587565
6110624
6251740
6737345

1.10
1.47
6.49
6.62
7.05
7.69
8.32
8.94
6.40
6.61

Table 7. BES 25000 cycles - economic assessment: Case A
Number
EVs per
day

Grid
power
[kVA]

15
20
60
90
100
110
120
130
140
150

500
500
500
500
500
500
500
500
500
500

BES
[kWh]
Eb
0
0
0
0
18.2
23.5
28.17
31.12
437
586

Investment
cost [€]
Ct,A

Benefits
[€]
Bt,A

PBP
[years]

NPV
[€]

B/C
ratio

720000
720000
720000
720000
736111
738582
741054
743526
1000521
1017974

58413
77885
233654
350481
389423
428365
467308
506250
545192
584135

12.33
9.24
3.08
2.05
1.89
1.72
1.59
1.47
1.77
1.68

73858
338477
2455432
4043148
4556276
5083043
5609810
6136577
6408821
6920606

1.10
1.47
6.49
6.62
7.19
7.88
8.57
9.25
7.51
7.84

The economic assessment of Case A is subject to the lifecycle costs of the batteries. On the contrary, the assessment
for Case B (classic grid reinforcement) depends on the
number of EVs charged per day. Case A, as shown in Fig. 11
with a demand from 90 to 130 EVs the B/C ratio is higher
than Case B. However, if the EV demand is from 140 to 150
the Case A has the B/C ratio higher than Case B as long as
the number of BES cycles is higher than 25000.
8. Conclusions
In this paper, a stochastic planning method was proposed
to determine the DCFCS load profile and its impact on power
distribution systems. Stochastic charging profile was used
exclusively to calculate the key factors of the EVs charging
demand: charging start times and DCFCSs grid impact.
According to the stochastic method, a DCFCSs load demand
was proposed to optimise the required grid capacity of the
public DCFCSs considering real data from the user behaviour
including driving-distance probability and charging-time
probability. Different layouts were considered within the
stochastic planning method, as the coordinated charging
demand and storage charging demand.
In the “coordinated charging demand”, an optimisation
model was adopted to minimise the DCFCSs peak-load
during the congestion periods by controlling the power and
charging duration. Setting strategies were implemented as a
multifunctional optimisation problem with the primary
objective of minimising grid-reinforcement costs.
Instead, in the “storage charging demand”, an optimisation
model was adopted by using BESs within DCFCSs to
minimise the peak EV load and the power fluctuation during
the congestion hours. BESs with different cycles were
proposed to avoid the grid reinforcement costs when the
DCFCSs demand exceeds the grid’s capacity. In addition, the
stochastic planning method was used to minimise the grid
installation and operation costs as well as to limit BES size
by maximising the energy demand required form DCFCSs.
An economic assessment for the proposed solution was
performed, and PBP, NPV and B/C ratio were considered to
evaluate the financial performance of a BES investment
versus grid-reinforcement costs. The economic assessment of
Case A was bound by the life cycle cost of the batteries. On
the contrary, the costs in Case B (grid reinforcement) were
linked to daily EV demand. Consequently, Case A using BES
with cycles from 10000 to 25000 has higher B/C ratio than
Case B as long as the daily demand is between 90 and 130
EVs. Instead, with daily demand is from 140 EVs or more the
Case A has a higher B/C ratio than Case B as long as the
number of BES cycles is higher than 25000.
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Abstract
This paper presents a methodology to improve the operation of the power system and to deal with technical issues caused by
electric vehicles (EVs) fast charging load. Fast charging stations (FCSs) are indispensable for widespread use of EVs since
they can fully charge EVs in a short period of time. The integration of battery energy storage (BES) within the FCSs is
considered a smart option to avoid the power congestion during the peak hours as well as the grid reinforcement costs due to
FCSs. In addition, the BES can be used as multifunctional equipment, which is able to provide services such as peak shaving
and frequency regulation. This paper proposes a method to determine an optimal size of BES considering a stochastic
modelling approach of the EVs load demand based on the users’ behaviour and their probabilistic driving patterns. Finally, a
case study is carried out using a real DC fast-charging infrastructure in Copenhagen.

Keywords: Electric vehicle, battery energy storage, fast
charging station, frequency regulation, peak shaving.

1 Introduction
In recent years, the large-scale electrification of the
transport sector has become a major field of research. Fast
charging stations (FCSs) become a good option to support the
integration of numerous electric vehicles (EVs) in sustainable
cities [1], especially when long-distance travel is considered
[2]. In the major European cities it has been difficult to install
FCSs because its progress poses demanding requirements in
terms of EVs battery and charging rate restrictions. In
addition, there are many issues related to the impact of the
FCSs on the low voltage (LV) distribution network, e.g.,
congestion during the peak hours, high losses in the feeders
[3] and oversizing of electrical equipment [4]. Therefore,
FCSs need smart management systems able to predict the
required demand and the automotive engineers have proposed
their standards on the charging modes [5]. Considering the
EV market penetration over the next 10 years [6] the
integration of public direct current DC-FCSs are essential to
support the future EVs demand and to recharge rapidly in
urban areas. Hence, the widespread use of EVs and the
installation of the DCFCSs require further research to

evaluate their impact on the distribution network and the
installation costs for these flexible loads. This topic has been
addressed in different literatures. In [7], a coordinated
charging system is proposed to minimize the power and
maximize the main grid load force to approach an optimal
charging profile for EVs. To mitigate the congestion caused
by the EV demand, other studies have proposed dynamic
price for the users to maintain integrity the electrical grid [8].
Other authors [9] have focused their studies on energy
management systems in order to determine an optimal EVs
day-ahead scheduling in line with the electricity price. EVs
load demand-prediction based on the users’ behaviour can
help to determine the power required by minimizing the
operation costs. Furthermore, EV charging infrastructures
play important roles within the smart grids, especially with
the spread of different kinds of renewable energy and
stationary storage sources [10], [11]. Battery energy storage
(BES) can be operated within DCFCSs as multifunctional
equipment which is able to provide several services such as
peak shaving and frequency regulation [12]–[14].
Additionally, a very important aspect to take into account is
the evolution of Li-ion technology and its annual cost
reduction [15]. This represents a chance to evaluate possible
scenarios of massive EV penetration and to develop control
methods of DCFCSs in order to optimize the operation costs

[6]. Assuming the state-of-the-art of the public DCFCSs, this
work proposes a methodology for the joint operation of BES
and DCFCSs considering the users’ driving behaviour. The
primary objective is to minimize the EV peak-load demand
by avoiding grid reinforcement costs as well as the
installation costs of the DCFCs. The secondary objective is to
optimize the investment costs of BES by providing frequency
regulation during the night when the EV demand can be
assumed equal to zero. The main contributions of this paper
are: 1) A method to determine the expected charging demand
from the DCFCSs according to different properties and
probabilistic driving patterns; 2) A stochastic planning
method to analyse the EV demand with a coordinated strategy
to avoid the peak of the DCFCS load in order to minimize the
installation costs by using BES and 3) A strategy to provide
frequency regulation services to the transmission system in an
attempt to decrease the investment costs of the BES, making
DCFCSs with BES a cost-effective solution. The performance
of the proposed methodology will be verified and analysed
via simulations on a realistic case of DCFCSs in NordhavnCopenhagen [1]. The paper is organized as follows. The
stochastic model of the public EV FCSs based on the
probability distribution functions for the travel distance, state
of charge, charging start time and duration of the charging
process is described in Section 2. Section 3 presents the
operation of the BES within the DCFCs and describes the
provision of peak shaving and frequency regulation. The
study case and results are presented in Section 4 followed by
the conclusions in Section 5.

2 Stochastic Model of the Public DCFCSs
The charging demand of an EV is calculated by the internal
battery SoC, charging characteristics and the arrival charging
time. The EV battery SoC depends on the travel usage and
may be considered as a random variable related to the travel
distance. According to the Danish National Transport Survey
(DNTS) the average travel distance in Denmark per day is
40.1km with three trips per day [16]. The probability
distribution of daily travel distance is calculated as shown in
Fig. 1. The distribution of the travel distance is in general
expressed as lognormal type ln [2] based on the probabilistic
distribution function (PDF) and can be expressed as:
 ( x   x )2
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 d and  d are the ln mean and the standard deviation of the
normal distribution. The travel distance analysed in Denmark
and shown in Figure 1 has  = 3.6913 and  = 0.9361.

Figure 1: Denmark: probabilistic distance distribution
Since the new EVs have a range of 400km or more, the
probability distribution of daily travel distance of an EV is
assumed the same as a traditional vehicle. Nowadays, the
maximum EV range is around 350-450 km with a battery
pack of 40, 50 and 60kWh. In this case study the mean is
considered 50kWh. The EV energy demand after one-day
travel can be calculated using (2), where d is the daily
distance driven by a vehicle,  c is the charger efficiency,
Vec is the energy consumption of the vehicle. The current EVs
energy consumption may vary from 0,11 kWh/km to 0.2
kWh/km [17].
1
EVd  (d  Vec  ) 
(2)
c
Given the average daily travel distance, the SoC after one day
can be calculated as shown in (3).
The SoC0 is the residual battery capacity after one day of
trips, the SoC1 is dimensionless with value 1.

SoC0  SoC1 

d
,
d max

0  d  d max

(3)

where d is the daily travel distance by the EV which is a
random variable on the lognormal distribution and d max is the
maximum range of the EV. Assuming that SoC0 drops
linearly, the travel distance d can be calculated by
substituting (3) into (1) and changing variable from d to SoC.
The PDF of the SoC after one-day travel distance is obtained
as:
f ( SoC0 , d ,  d ) 
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2
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The daily vehicle travel distance and the probability SoC
density are based on the two stochastic variables calculated in
(1), (4). The SoC after a certain number of trips d n can be
calculated as:
d
SoCn  SoC1  n
(5)
d max
where SoCn is the remaining battery capacity after a number
of trips, SoC1 is dimensionless with value 1. The start
charging time depends on the users’ driving behaviour, and
the charging duration on the charging power rate which, for
this case study is 150kW [17]. The charging time depends on
the users’ behaviour, and different factors need to be
analysed, such as the home environment, work environment,
and traffic density. For example, in the urban area during the
workday, the drivers will prefer to charge their EVs close to
home or work [18].
2.1 Probability start charging time
Copenhagen municipality executes an annual report of the
traffic flow on predefined roads to validate a car traffic model
during workdays and weekends. The probability driving
density provided by DNTS considers the travel users’
behaviour with traditional cars. Considering EVs with more
than 400 km the EV users’ behaviour is assumed to be
similar. The traffic data were obtained by observing 398
induction spools beneath the road surface with 5 min
resolution [18]. The probability driving density can be used to
obtain important parameters related to the users’ driving
behaviour. Fig. 2 shows the daily commutes in Copenhagen
(from home to work and vice versa) and the weekend
commutes. In Copenhagen, many drivers refuel their vehicles
before going to work from 7:00 to 9:00 am or after work from
16:00 to 19:00. The correlation between the probability
driving density and the refueling driving behaviours on the
temporal distribution probability has been demonstrated in
[19]. Then, the charging start time of the DCFCSs in mode 4
[5],[17] will follow the probability refueling driving
behaviour on the temporal distribution as shown in (6) [19].

f (tst , st , st ) 
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t st is the starting charging time of the FCSs,  st and  st are
the mean and the standard deviation of the starting charging
time.  st and  st are based on the arrival time probability
distribution calculated on the current refuelling driving
behaviour in [19].
2.2 Probability charging duration
The charging duration tcd is based on the equations (1),(4)
and its corresponding PDF can be calculated in (7) as:
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the SoC when arriving and leaving the DCFCS is represented
by (6) and (7), c is the charger efficiency, Pdc is the nominal
power of the DCFCS and Cmax represents the maximum
capacity of the EVs battery. Pdc in the case study is 150kW
with 90% of efficiency.
2.3 Probability of EVs daily demand
After defining the probabilistic models described in (6) and
(7), the corresponding daily charging demand of multiple EVs
at instant t can be calculated by (8) and (9) as:

pN  p ( pst  pcd )  pst . pcd

(8)

 Pcl (t )  pN  N (t )  Pdc (t ) c

Ni
Ptcl (t )  
 Ptcl (t )   pNi  Ni (t )  Pdc ,i (t ) c
i 1


(9)

Where pN represents the intersection probability of two
independent variables, the PDFs of the start charging time and
the charging duration of the DCFCSs calculated in (6) and
(7), respectively. pst and pcd are the probabilities of the
f (tst ) and f (tcd ) at the time t st and tcd . Pcl is the charging
load at time t, N is the number of EVs under consideration at
the time t. Pdc is the power of the DCFCSs based on the
number of the charging spots and their efficiency. Ptcl (t ) is
the total charging load consumed during the day.
2.4 DCFCS configuration based on the EVs daily demand
Figure 2: Probability driving density in Copenhagen [18]

In this section, the proposed stochastic planning method is
presented in order to evaluate the EV public charging stations
and their grid impact.

For this purpose, it is defined that the EVs demand must
satisfy the grid conditions:
Ni

Pg (t )  Pbl (t )   pNi  Ni (t )  Pdc ,i (t ) c
i 1

(10)

Pbl (t ) is the base load at the interval t (i.e., the total load
excluding the charging load in the feeder) and Pg (t ) is the

required grid power to support the EVs demand. Considering
(5) after a certain number of trips, the maximum EVs daily
demand EVd can be calculated as follows:

d 1

, SoCn 
 0.098
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1
n
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ec
 d
c

conversion factor  x which represents the maximum EV
demand during the congested peak hour [19]. Considering the
growing number of EVs more chargers are required and in
many cases the total charging load Ptcl (t ) may exceed the grid
power capacity. Therefore, to face this problem there are two
solutions: grid reinforcement through the installation of a new
transformer or the integration of BES within the DCFCSs as
proposed in the next section.

3 Operation of the BES within DCFCS
3.1 Peak shaving via BES

(11)

The vehicle energy consumption Vec of the new EVs model
can be considered as 0.15kWh/km with  c in DC at 90%.
Table I shows different EVs daily demand scenarios and the
minimum power required from the grid. The network
parameters and the number of charging spots can be modelled
according to the selected scenario.

EVs daily
demand

EV daily
demand
[kWh]

Grid
power
[kW]

Number
DCFCS
50kW

Number
DCFCS
150kW

Number
DCFCS
300kW

15
20
60
90
120
150

902
1804
3608
5412
7216
9020

73.1
146.1
292.2
438.4
584.5
730.6

2
3
6
9
12
15

1
1
2
3
4
5

1
1
1
2
2
3

In this section, an optimal peak management is proposed to
minimize the EV peak demand during the congestion hours
by using BES as stationary application. As a result of the
coordinated strategy, reduction of the grid reinforcement costs
e.g., new dedicated lines and new transformer’s substation are
expected. Coordinated storage charging interface design must
take into account the system’s overall energy balance in
specified time:
T
E (t ) 

Eb (t )    Eb,ch (t ) ch  b ,dis 
dis 
t 1 
Ni
T


   Eg (t )  Ebl (t )   Etcl ,i (t ) 
t 1 
i 1


(13)

Eg (t ) is the limited grid energy, Eb (t ) is the energy given or

absorbed from the BES, dis and ch are the BES’s converter
efficiency during the discharging and charging process. The
Eb,ch (t ) is the BES charging energy and Eb,dis (t ) is the

Table 1: Grid power and charging spots based on the EV
demand
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Pgrid is the minimum required grid power, calculated using a

(14)

discharging energy. ch and dis are the conversion efficiencies
at 90%. The Ebl (t ) is the base load at the interval t, which is
the total load excluding the charging load in a certain feeder
and in this case Ebl (t ) is equal to zero. The BES capacity can
be calculated as a function of the EVs daily demand. During
the EVs charging demand the BES operates in parallel with
the DCFCSs and the peak shaving (PS) will be provided
during the congestion hours due to the high EV demand. The
BES charging power is limited by the available grid power
Pg (t ) . The discharging power is defined by the converter’s
rated power and the difference between the grid and EV
charging power (14). The objective function is used to
minimize the energy peak load demand by using the
minimum BESs within the DCFCSs as described in the
following equations:
3.2 Frequency Regulation via BES

Pgrid

EV
 d
x

(12)

Frequency regulation is a common ancillary service
procured by transmission system operators (TSOs) to balance
consumption and production in real time while maintaining
the system stability. BES are a suitable option for frequency
regulation due to their fast response. However, the initial

investment costs of the BES are directly proportional to the
physical size and capabilities of the storage unit, i.e., the
battery and the charger, which results in high capital costs.
Considering that frequency regulation is one of the most
profitable services [20], a strategy for a BES providing
frequency regulation is proposed in an attempt to reduce their
capital costs. In Denmark, several frequency regulation
services are procured according to two areas termed Western
Denmark or (DK1) and Eastern Denmark or (DK2) [21]. The
BES subjected to this analysis will provide frequencycontrolled normal operation reserve (FNR) to Energinet (the
TSO in Denmark). FNR is a service found in Denmark, area
DK2, and corresponds to a symmetric frequency control
activated for both under and over frequencies. The aim is to
automatically stabilize the frequency at 50Hz and minimize
frequency deviations following the linear function (i.e droop
control) depicted in Fig. 7.

Figure 7: Droop control for FNR
According to the Danish market rules the minimum bid must
be 0.3MW and should be submitted one or two days ahead of
the day of operation containing volume (MVs) and the hourby-hour price (DKK/MW or EUR/MW). Moreover, the
service is compensated based on an availability payment and
pay-as-bid [21]. In this context a control strategy is proposed
to provide FNR when the BES is not providing other services,
i.e., peak shaving. The provision of FNR is proposed in an
attempt to decrease the investment costs of the BES
(according to the characteristics of the BES defined in the
Section 3.1). Considering these characteristics and also the
market rules for FNR, the power bid is defined to be 300kW.
FNR will be provided during the night when the battery
remains mostly idle in order to reduce the risk related to the
bidding process. Moreover, specific time intervals will be
used to restore the battery SoC to be able to provide peak
shaving during the daytime. The BES charging and
discharging power when providing FNR is also limited by the
available grid power and the converter capacity defined in
(14) and (15). The problem consists on maximizing the profit
for providing FNR as described in (15). The objective
function is to maximize the power bid Pbid (t ) , which is
offered in the day-ahead. Since the profit for this service is
calculated based on a capacity payment, it is expected that the
more power bid, the greater the profit. In this case PbFR (t ) is a

parameter which represents the power required as a function
of the frequency deviation from 50Hz and the droop control
depicted in Fig. 7. The remaining equations represent the
operation of the battery in terms of the power and SoC
limitations along the complete regulation period total
frequency regulation (TFR).
TFR

max Pbid (t )

t 1


PbFR (t )  Pbid (t )
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E
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if PbFR ( t )  0
if PbFR (t )  0

3 Simulations and Results
In this section, a simulation-based approach is used to
underline the performance of the proposed methodology. For
this purpose the following assumptions are considered: a) The
DCFCSs and the BES belong to the same private stakeholder,
which is also responsible for grid upgrade; b) Peak shaving is
a local service provided electric vehicle supply equipment
operators (EVSEO), and it will be performed to manage the
EV demand during the congestion hours in order to avoid the
grid reinforcement costs, and c) Frequency regulation is a
service provided for the transmission system, and it will be
performed in order to compensate the investment costs of the
BES.

Figure 8: Grid configuration with 150 EVs per day (Table 1)

The configuration of the LV distribution grid is depicted in
Fig. 8 corresponding to one demand scenario with 150 EVs
according to Table 1. As can be seen in Fig. 8, five charging

spots are required to support the daily EV demand, which is
obtained by using Table 1.
Under this scenario, the battery was sized according to
(14) to avoid the peak resulting from the EV charging. Thus,
the BES capacity is 437 kWh, and the power capacity of the
charger is 300 kW, considering the limitation of the grid, i.e.,
the transformer capacity. Fig. 9 depicts the BES operation
after 1-day simulation.

behaviour and their probabilistic driving patterns. The
proposed method helps to minimize the DCFCSs grid
installation costs by using an optimal BES size within the
DCFCSs. The BES size was defined as function of grid
constraints and the EVs energy demand based on the EV
user’s behaviour in order to avoid the grid reinforcement
costs. In addition, the BES operation costs are minimized by
providing ancillary services as peak shaving and frequency
regulation. In this case, the revenues for these services are
given by the energy sold to the EV users during the peak
hours plus the availability payment for being able to provide
FNR during the night. Therefore, the proposed methodology
can be used as a smart alternative to avoid additional grid
reinforcement costs caused by the EVs peak demand during
the peak hours. As future works, a cost-benefit analysis can
be carried out to evaluate the financial performance of the
BES costs versus grid reinforcement costs, or further
methodologies can be proposed to optimize the power bid
within the power systems.
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Figure 9: BES operation after 1-day simulation
In Fig. 9, charging peaks can be observed early in the
morning (between 06:00 and 10:00) and in the afternoon
(between 16:00 and 19:00) in accordance with user’s
behaviour. Note from Fig. 9, that the BES is discharged
during those periods supporting the grid via peak shaving.
Moreover, the period between 12:00 and 16:00 is used to
restore the SoC of the battery and being prepared to provide
peak shaving during the second peak of the day. Additionally,
as shown in Fig. 9 the BES is providing FNR during the
period from 20:00 to 05:00 of the next day. During this period
of time, the BES is charged or discharged according to the
frequency signal. Similar to the peak shaving application, the
periods from 05:00 to 06:00 and from 19:00 to 20:00 are used
to restore the battery SoC to be able to provide peak shaving
during the daytime.
According to Fig. 9, the introduction of the BES helps the
DCFCSs to avoid the grid reinforcement when the EVs peak
demand exceeds the grid capacity (9). The equation (14) is
implemented in order minimize the grid reinforcement costs
of the DCFCSs demand by using an optimal BES. Instead,
(14) and (15) are used to maximize the profitability of the
BES versus its investment costs by providing peak shaving
and frequency regulation. The financial performance of the
BES costs versus grid reinforcement costs can be calculated
through a cost-benefit analysis as suggested in [22].
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Abstract: This paper presents a smart methodology to improve the operation of the power system and to deal with technical
issues caused by electric vehicles (EVs) charging demand. Direct-current fast-charging stations (DCFCSs) are indispensable for
widespread use of EVs since they can fully charge EVs in a short period of time. The integration of battery energy storage (BES)
within the DCFCSs is considered a smart option to prevent the power congestion during the peak hours as well as the grid
reinforcement costs due to DCFCSs. Therefore, the authors proposed a method to determine an optimal size of BES within
DCFCSs considering a stochastic modelling approach to predict EV load demand based on the users’ behaviour and the
probabilistic driving patterns. In addition, the BES in this paper is used as multifunctional equipment, which is able to provide
ancillary services as peak shaving and frequency regulation. Finally, an economic analysis is carried out to evaluate the technical
and economic issues related to BES such as life-cycle costs versus the revenue provided by the transmission system operators
(TSOs) for frequency regulation.

Nomenclature
Abbreviations
AC
BES
B/C
BMS
CBA
CCS
DC
DSO
DCFCS
DNTS
DER
DWR
UWR
EV
EVSEO
FNR
IEC
ICE
LV
LTO
MV
NPV
NMC
PDF
PS
PBP
SoC
SD
TSO
TFR
V2G

Alternating Current
Battery Energy Storage
Benefit-Cost ratio
Battery Management System
Cost-Benefit Analysis
Combined Charging System
Direct Current
Distribution System Operator
DC Fast-Charging Station
Danish National Transport Survey
Distributed Energy Resources
Downward regulation
Upward regulation
Electric Vehicle
Electric Vehicle Supply Equipment Operators
Frequency Normal-operation Reserve
International Electrotechnical Commission
Internal Combustion Engine
Low Voltage
Lithium Titanate Oxide battery
Medium Voltage
Net Present Value
Nickel Manganese Cobalt battery
Probability Density Function
Peak Shaving
Payback Period
State of Charge
Standard Deviation
Transmission System Operator
Total Frequency Regulation
Vehicle to Grid

Parameters
B
C
E
EVD
EVr
EVmp
ICEr
K
P
T
Vec
d
t

ln
ɳ
µ
σ

τ
α
β
γ
f
m
pFNR

Benefit [€]
Costs [€]
Energy [kWh]
EV demand [kWh]
Electric Vehicle range [km]
EV maket penetration [%]
ICE vehicle range [km]
BES cycles
Power [kW]
Investment life
EV consumption [kWh/km]
Driving distance [km]
time
PFD logarithmic distribution
Efficiency
Mean
Standard deviation
EV charging time
DCFCS charging power setting
DCFCS charging duration setting
DCFCS power and charging duration setting
Frequency [Hz]
Angular coefficient of the droop control
Price paid for FNR services

1. Introduction
THE large-scale electrification of the transport sector has
become a major field of research. The direct-current fastcharging stations (DCFCSs) are a good solution to support

1

the integration of numerous electric vehicles (EVs) in
sustainable cities [1], especially when long-distance travel is
considered [2]. In the major European cities, it has been
difficult to install DCFCSs because its progress poses
demanding requirements in terms of EVs battery and
charging rate restrictions. In addition, there are many issues
related to the impact of the DCFCSs on the low voltage (LV)
distribution grid such as congestion during the peak hours,
high losses in the feeders [3] and oversizing of electrical
equipment [4]. Therefore, DCFCSs need smart management
systems able to predict the required demand and automotive
engineers have proposed their standards on the charging
modes [5]. Considering the EV market penetration over the
next 10 years [6] the integration of public DCFCSs are
essential to support the future EVs demand and to recharge
rapidly in urban areas. Therefore, the widespread use of EVs
and the installation of the DCFCSs require further research to
evaluate the grid impact and the installation costs for these
flexible loads. This topic is sensibly addressed in the
literature. The authors of [7] proposed a coordinated charging
system to minimise the power and maximize the main grid
load force to approach an optimal charging profile for EVs.
To mitigate the congestion caused by the EV demand, other
studies have proposed a dynamic price for the users to
maintain the integrity of the electrical grid [8]. The authors of
[9] focused their studies on energy management systems in
order to determine an optimal EVs day-ahead scheduling in
line with the electricity price.
Furthermore, EV charging infrastructures play important
roles within the smart grids, especially with the spread of
different kinds of renewable energy and stationary storage
sources [10]-[11]. However, to satisfy the EV load demand of
the new EV models in urban areas, public DCFCSs are
indispensable to recharge EVs rapidly. In order to reduce the
grid impact of the DCFCSs, in our previous work, battery
energy storage (BES) within DCFCSs are used as peak
shaving [12]-[13]. In addition, BES can operate as
multifunctional equipment which is able to provide several
services such as peak shaving and frequency regulation [14]–
[16]. Therefore, the integration of DCFCSs must meet the
EVs demand in order to evaluate the grid infrastructure costs
[17]. Additionally, an essential aspect to take into account is
the evolution of lithium battery technology and its annual cost
reduction [18]. This represents a chance to evaluate possible
scenarios of massive EV penetration by developing control
methods of BESs within charging stations. In addition,
increasing penetration of distributed energy resources (DERs)
creates uncertainty between production and consumption.
The variable generations due to DERs cause frequency
unbalances to the grid. This means that there is a growing
need to provide frequency regulation to transmission system
operators (TSOs), which is paid from the market for ancillary
services. According to state of the art, many researchers are
focusing on the transition from the traditional power systems,
where the frequency is controlled by a small set of large
generating units to the future one where it is controlled by
several small DERs [19]-[20] or from BESs [21]. Different
projects in Europe have integrated BESs with and without
DERs to provide ancillary services such as peak shaving for
the distribution system operators (DSOs) and frequency
regulation to TSOs [15]-[16]
Assuming the state-of-the-art of the public DCFCSs, this
work proposes a stochastic planning method of the DCFCSs

considering users’ behaviour and the probabilistic driving
patterns in order to predict EVs charging demand. According
to the stochastic method, a storage charging demand is
proposed with the objective of minimising peak EV load and
the charging infrastructure costs. The primary objective of the
BES is to reduce the DCFCSs peak-load during the
congestion hours (peak shaving) in order to prevent
additional grid reinforcement costs due to DCFCSs. The
secondary objective is to optimise the investment costs of
BES by increasing the profit of the investment by providing
frequency regulation or frequency normal-operation reserve
(FNR) during the night when the EV demand can be assumed
very low. The performance of the proposed methodology will
be verified and analysed via simulations on a realistic case of
DCFCSs in Copenhagen [1].
In conclusion, the main contributions of this paper are:
 To propose a stochastic planning method to analyse
the expected charging demand from the DCFCSs
according to different properties and probabilistic
driving patterns.
 To propose a method to determine optimal storage
charging demand to avoid the DCFCSs peak load in
order to minimise the grid installation costs by
integrating BES within DCFCSs.
 To propose a method to optimise the investment
costs of BES by providing primary frequency
regulation during the night when the EV demand is
low.
 To propose a cost-benefit analysis (CBA) to
evaluate the technical and economic issues of the
BES as life-cycle costs versus the revenue provided
by the TSO for frequency regulation.
The paper is organised as follows. Section 2 discusses the
method used to calculate EVs charging demand. Section 3
models the stochastic methods of the EVs charging load. The
optimisation problems are introduced in Sections 4, 5. 6, and
the results are presented in Section 8 followed by the
conclusions section 9.
2. EV charging modes and charging times
According to IEC 61851 “electric vehicle conductive
charging system,” four charging modes are classified as
Mode 1, 2, 3 and 4 [5]. The charging modes represent the
charging power during the whole EV charging process. The
EV charing poprcess depends on the EV battery types and its
battery management system (BMS).
Mode 1, 2 and 3 are designed to charge EVs in alternating
current (AC) and the mode 4 in direct current (DC). At the
moment the power delivered in AC is between 3kW and
43kW, and it is mainly used at home, offices or public
charging stations. The DC method 4 is designed only for
public charging stations in order to charge in a short period of
time. Charging Mode 4 is implemented for off-board chargers,
and according to IEC 61851 part, 23 – 24 and IEC15118
provide the general requirements for the control
communication between DC-chargers and an EVs [5]. In
addition, the current EVs can provide power to the grid and
additional services such as voltage support and frequency
regulation by using IEC15118 [22]. The evolution of power
electronics with new control interfaces as well as EV batteries
will play an important role to develop competitive EVs.
Table 1 summarises the main charging modes characteristics

with their respective powers according to IEC 61851 and IEC
62196 [5]-[23].
Table 1. Charging modes according to IEC61851 [5]
EV50[kWh]
20% SoC

Pc [kW]
t1_SoC 80%
t2_SoC 100%
t1 [km]
t2 [km]

Mode
1

Mode
2

Mode
3

Mode
4

Mode
4

Mode
4

3.5

11

22

50

150

300

9.15h

2.8h

1.5h

38min

12.6min

6.3min

13.7h

4.3h

2.15h

1.28h

25.2min

12.7min

368

368

368

368

368

368

500

500

500

500

500

500

Recently, many companies are starting to develop new
DCFCSs with power from 150kW to 300kW and 800V in
Combined Charging System (CCS) in order to reduce the
charging time [5]. The new DCFCSs require a strong grid
infrastructure with high investment cost. Such large installed
capacities require a dedicated connection to the medium
voltage (MV) grid, with an appropriate transformer. The
transformer has high economic costs and space restrictions,
especially if the installation takes place in the cities. In this
paper, it is assumed the EVs are charged at the public
charging stations in Mode 4 in and around the metropolitan
area. Fig. 1, shows the EV charging profile in Mode 4 tested
in our laboratory [24]. In particular, Fig. 1 shows the EV
charging profile in Mode 4 tested with a charger of 50kW
(ABB t53) [25]. The car under consideration is a BMW i3
with 33kWh with 18% state of charge (SoC).

3. Stochastic methodology of the EVs charging
demand
The EV charging demand is calculated by using the
charging characteristics in Mode 4, the arrival charging time
and their SoC. The EVs SoC depends on the travel usage and
may be considered as a random variable related to the travel
distance. According to the Danish National Transport Survey
from Technical University of Denmark (DNTS), the average
travel distance in Denmark per day is 40.1km with three trips
per day and slightly under one hour. The probability
distribution of daily travel distance is calculated as shown in
Fig. 2 [26].

The distribution of the travel distance is in general expressed
as lognormal type, with zero probability of the negative
distance and extension to infinity for positive distance [27].
The probability density function (PDF) of the traditional
vehicle travel distance is expressed as:

Fig. 2. Probability travel distance in Denmark

f (d , d , d ) 

Fig. 1. ABB EV charging profile of 50kW in DC
The charging profile in Mode 4 can be mathematically
expressed as:
 Pc ,

t


P(t )   Pc  e  ,

 Pc  0 ,


0  t  t1
t1  t  t2

(1)

t  t2

where P(t) is the charging rate at time t, Pc is the charging
power according to charging mode in DC, τ is the charging
time, t1 represents the charging time from 18% to 80% SoC,
and t2 represents the charging time from 80% to100% SoC as
shown in Fig. 1.

1
d  d 2

e

(ln d d )2
2 d 2

,d 0

(2)

µd and σd are the ln mean and the standard deviation of the
mentioned normal distribution. The travel distance analysed
in Denmark is shown in Fig. 2 which has µ = 3.6913 σ =
0.9361. Since the new EVs can reach more than 400km, the
probability distribution of daily travel distance of an EV is
assumed to be the same as a traditional vehicle. The future
EV range will be from 350-650 km with a typical EV lithiumion battery of 40, 50 and 60kWh and in this case study is
considered a mean value of 50kWh and 500km as shown in
Table 1. Instead, the EV energy demand (EVD) after one-day
travel can be calculated as shown in (3) considering a driving
distance d of 40.1 km (2).

EVD  (d Vec  ) 

1
c

(3)

Instead, ɳc represents the efficiency of the DCFCS, and Vec is
the vehicle energy consumption. The energy consumption is
based on this driving pattern, and it changes form the EV
performance. The current EVs consumption varies between
0.1 and 0.2 kWh/km [28] and in this paper Vec considered is

0.15kWh/km. According to the daily travel distance, the SoC
after one day can be calculated as:

SoC0  SoC1 

d
,
d max

0  d  d max

the refuelling time distribution of four petrol stations in
Copenhagen.

(4)

where SoC0 is the residual battery capacity after one day, the
SoC1 is dimensionless with value 1, d is the daily travel
distance of the EVs and dmax is the maximum range of the
EVs. Assuming that SoC0 drops linearly with the travel
distance d, the PDF can be calculated by substituting (4) into
(2) and changing variable form d to SoC. After one-day travel
distance, the SoC based on PDF is obtained as:

Fig. 4. Petrol stations: number of ICE vehicles every hour
The mean and standard deviation (SD) are calculated
according to the normal distribution:

f (tst , st , st ) 

1

 st 2

e

(tst st )2
2 st 2

(7)

tst is the observation hour during the day at the time t. µst and
σst are the mean and the standard deviation of ICE vehicles
sampled at the petrol stations every hour. Fig. 5 shows PDF
according to tst at 7 AM, 8 AM 4 PM and 5 PM with their
mean and the standard deviation.
Fig. 3. Probability density of EVs SoC after one-day travel
f ( SoC0 , d , d ) 
1
e
( SoC1  SoC0 ) d max  d 2

(ln ( SoC1 SoC0 )  ln ( dmax )  d )
2 2

2

(5)

Fig. 3 shows the probability density of the battery SoC
calculated in (5) after one day travel. The EV daily distance
and the probability SoC density are based on the two
stochastic variables calculated in (2), (5). The SoC after an
amount of days dn can be calculated as:

SoCn  SoC1 

dn
d max

(6)

Where SoCn is the residual battery capacity after a number of
days, the SoC1 is dimensionless with value 1.
3.1. Prediction of the EV charging demand
To predict EVs’ charging-start times different factors need
to be analysed carefully, such as the home and work location
and the driving distance per day of the EVs’ users. In the
metropolitan area, people will need to charge their EVs at the
public charging stations because most of them live and work
within shared buildings. Instead, outside the metropolitan
area, people will prefer to charge at work or home [27]. In
this paper, the charging start times of EVs is calculated by
analysing internal combustion engine (ICE) vehicles and their
refuelling behaviour at the petrol stations. In order to
determine the EV start charging time, six-month data from
four petrol stations have been collected and analysed [29].
Once the data are collected the mean and the standard
deviation from petrol stations can be defined. Fig. 4 shows

Fig. 5. Normal distribution of vehicles at the petrol stations
In this case, study, considering new EVs with a range of
500km or more, the daily travel distance of an EV is the same
as a traditional vehicle as well as a number of trips per day.
Thank to this evaluation, we can define the correlation
between two dependent variables: the arrival time of tradition
vehicles at the gas stations with the EVs’ arrival time at the
charging stations. In order to convert the refueling time
distribution into EVs’ charging start times two correction
factors need to be considered: first, the range in km of ICE
vehicles (ICEr) versus the range of EVs in km (EVr), second
is the EV maket penetration (EVmp) in Denmark. Therefore,
µst and its σst calculated in (7) need to be converted according
to EVmp expressed in [%] in that area and the EVr [6].

ev (t )  ( st (t )   (t )) 

ICEr EVmp

, t
EVr 100

(8)

µev (t) is the mean number of EVs at the tth hour at the public
charging stations, µst (t) is the mean number of ICE vehicles
at the tth hour at the petrol stations considering σst (t) with a
confidence interval of 95%. In Copenhagen ICEr vehicles
have a mean driving range of 710km and the mean of EVr
range in 2020-25 will be 500km [30]. Since the EVs range is
lower than ICEr vehicles range, the charging frequency of

EVs at the DCFCSs will be higher than the frequency of
refuelling at the current petrol stations. Therefore, ICEr/EVr
defines the correlation between refuelling frequency of ICEr
vehicles and the EVs charging frequency. According to (8),
Fig. 6 shows the estimated EV arrival time at the fast charging
stations around the metropolitan area of Copenhagen with EV
market penetration from 5% to 50% [6]. Ptcl (t) is the total
charging load at the time t. Pdc is the DCFCSs power based
on the number of charging spots and their efficiency ɳdc.

EVD  ( evt  SoCnt  d max Vec ) 

1
c

(12)

µevt is number of EVs per day calculated as shown in Fig. 6,
Vec is the vehicle energy consumption, and it is 0.15kWh/km
with a charging efficiency ɳc in DC of 95% [28]. Table 2
shows different EVs daily demand and the minimum grid
power required for supporting the EVs demand (12).
Table 2. Charging spots based on EVs demand
EV
Market
[%]
5%
10%
20%
30%
40%
50%

Number
EVs per
day
15
20
60
90
120
150

EV
demand
EVD [kWh]
896
1792.0
3583.9
5375.9
7167.9
8959.9

Pgr 

Fig. 6. DCFCSs: number of EVs every hour
Therefore, the power demand of EVs can be calculated as:
Ptcl (t )  ev (t )  Pdc (t )  ndc , t

(9)

The charging start times of EVs is distributed with a random
function every hour within the public DCFCSs. Instead, the
charging duration depends on the initial EVs SoC and
DCFCSs power.
4. Uncontrolled charging demand methodology
In this section, large-scale of EVs are considered to be
incorporated within the power systems in CopenhagenNordhavn area [1]. The proposed stochastic planning method
is presented to evaluate the public DCFCSs demand and their
grid impact. In this paper, two different DCFCS layouts are
analysed: uncontrolled charging demand and storage
charging demand.
4.1. EV grid configuration
In the uncontrolled charging scenario, each EVs will start
charging when EV reaches a low level of SoC, especially
when SoCn after a number of trips cannot satisfy the next
travel distance SoCnt programmed from the drivers.
SoCn  SoCnt

(10)

The SoCnt can be calculated according to the daily travel
distance calculated in (2), and it can be assumed around 10%
SoC. In addition, in the uncontrolled charging demand, the
EVs load demand must satisfy the grid power conditions Pg
(t) and its available power from the transformer.

Pg (t )  Ptcl (t )

(11)

The number of charging spots can be calculated based on
the maximum EVs daily demand. EVs daily demand can be
calculated considering the equations (3), (6) and (10) after a
number of trips as:

Grid
power
Pgr [kW]
72.2
144.3
288.6
433.0
577.3
721.6

Number
DCFCS
50kW
2
3
6
9
12
15

EVD [kWh]
evp [h]

Number
DCFCS
150kW
1
1
2
3
4
5

(13)

Pgr is the minimum required grid power, µevp represents the
maximum EV demand during the congested peak hour of the
day as shown in Fig. 6. The number of charging spots with
their power will determine the maximum power required
from the grid. Once the EVs daily demand is defined, the
network parameters and the charging spots number can be
modeled as well as a CBA can be performed according to the
EVs demand.
5. Storage charging demand methodology
5.1. Peak shaving via BES
In this section, peak shaving (PS) management is proposed
to minimise the EVs load during the congestion by using BES
as a stationary application. The introduction of the BES
within the DCFCSs minimises the DCFCS operation costs
and reduce the charging time during the congestion hours.
The cost reduction of the lithium-ion batteries is an important
parameter, which must be taken into account. It represents a
smart opportunity for integrating the EVs penetration and
their charging systems within the power systems. The annual
cost reduction of BESs is estimated at around 8% [18]. In
addition, DCFCSs in combination with the BESs can
represent a smart solution to avoid grid reinforcement costs
and support the EVs demand during peak hours. In this case
study, EVs peak demand will be supported by the BES.
Storage charging demand must take into account the system’s
overall power balance over a specified time:
Eb,dis (t )

, if discharging
 Eg (t )  Etcl (t ) 
dis

 E (t )  E (t )  E (t )  , if charging
tcl
b ,ch
ch
 g

(14)

Eg(t)is the limited grid energy given or absorbed from the
BES, ɳdis and ɳch are the BES’s converter efficiency at 95%
during the discharging and charging process. The Eb,ch (t) is
the BES charging energy and Eb,dic (t) is the discharging
energy.The objective function is used to minimise the energy

peak demand by using the minimum BESs Eb (t) within the
DCFCSs as described in the following equations:
min  Eb (t ) 


T
T
 E (t )  E (t )  ( E (t )  E (t ))  ( E (t )  E (t ))


 b
b 0
tcl
g
g
tcl
t 0
t 0

if : E (t )  E (t ) ,discharging BES
tcl
g

if : Etcl (t )  Eg (t ) ,charging BES

(15)

Eb (t0) is the BES at the time t0 , Etcl (t) is the energy required
from the DCFCSs during the discharging and charging
process according to available energy Eg (t). During the EVs
charging demand, the BES operates in parallel with the
DCFCSs and the PS will be provided during the congestion
hours due to the high EV demand. The BES charging power
is limited by the available grid power Pg (t) at the time t. The
discharging power is defined by the converter’s power and
the difference between the grid and DCFCSs power (14). The
BES is calculated based on equations (14) and (15). When the
BES is defined, a CBA can be analysed according to the BES
size to evaluate the financial feasibility of BES within the
DCFCSs by considering the installation costs, grid
connection costs and battery life cycle cost.
5.2. Frequency regulation via BES
Frequency regulation is a common ancillary service
provided form TSOs in order to minimise the frequency
deviation from 50Hz. BESs are a suitable option for
frequency regulation due to their fast response. In addition,
the frequency regulation in Denmark is one of the most
profitable grid services [31]. Considering frequency
regulation as a profitable service, a smart methodology is
proposed to provide primary frequency regulation with the
BES in order to reduce the payback period investment by
increasing the revenue. In Denmark, frequency regulation
services can be provided in two areas: Western Denmark or
(DK1) and Eastern Denmark or (DK2) [32]. The BES under
consideration will provide FNR to Energinet, which
represents the Danish TSO in DK2. The primary frequency
regulation corresponds to a symmetric frequency control
activated for both under and over frequencies. The aim is to
stabilise the frequency automatically at 50Hz and minimise
the frequency deviations by using a droop control as shown
in Fig. 7.

Fig. 7. Droop control for frequency regulation in DK2

The objective of the droop control is to minimise the
frequency deviations within the boundary values (fmin= 49.9
[Hz] and fmax = 50.1[Hz]) by injecting or absorbing power
from the BES. Pbat is power from the BES for the droop
control which is implemented in equation (16):
 Pbat

| Pbat |   Pbat  m  ( f nom  f mis )
 P
 bat

if , f mis  f max
if , f min  f mis  f max

(16)

if , f mis  f min

fnom is the nominal grid frequency which is equal to 50Hz, fmis
is the measured grid frequency with 5mHz accuracy in
Nordhavn grid. Instead, m is the angular coefficient of the
droop control and can be calculated according to the equation
(17).
2  Pbat  ch

m 
if , f mis  f nom , DWR

 dwr
0.2

m  2  Pbat / dis if , f  f
uwr
mis
nom ,UWR

0.2


(17)

mdwr and muwr represent the downward regulation (DWR),
and upward regulation (UWR) expressed in [MW/Hz],
instead Pbat is the bid power in [MW] considering the day
ahead ancillary services market [33]. According to the Danish
market rules, the minimum bid must be 0.3MW, in addition,
the power bid should be submitted to the TSO one or two days
ahead. An aggregator, in this case, will be paid from the TSO
according to the MWh provided for frequency regulation.
Moreover, the service is compensated based on an availability
payment and pay-as-bid [31]. In this context, a control
strategy is proposed to provide FNR when the BES is not
providing other services, i.e., peak shaving. The provision of
FNR is proposed in an attempt to decrease the investment
costs of the BES according to the characteristics of the BES
defined in Section 5.2. Considering the BES characteristics
and also the market rules for FNR, the minimum power bid
as mentioned must be 300kW. In addition, the power FNR
will be provided from the BES during the night when the EVs
demand is low as shown in Fig. 8. Moreover, specific time
intervals will be used to restore the battery SoC to be able to
provide peak shaving during the daytime. FNR is also limited
by the available grid power and the converter capacity as well
as the BES charging and discharging requirements from the
TSO. The proposed method consists of maximising the profit
by providing FNR as described in equation (18). The
objective function is to maximise the power bid from the Pbat
(t), which is offered in the day-ahead market from the TSO.
Since the profit for this service is calculated based on a
capacity payment, it is expected that the profit increases
according to the power bid during the year. In this case, Pbat
(t) represents the required power according to the frequency
deviation from 50Hz and the droop control described in the
equation (16). The remaining equations represent the
operation of the BES regarding the energy Eb and SoCEb(t)
constraints along the entire regulation period called total
frequency regulation (TFR). Eb(t) is the energy absorbed or
injected from the BES at time t and ∆t represents the duration
of each interval.

TFR

max Pbat (t )

t 1


Pbat (t )  Pg

Ebmin  Eb (t )  Ebmax


SoCmin  SoCEb (t )  SoCmax

 E (t )  E (t )  E (t  t )  P (t )  t  , if P (t )  0, DWR
b
b ,ch
b
bat
ch
bat

 E (t )  E (t )  E (t  t )  Pbat (t )  t ,
if Pbat (t )  0,UWR
b ,dis
b
 b
dis


(18)

6. Results of the EVs charging demand
In this case study, the future EVs demand in Copenhagen
may vary from 15 to 300 EVs per day for each charging
station. As shown in Table 2 the minimum power required
from the grid depends on the EVs daily demand and EV
market penetration. To analyse the EV demand two scenarios
have been considered: uncontrolled charging demand and
storage charging demand. In all scenarios chargers of 150kW
in DC are considered. The 150kW charging profiles are
obtained considering the performed tests in our laboratory
[24] with 50kW chargers in DC as shown in Fig. 1. In
addition, based on the performed tests, the 150kW charging
profile will follow the same trend of the 50kW charger as
described in equation (1). In order to generate the 150kWDCFCSs load, demand simulations are carried out by using
MATLAB/Simulink for the given mean and standard
deviation functions (7), (8). The distribution functions of
those random variables can be obtained from the equations
calculated in Sections 3 and 4.
6.1. Results for uncontrolled charging demand
This scenario considers the EVs daily demand from 15 to
150 EVs in Nordhavn-Copenhagen area as shown in Table 2,
and different charging configurations can be utilised to
support the EVs demand. As shown in Table 2 the minimum
grid power required to support EVs demand varies according
to EVs demand. In all scenarios chargers of 150kW are
considered. Fig. 7 shows the results from five DCFCSs,
where all the input parameters are assumed to follow the
stochastic demand model calculated in Sections 3 and 4. The
DCFCSs load profile is one of the most critical parameters
obtained from the stochastic model. It shows daily pulsating
load profiles of the EVs charging demand on the grid side
according to (9), (11). The case study under consideration
considers 50 % EV market penetration. Fig. 8 shows five
DCFCSs of 150kW supplied by two transformers of 500kVA.
EVs demand varies during the congested workday, normal
day, Saturday and Sunday. According to Table 2, in this
scenario, 150EVs and 140EVs are supplied by two
transformers during the congested workday and the normal
workday. For this grid configuration, high investment costs
are required to reinforce the grid with an additional
transformer, especially when the EVs demand will increase
over the years. Therefore, as showed in Fig.8, in addition to
the initial investment, which includes one MV transformer
and two or three DCFCSs of 150kW over the next 10 years,
an additional MV transformer will be required to support the
growing number of EVs. The new MV transformer requires a
new investment cost which includes new LV and MV
dedicated lines, switchboards and the installation costs [28].

Fig. 8. DCFCSs load demand: a) congested workday
150EVs, b) workday 140EVs, c) Saturday 90EVs, d) Sunday
80EVs
In the next section, a CBA can be implemented in function
EV demand.
6.2. Results storage charging demand for PS
and FNR
In this section, a simulation-based approach is used to
underline the performance of the proposed methodology. For
this purpose the following assumptions are considered. Frist,
the BES and DCFCSs belong to the same private stakeholder
called electric vehicle supply equipment operators (EVSEO),
which is also responsible for grid upgrade. In this case the
private stakeholder can be the DSOs or a private owner of the
DCFCSs such as the aggregators. Second, the PS is a local
grid service provided by EVSEO and it will be performed to
manage the EV demand during the congestion hours in order
to avoid the grid reinforcement costs. Third, the FNR is a
service provided to TSOs, and it is implemented in order to
compensate the investment costs of the BES. In order to
validate the proposed methodology, a case study is carried out
considering EV demand of 140 EVs as shown in Fig. 8. The
BES size is subjected according to EV demand in order to
provide PS as calculated in the equation (15) and FNR in (18).
In addition, the size of the AC/DC converter and the BES size
consider the grid constrains, i.e., the transformer capacity as
well as the DCFCSs power demand calculated in Section 3.

Fig. 9 shows the grid configuration considering 150 EVs
charged per day and the BES operation after 1-day simulation.

demand can avoid the grid upgrade by using different BESs
as grid reinforcement.
Table 3. storage charging strategy
Number
EVs per
day
15
20
60
90
100
110
120
130
140
150

Grid
power
[kW]
500
500
500
500
500
500
500
500
500
500

Power
DCFCSs
[kW]
150
150
300
450
600
600
600
600
750
750

Overload
grid
[%]
0
0
0
0
20
20
20
20
50
50

Overload
time
[h]
0
0
0
0
1.04
1.27
2.13
3.18
5.15
7.44

BES
[kWh]
Eb
0
0
0
0
18.2
23.5
28.17
31.12
437
586

In addition, the equations (15) and (18) are implemented to
maximise the profitability of the BES versus its investment
costs by providing PS during the day and FNR during the
night. A CBA is carried out in the next section to evaluate the
financial performance of the BES as life-cycle costs versus
the revenue provided by the TSO for FNR.by considering
EVs daily demand from 15 to 150EVs.

Fig. 9. DCFCSs load during with 140 EVs: a) EVs demand
and BES in kWh, b) required grid power, c) BES charging
and discharging process for PS and FNR, d) BES SoC
during the EVs demand
According to Fig. 9 the EV charging demand during a normal
workday is shown. The peak load is in the morning (between
06:00 and 10:00) and in the afternoon (between 16:00 and
19:00) as demonstrated in Section 3. The BES during peak
hours provides PS to support the local grid. Moreover,
between 12:00 and 16:00 the BES is used to restore the SoC
of the battery and in order to be ready to provide peak shaving
during the second peak of the day from16:00 to 19.00. In
addition, as shown in Fig. 9 the BES is able to provide FNR
during the period from 20:00 to 05:00 of the next day. During
this period of time, the BES is charged or discharged
according to the measured frequency signal. Instead, periods
from 05:00 to 06:00 and from 19:00 to 20:00 are used to
restore the battery SoC in order to ensure PS during the
daytime. The introduction of the BES helps the DCFCSs to
avoid the grid reinforcement costs when the EVs peak
demand exceeds the grid capacity. As shown in Table 2
shows EVs daily demand from 15 to 90 EVs where the grid
reinforcement is not required. Instead, from 100 to 150 EVs
grid reinforcement is required to support the demand.
Alternatively, as shown in Table 3 the storage charging

7. Cost-benefit analysis methodology
This section two cases of grid reinforcement are
considered. A CBA approach is presented to determine the
profitability of the DCFCSs investment within power systems
considering different EVs charged per day. The first method,
Case A uses the BESs as stationary application during the
congestion hours to support the increasing EV demand over
the years as shown in Table 4 and Section 5. In this case, the
BES operates as PS in parallel with the grid and provides
FNR during the night when the EVs demand is low. The
second method, Case B adopts grid reinforcement by using a
new MV transformer to sustain the increasing EV demand
over the years as shown in Table 4 and Section 4.
Table 4.CBA of the Case A and B
Number of
EVs per
day
15
20
60
90
100
110
120
130
140
150

Number of
DCFCSs
150kW
1
1
2
3
4
4
4
4
5
5

Case A
grid power
[kVA]
500
500
500
500
500+BES
500+BES
500+BES
500+BES
500+BES
500+BES

Case B
grid power
[kVA]
500
500
500
500
1000
1000
1000
1000
1000
1000

In both cases at the beginning, a grid reinforcement in MV
grid is required with a transformer of 500kVA as shown in
Table 4. Since the EVs demand will increase during the years
[6], extra chargers are required to sustain the EVs demand.
As shown in Table 4, 500kVA is the minimum grid power
required to support the EVs demand from 15 to 90 EVs.
Instead, if the EVs demand increases over the years from 100
to 150 EVs per day, new chargers in DC, as well as a new
transformer of 500kVA, must be installed. The main
objective of the CBA is to evaluate the economic
performance of Case A versus Case B. In particular, the

financial performance of Case A takes into account the BES
costs and the lifetime versus a traditional grid upgrade.
The key parameters of the CBA are:
The payback period (PBP) is the amount of time necessary to
recover the investment, and it can be calculated as [34]:
C
PBP  t
(19)
Bt
Ct represents the cost of the investment and Bt is the annual
benefit or revenue per year during the investment period T.
Net present value (NPV) is the present value of cash
inflows and the present value of cash outflows [34]:
T
Bt
Ct

 C0
t
(1

r
)
(1

r )t
t 1
t 1
T

NPV  

(20)

r is the discount rate or interest, and C0 is the initial
investment cost.
Instead, the method used to evaluate the economic
performance of one or more investments is called benefit-cost
ratio (B/C) and can be expressed as [34]:
T

NPV (Benefits)
B/C

NPV (Costs)

Bt

 (1  r )
t 1

t

T

Ct
 C0

t
t 1 (1  r )

(21)

The costs and revenues are calculated for the two cases under
consideration: the Case A – DCFCSs with BES and Case B –
DCFCSs considering a new connection in MV grid.
7.1. Case A cost and revenue
In the Case A the annual costs and benefits associated with
BES within the charging stations are calculated considering
the infrastructure costs and as benefits the consumption of
electricity. The total annual costs of the Case A (Ct,A) are
calculated as:
Ct , A  CA  CI  COM

T

(23)

t 1

BESD is the BES degradation life per year, CBES represents the
BES costs per kWh considering the replacement costs during
investment life T. The BESD can be calculated as shown in
(24):
t2
t4

 ED (t )   | Pb (t ) | dt   | Pbat (t ) | dt

t1
t3

1
ED  Te

 K PYD 
2  Eb


K PYD
 BES D 
K BES



Bt , A   E  Ce   tt  BFNR

(25)

where E is the daily energy consumed in function of the EV
demand calculated in (8), Ce is the cost of electricity paid by
the EV users and tt is the total time in a year. BFNR are the
benefits by providing FNR in DK2 to the TSO. BFNR can be
calculated according to the equation (24):

BFNR  pFNR  Pbid

(26)

Pbid is the power bid in MW considering the day ahead
ancillary services market paid from the TSO for the available
power. pFNR is the price paid according to the day ahead
ancillary services market [33]. Fig. 10 shows the prices in
€/MW from 2013 to 2017 for the power bid. The revenue
considered in the CBA is calculated considering the year
2017. The prices are given by the Danish TSO Energinet.dk
[32]. Considering that FNR will be provided only from 20:00
to 5:00 when the EV demand is low. pFNR according to Fig. 10
can be assumed 40.88 €/MW considering the mean value
from 20:00 to 5:00.

(22)

CI is the installation cost, and COM is the operation and
maintenance cost. Instead, CA includes the component costs
as the chargers cost CC, and the batteries cost considering the
replacement during the investment life t (23).

C A   BES D  CBES  CC

from t3 to t4 is the time where the BES works to provide FNR
servirse. Instead, KPYD considers the number of cycles utilised
during the year. BESD is the BES degradation life per year
under a predefined variable work temperature ∆Te =0,9814
[35]. KBES are the number of cycles given by the
manufacturers.
The total annual benefits or revenue for Case A (Bt,A) can
be calculated as:

Fig. 10. Mean FNR prices from 2013 to 2017 in DK2 [33]
In addition, fmis represents a year signal misused in NordhavnCopenhagen grid in 2017 Pbid is calculated from 20:00 to 5:00
and it is fixed during each hour according to the converter’s
power. The AC/DC converter size for the BES is 300kW and
95% efficiency. The battery sized is 437kWh according to the
case study which considers 140EVs/day as shown in Fig. 9.
Table 5 shows the revenue calculated according to FRN
prices and the misused frequency in 2017.
Table 5: Revenue for FNR regulation

(24)

ED (t) represents the enegry consumed during the PS time,
and FNR from t1 to t2 is the time where the BES works as PS,

Price FNR

Power bid ±

[€/MWh]
pFNR

[kW]

40.88

300kW

Day
profit [€]

Year
profit [€]

BFNR

BFNR

110

40150

7.2. Case B cost and revenue
In the Case B the annual costs and benefits associated to
grid upgrade are calculated considering the infrastructure
costs such as new lines and a transformer of 500 kVA as well
as the installation and DCFCS costs [28]. Instead, the benefits
are calculated considering the consumption of electricity
from EVs as shown in (26).
The total annual costs for Case B (Ct,B) are calculated as:
Ct ,B  CB  CI  COM

(27)

where CB is the components cost including the chargers, lines
and transformer. The total annual revenue for Case B (Bt,B)
can be calculated as shown in (25).
8. Cost-benefit analysis results
In this section, two separate layouts to connect the
charging systems within the power systems are considered to
analyse the costs and benefits of the BES within DCFCSs.
Case A considers a CBA by using BES as a stationary
application for PS and FNR to support the increasing EVs
demand over the years as shown in Fig. 6. In this case, the
BES operates as PS only during the congestion hours and for
FNR during the night. Instead, Case B considers a CBA by
using a new grid reinforcement to MV grid in order to sustain
the increasing EVs demand over the years. In both cases at
the beginning, a grid reinforcement to the MV grid is required
with a transformer of 500kVA.
8.1. Case A: CBA of DCFCSs considering BES
for peak shaving and frequency regulation
The primary objective of the CBA is to establish the
infrastructure costs of the Case A and lifetime of BESs. The
benefits and the costs of the Case A are calculated as shown
in Section 7.1. It was shown that EVs demand from 15 to 90
EVs requires a minimum grid power of 500kVA as the initial
investment. Instead, if the EVs demand increases over the
years from 100 to 150 EVs, new chargers in DC, as well as a
new transformer of 500kVA are required to sustain the new
EVs demand. In order to avoid new grid reinforcement costs,
the BES operates in parallel with the DCFCSs as shown in
Fig. 9. In Case A, three different lithium –ion technologies
are considered, the current technology battery “Lithium
Nickel Manganese Cobalt Oxide” (NMC) with 5000 and
10000 cycles [36] and a future scenario “Lithium Titanate
Oxide” (LTO) battery with 25000 cycles [37]. The number of
EVs charged per day is used to calculate the total annual
benefits Bt,A calculated in equation (25) and it is based
according to the annual energy consumed from the EVs’ users.
Instead, Ct,A is calculated based on the equations (22) and (23).
The equations consider the investment costs including the
component costs such as DCFCS costs, the replacement costs
of the BES at the end of their useful life equation (22),
converter costs and the installation costs. When Ct,B and Bt,A
are defined, PBP equation (19), NPV equation (20), and B/C
ratio equation (21) can be calculated as shown in the proposed
Section 7. Fig. 11 shows the flowchart inputs of the proposed
CBA methodology.

Fig. 11. Case A grid integration of BES within DCFCSs
8.2. Case B: CBA of DCFCSs considering MV
grid upgrade
The primary objective of the CBA is to establish the
infrastructure costs of Case B in order to justify a standard
investment of grid reinforcement in MV. In the Case B when
EVs demand increases over the years from 100 to 150 EVs,
new chargers in DC, as well as a new transformer of 500kVA
are required to sustain the new EVs demand as shown in Fig.
8. The benefits and the costs of the Case B are calculated in
Section 7.2. The number of EVs charged per day is used to
calculate the total annual benefits Bt,B as shown in equation
(25). Instead, Ct,B equation (27) is the investment costs
including grid reinforcement costs. The infrastructure costs of
the Case B are DCFCS costs, the costs of the new dedicated
lines in LV and MV, the cost of the new transformer of 500
kVA as well as the installation costs. When Ct,B and Bt,B are
defined, PBP equation (19), NPV equation (20), and B/C ratio
equation (21) can be calculated as shown in Section 7. Fig. 12
shows the flowchart inputs of the proposed CBA
methodology.

Fig. 12. Case B DCFCSs with grid upgrade in MV

8.3. Economic assessment of case A and case
B: market and technology inputs
In this section, an economic assessment is carried out in
order to compare the costs and benefits of the Case A versus
Case B. The economical results of the Case A and B are
summarised in Fig. 13, which compares the PBP and B/C
ratio of the cases under consideration. All the economic
parameters used in Case A and Case B are listed in Table 6:
Table 6. Costs and benefits inputs of Case A and Case B
Case A
DCFCS cost
[25]
BES price
€/kWh [18]
EV demand:
45 kWh
Electricity
price paid by
EV users [6]
Discount rate
(r): 8% [38]
Investment
life: 20 years

Case B
Costs Benefits
[€]
50000
200

0.6
€/kWh

DCFCS cost
[25]
Component
costs [28]
EV demand:
45 kWh
Electricity
price paid by
EV users [6]
Discount rate
(r): 4% [39]
Investment
life:20 years

Costs
[€]
50000

Benefits

0.6
€/kWh

The grid investment for the upgrade considers 4% discount
rate [39]. Instead, the investment in BES can be considered
riskier. Therefore, the interest rate used for BES is 8% [38].
Fig. 11 and Fig. 12 compare the financial performance of
Case A versus Case B considering three types of batteries
with different cycles. As mentioned, Case A considers the
integration of BESs to support the grid when the EVs daily
demand exceeds 90 EVs. As shown in Fig. 11 in the Case A
the red and orange line represent the current technology of
lithium-ion NMC battery with 5000 and 10000 cycles [36].
The blue line is the future generation of the lithium-ion LTO
battery with 25000 cycles [37]. Instead, in Case B, the black
line shows the financial performance by using a new
connection in MV grid.

Fig. 13. Economic comparison of the Case A considering
the BES for PS and FNR versus Case B grid upgrade in MV
According to Fig. 13, the economic assessment of case A is
subjected to the life-cycle costs of the batteries, and on the
contrary, Case B, classic grid reinforcement depends from to
the number of EVs charged per day. Case A shows that, with
a demand from 90 to 130 EVs charged per day the B/C ratio
is higher than Case B. Likewise, with the EVs demand from
140 to 150 the Case A has the B/C ratio higher than Case B
as long as the number of BES cycles is higher than 10000. In

addition, considering a load demand from 90 to 130 EVs by
using small size of BESs as 18 or 30 kWh the CBA for FNR
is not economically convenient because the revenues versus
the BES life-cycle costs are not extremely high. Therefore, in
this case it is recommended to use the BES only for PS.
Instead, considering a load demand from 140 to 150 EVs by
using big size of BESs as 437or 586 kWh the CBA for FNR
proves to be economically convenient because the total
revenues are marginally higher than BES life-cycle costs
during the lifetime of the investment. In this case, it is
recommended to use the BESs for FNR services and PS as
long as the BES cycles are higher than 10.000.
9. Conclusions
In this paper, a stochastic planning method was proposed
to determine the DCFCS load profiles and the impact on
power distribution systems. The stochastic charging profile
was used exclusively to calculate the two key factors of the
EVs charging demand: EVs’ charging start times and
DCFCSs grid impact. According to the stochastic method, a
DCFCSs load demand was proposed to optimise the required
grid capacity of the public DCFCSs considering real data
from the users’ behaviour. Two layouts were considered
within the stochastic planning method: the uncontrolled
charging demand and the storage charging demand for PS and
FNR.
The EV stochastic charging method with BES was
considered by using the BES as a multifunctional device in
order to provide ancillary services as peak shaving and
frequency regulation. It was shown that according to the
stochastic charging demand and grid constraints the BES can
reduce the DCFCSs peak EV load during the congestion
hours by providing peak shaving in the morning and evening.
In addition, an optimal BES was proposed to minimise the
grid reinforcement costs of the DCFCSs and the BES by using
the BES for FNR during the night in order to increase the
profit of the entire investment. It was shown that BES
operation costs can be minimised by providing peak shaving
frequency regulation only under certain conditions.
According to the CBA and the economic assessment the
Case A was bound to the life-cycle costs of the batteries,
diversely, the Case B classic grid reinforcement was linked to
the number of EVs charged during the day. In it was shown
that considering a demand from 90 to 130 EVs charged per
day the Case A has B/C ratio higher than Case B. Likewise,
considering a demand from 140 to 150 EVs the Case A has
the B/C ratio higher than Case B as long as the BES cycles
are higher than 10000. Besides, considering a load demand
from 90 to 130 EVs by using small size of BESs the CBA for
FNR is not economically convenient because the revenues
versus the BES life-cycle costs are not extremely high. In this
case, it is recommended to use the BES only for PS services.
Instead, considering a demand from 140 to 150 EVs by using
big size of BESs the CBA for FNR proves to be economically
convenient because the total revenues are marginally higher
than BES life-cycle costs. In this case, it was recommended
to use the BESs for FNR services and PS as long as the BES
cycles are higher than 10.000.
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