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Abstract

Use of renewable energy sources (RES) has increased as response to climate change and the
EU’s goals for decreasing carbon dioxide (CO2) emissions. Correspondently, the
transportation sector has created solutions, and the use of e-mobility has increased. These
changes bring challenges to the grid stabilization as uncontrolled electric vehicles (EVSs)
charging may increase grid’s peak demand and renewable generation may be variable.

Bidirectional charging is a concept that can release the energy stored in EVs batteries to grid,
buildings, homes, or loads. Such applications are called vehicle to X (V2X). Bidirectional
charging can utilize growing e-mobility as an advantage in grid balancing supporting
renewable energy integration. V2X can benefit monetary EV users and building owners with
incentives and tariff optimization and grid operators as balancing and maintenance costs
decrease.

Modelling of system architecture and use cases are essential for gaining understanding of
the operation and interactions within a multidimensional system such as V2X. E-Mobility
Systems Architecture (EMSA) model and use case descriptions are employed in the
development of two V2X use cases. The first use case showcases vehicle to building (V2B)
application in Porto airport where long-term charging of EVs in a parking lot is utilized in
building energy optimization. The other use case presents vehicle to grid (V2G) scenario in
which Terni city center EV chargers supply flexibility to RES congested grid.
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Tiivistelma

Uusiutuvien energialdhteiden kaytto on lisd&ntynyt ratkaisuna ilmastonmuutokseen ja EU:n
tavoitteisiin hiilidioksidipaastdjen vahentamiseksi. Vastaavasti liikennesektori on luonut
ratkaisuja ja séhkdinen liikenne on lisdantynyt. Ndma muutokset tuovat haasteita verkon
tasapainon yllapitdmiseen, koska hallitsematon sahkdautojen lataus voi lisata verkon
huippukysyntad ja uusiutuvan energian kaytto luo sahkdntuotantoon arvaamattomuutta.

Kaksisuuntainen lataus on konsepti, joka voi vapauttaa sdhkoautojen akkuihin
varastoitunutta energiaa verkkoon, rakennuksiin, koteihin tai kuormiin. Téallaisia sovelluksia
kutsutaan nimelld “vehicle to x” (V2X). Kaksisuuntainen lataus voi auttaa hyddyntdmaan
kasvavaa sahkoista liikennettda apuna verkon tasapainon yll&pitdmisessa ja uusiutuvan
energian kaytossd. V2X voi hyodyttad rahallisesti séhkdajoneuvojen kayttajia ja rakennusten
omistajia kannustimilla ja tariffioptimoinnilla sekd verkko-operaattoreja tasapainotus- ja
yllapitokustannusten pienentymisella.

Jarjestelméarkkitehtuurin ja k&yttétapausten mallintaminen on vélttdméatont, jotta saataisiin
ymmaérrystd moniulotteisen jarjestelmén, kuten V2X:n, toiminnasta ja vuorovaikutuksista.
Séhkadisen liikkuvuuden systeemi arkkitehtuuri (EMSA) mallia ja kayttdtapauskuvauksia
hyddynnetddn kahden V2X-kayttotapauksen kehittdmisessd. Ensimmadinen kayttotapaus
esittelee kaksisuuntaista latausta rakennukseen (V2B) Porton lentokentélld, jossa
séhkodautojen  pitk&aikaista latausta  parkkipaikalla — hyoddynnetddn lentokentén
energiaoptimoinnissa. Toinen kayttotapaus kuvaa kaksisuuntaista latausta verkkoon (V2G),
jossa Ternin keskustan kaksisuuntaiset laturit tarjoavat joustavuutta uusiutuvan energian
vuoksi ruuhkautuneeseen verkkoon.
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General Data Protection Regulation
Greenhouse gas

Home energy management system
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PV Photovoltaic

RES Renewable energy sources
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SGAM Smart grid architecture model
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TCP Transmission control protocol
TSO Transmission system operator
UDP User datagram protocol

ul User interface

V2B Vehicle to building
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1 Introduction

Climate change and international agreements on greenhouse gas emissions reductions make
sustainable smart energy system and e-mobility development essential. Transportation sector
is responsible for about 25% of Europe’s greenhouse gas (GHG) emissions and therefore
transition to EVs plays significant role in decreasing GHG emissions (European
Environment Agency, 2024). Still, increasing amount of EVs with non-controlled charging
may not lead to emission reductions as energy production in many countries may still rely
heavily on non-renewable energy generation (Bibak & Tekiner-Mogulkoc, 2021). This non-
controlled charging where EV is charged when connected to charger is also referred as dumb
charging. Large scale utilization of e-mobility such as EV combined with dumb charging
increases the peak-demand of grid (Kene and Olwal, 2023) (Khalid et al, 2019).
Simultaneously renewable energy integration causes grid congestions, deficits, and
unpredictability to energy generation. With these challenges demand and supply of grid
require more balancing to avoid grid malfunction, especially in peak load hours. Strategies
for stabilization have been designed and implemented such as demand response, energy

storages and reserve power plants (Zsiboracs et al, 2021).

1.1 Bidirectional charging

E-mobility systems lack comprehensive use of EVs storage and flexibility potential. Most
of the time EVs are not in active use. Bidirectional charging can utilize that time effectively
and benefit both EV user and all stakeholders of the grid. Bidirectional charging is a concept
where energy stored in EV batteries can be discharged back to grid or houses, homes, or

loads. These applications that are enabled with bidirectional charging are referred as V2X.

When EVs are discharged to grid, it is called V2G. V2G can aid in preservation of grid’s
functionality various ways. When grid has peak demand EVs can supply energy and when
grid is in low demand EVs can take energy from grid to charge. Therefore, bidirectional
charging can moderate grid frequency and voltage decreasing grid malfunctions and offer
back-up energy and reliability to the operation of grid. With its fast load balancing
capabilities power quality of grid can be increased as well as energy efficiency as

transmission losses are reduced by using EVs as distributed local resources. Bidirectional
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charging and V2G can bring security to renewable energy use since they can mend the
energy deficits when RES are not meeting the demand. (Lotfi et al, 2024) EVs can also store
excess energy produced by renewable energy sources and reduce grid congestions caused by
large scale RES use. Therefore, bidirectional charging can accelerate adaptation to higher
share of renewable energy in power system. Bidirectional charging additionally reduces the
demand for non-renewable reserve energy generation and the use of EVs instead of gasoline
vehicles decrease CO; emissions (Bibak & Tekiner-Mogulkoc, 2021). It is studied that in
best case scenario optimized bidirectional charging with V2G can reduce EVs CO;
emissions per mile by 59%. Achieving emission reductions with charging scheme is highly
dependent on discharging at peak demand periods. (Hoehne & Chester, 2016)

Bidirectional charging offers benefits to flexibility markets and tariff optimization. It reduces
costs for grid operator as better stabilization of grid decrease malfunctions, breaking of
components and need for grid upgrades. End-users and building owners can benefit by
controlled charging in which charging is conducted at times when electricity is more
affordable and discharging and selling energy when price is high. EVs can also store the
energy of solar photovoltaics (PV) in commercial buildings or homes.

Interoperability and complexity of bidirectional charging limit its utilization. Estimating EV
charging/discharging times and amount of discharge can pose challenges considering
changing customer behaviours and preferences. Controlling of electric vehicle supply
equipment (EVSE) and charging direction or aggregation of smaller loads or resources needs
to take place. Information, monetary or energy exchange between different actors must be
functional and reaction to grid requirements must be fast. Technical challenges in V2G
system and control include cyber security, standardization, and integration of new smart
applications to existing energy system. Wider adaptation of EVs that allow bidirectional
charging is essential as well as decreasing user travel anxiety with better services and
investment in new charging equipment and EVs that allow bidirectional charging.
Development and deployment of bidirectional charging is widely dependent on customer
interest and participation. Therefore, information must be available to general population

about possibilities of bidirectional charging.
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1.2 Electric vehicles in smart grid

Smart grid is defined as an electricity network that tries to balance demand and supply real
time with smart communication technologies. Smart grids architecture of energy systems
maximizes the energy efficiency with distributed energy resources (DERs) and energy
storages. It measures energy need in real-time and distributes resources accordingly. Smart
grid concept enhances grid reliability and sustainability. (Butt et al, 2020). Smart grid
utilization requires measuring, bidirectional energy flow and communication between
system actors. Bidirectional charging supports smart city development enabling EVs to serve
as distributed energy storages and stabilization reserves for grid, buildings of varied sizes,
homes, and loads. For effective use of bidirectional charging technology, the system
architecture and its processes require research and modelling. Smaller energy resources or
flexibility requires aggregation to gain efficient connecting of resources to the grid. Energy
flow management needs algorithms, measurement, and fast communication between system
actors for efficient operation. Charging services and e-mobility network demands constant
management and monitoring. Complicated relations in energy system having bidirectional

charging can be better understood with use case modelling and system architecture design.

1.3 V2X charging in recent studies

Bidirectional charging applications and their benefits have been recognized widely in
studies. (Pearre & Ribberink, 2019) (Thompson & Perez, 2020) (Vadi et al, 2019) Also
challenges regarding V2X have been assessed. (Gschwendtner et al, 2021) (Thompson,
2018) (Saxena et al, 2018) (Wan et al, 2024) (Noel et al, 2019) (Vadi et al, 2019) One
prominent challenge is the negative effects V2X can have on battery life which has been
studied by (Uddin et al, 2018), (Adegbohun et al, 2024) (Tchagang & Yoo, 2020) and (Gong
et al, 2024).

Bidirectional charging technology such as converters, rectifiers and power factor correction
has been studied and simulated. (Bridha & Annapoorani, 2023) (Bentalhik et al, 2022)
(Chiang et al, 2012) (Firmansyah et al, 2010) (Jain et al, 2022) (Madhumitha et al, 2023)
(Johannessen, 2018) (Altin & Sarp, 2020) (Islam et al, 2022). V2X business cases have been
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assessed by (Zhou et al, 2021). They highlight the opportunity for light-duty EV owners to
decrease EV life-time costs and opportunity of business cases for fleet managers of high-

duty EVs such as school busses or utility tracks as well as building owners.

Modelling of successful V2G system that can be used in frequency and power regulation has
been simulated by (Pavan et al, 2022). V2G deployment with an aggregator for load and
frequency regulation has been simulated by (Amamra & Marco, 2019). The benefits for EV
owner and aggregator have been studied and it is concluded that frequency regulation gives
EV user benefit as charging cost degreases. Voltage regulation gives greater benefit to
aggregator than frequency regulation as there are no service costs. Algorithms for V2G
charging station placement and sizing have been studied by (Shareef et al, 2016) Optimal
control and scheduling algorithms for V2G has been studied by (Castellanos et al, 2019),
(Hu et al, 2016), (Evangelos et al, 2015), (Ota et al, 2011) and (Zhou et al, 2017).

V2B deployment have been simulated by (Yusuf et al, 2023) that create a cost optimization
for bidirectional charging to a workplace microgrid with two buildings. It creates cost-
benefit analysis according to charger configurations, payback periods, energy cost savings,
and peak reductions. It concludes that high-duty electric vehicle (HDEV) is a better cost-
effective solution in comparison to light-duty electric vehicle (LDEV) in terms of energy
cost reduction and payback periods. Optimal number of EVs giving V2B services to building
with solar PVs is studied by (He et al, 2022). It is concluded that available solar energy and

season affect the optimal number of EVs for V2B.

V2H applications including renewable energy integration have been studied by (Mazzeo,
2022) which created smart charging algorithm and (Naghibi et al, 2018) that conducted
optimization for the size of renewable resources and battery storage system for V2H
integration. (Villante et al, 2022) have assessed the benefits of V2H charging through
simulation. Control system for V2H has been also studied by (Kosinka et al, 2020). V2H
implementation has been conducted by (Shemami & Sefid, 2022)

Vehicle to vehicle (V2V) has been recognized to decrease range anxiety for EV owners as
vehicle can be charged with another vehicle if there is shortage of charge. Off-board DC
V2V charger has been designed by (Mahure et al, 2020) for reducing power conversion
stages and increasing efficiency. V2V technology is also studied by (Shafiqurrahnman et al,
2023).
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There has been assessment for VV2X technologies, and many have conducted simulation,
control methods or optimization for V2G and V2H applications but V2X concepts still lack
large-scale utilization. There are also very few use case descriptions or architectural

modelling of V2X applications in studies.

1.4 Objective and research questions

This master’s thesis is a part of DriVe2X project. DriVe2X is an EU-funded project that
aims to develop solutions, tools, and technology for mass V2X deployment in Europe

(European Commission, 2023).

The purpose of this master’s thesis is to describe bidirectional charging and its current state,
applications, and possibilities. For more detailed description different use cases are
constructed. Use cases demonstrate diverse ways to practise V2X technology. For better
visualisation modelling of use cases system architecture is constructed. V2X is a
multidimensional complex process, and the intention of this thesis is to simplify the
understanding of its operation and requirements for better utilization. Obstacles or gaps of

knowledge in various parts of the process are discussed as well as areas of improvement.

Research questions are:” What applications does bidirectional charging have?” “What
requirements and challenges does bidirectional charging applications have? ” “What actors
and interactions are required in use cases of bidirectional charging applications?” “How

uses cases of bidirectional charging can be modelled?”

1.5 Methods

Use cases are a method for analysing or reviewing a system. This methodology was created
by lvar Jacobson in 1960s (Cockburn, 2000). Use cases as a writing method try to explain
how service or product operate and how it benefits stakeholders. Use cases are used to define
requirements and objectives for a system (Schneider & Winters, 2006). Use case maps the
system architecture. It offers detailed information how the process of a service or using of
product proceed with simple steps and describes the interactions between different system
actors. Actor is an active participant such as component, system, or market player in a use

case. Use case explains the main success scenario as well as possible variables, alternative
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paths, and issues in the process and how to overcome them. (Schneider & Winters, 2006)

(Cockburn, 2000) They can be used for any type of system development.

Business use cases focus on business perspective and technical use cases in technical
perspective. Use case can be casual or dressed. Casual use case is one written in simple style
and do not get into details as dressed. Use cases can be from business perspective or system
perspective. Business perspective describes business operation and system perspective more
technical system operation. Use cases can have corporate, computer system or system
innards scope. Corporate use case is from the perspective of corporate operation, while
computer system takes computer system model scope and innards style discusses parts or
components in the system in detail. It can be also white-box or black-box style of writing.
White box use cases try to define a system and all its internal interactions well. Black box
use case does not describe the internal parts of a system but focus more on requirements.
Use cases can be in strategic, user-goal, or subfunction level. Strategic goals involve multiple
user-task level goals. User-goals use cases greatest interest is user goal. Subfunction use case
have goals that are needed to achieve user goal. Use case may have different features such
as a brief that is a one sentence summary of a use case. Preconditions are conditions
happening before and after a use case. Triggers are factors that cause the use case to begin.
Use cases have actors that are participants of process that perform tasks. A primary actor is

the main beneficiary of the process described in use case. (Cockburn, 2000)

IEC standard 62559 defines use case framework in four parts in which include use case
template, management repository and harmonization between use cases, XML import/export
format and practises for use cases. It defines that use cases can be described most accurately
by steps in which information exchange is defined. Common knowledge about use case such
as name, description, main actors, and narrative must be explained. IEC standard gives
standardization to use cases as a methodology for the development of smart grid systems.
(IEC, 2024)

This master’s thesis describes two use cases in detail which demonstrate different ways to
utilize EVs in V2X concepts. Use cases are written from system scope as they describe the

V2X system and system innards scope since different parts of the system are discussed. Use
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cases are dressed since details such as preconditions and technical actors of the use cases are
described. They also have white box scope and cooperation of different components in V2X
process are displayed. They have user-goal level as the use case execute the user goal. The

use cases follow the requirements of IEC 62559 standard.

1.6 Structure

In chapter 2, Modelling styles for e-mobility and energy system is introduced. V2G concept
is explained in chapter 3 and in chapter 4, various actors, roles, and market players involved
in V2X applications with bidirectional charging are explained. In chapter 5 different
applications for bidirectional charging are described and in chapters 5.1 - 5.4 these
applications are discussed more precisely. In chapter 5.5 challenges of bidirectional charging
are discussed. Chapter 6 introduces two V2X use cases with descriptions and architectural

models. Conclusions are made in chapter 7.
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2 Modelling system architecture

Modelling of a system architecture is an efficient way to tackle complexity and achieve
interoperable system including multiple types of engineering and operators. Complexity in
this context means changing, multidisciplinary or incompatible variables, technologies, or
actors. Interoperability means effective communication and interaction ability between
actors or components. There are different models that can be used in explaining V2G use
cases system architecture which are introduced in this chapter. (Kirpes et al, 2019)

2.1 SGAM

The smart grid architecture model (SGAM) was created to facilitate the designing of smart
grid systems. SGAM has three dimensions to describe an energy system and parts of it to
gain comprehensive understanding of its operation; Interoperability layers, zones, and
domains. Interoperability layers include business, function, information, communication,
and component layer that provide different perspectives to view system. Every layer has the
same zones and domains and therefore layers can be viewed on top of each other for better
understanding of affiliating factors. The zones compromise market, enterprise, operation,
station, field, and process. The domains involve generation, transmission, distribution, DER,
and Customer Premise. SGAM model created by (CEN-CENELEC-ETSI Smart Grid
Coordination Group, 2012) is introduced in figure 1.
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Figure 1. Smart Grid Architecture Model (CEN-CENELEC-ETSI Smart Grid Coordination Group, 2012)

SGAM model business layer holds the system stakeholders and their business relations. It
contains business models, services, and processes as well as economic or regulatory
framework. This includes actors that participate in payment actions, incentives, information
exchange or trades. Function layer shows the direct actions or services between different
stakeholders or components. Information layer defines what information is exchanged
between stakeholders and aligns with functions. Communication layer shows
communication protocols or technologies which enable communication between different
components or stakeholders. Component layer encompasses the relevant physical
components, hardware, or network infrastructure of system. (Kirpes et al, 2019)

Domains explain in which part of conversion chain is actions or actors placed, generation,
transmission, distribution, DER, or customer premise. The generation domain contains any
production of energy or actions/actors in the production facility. The transmission domain
covers the stage of energy transfer from generation to local distribution. The distribution
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domain denotes sharing of energy that is maintained locally. DER means all distributed
energy sources such as distributed solar or wind energy production. The customer premise
domain contains customer home and its appliances such as EV, HEMS, or home charger.
(Kirpes et al, 2019)

The zones describe the extent of management within smart grid that is observed. Process
contains energy transformation and physical equipment involved. Field has equipment
monitoring, metering, and controlling a process of e-mobility. Station zone holds
aggregation of field activities and concentrating data from multiple local sensors. Operation
holds management service combining or processing aggregated data. Enterprise includes
utility management or service providing and other organizational areas. Market zone
encompasses the range of market operations feasible within the e-mobility ecosystem,
including services related to charging networks, e-mobility providers, EV sharing, energy

trading, and platforms facilitating the exchange of user data. (Kirpes et al, 2019)

2.2 EMSA

E-mobility Systems Architecture (EMSA) Model is a modification of SGAM model having
the same interoperability layers with same dimensions and zones, but domains differentiate.
The domains include energy conversion, energy transfer from/to EV, EV, and EV user
premises. Energy conversion domain contains all energy generation, transmission,
distribution, and DERs. Energy transfer from/to EV domain compromise transferring
activities of energy to electric vehicle such as charging station functions or components. EV
domain has e-mobility vehicles and their parts and actions considering them. EV user
premises contains interfaces such as application, services and devices which have user
interaction. (Kirpes et al, 2019) Visualization of the E-mobility Systems Architecture model

from Kirpes is introduced in figure 2.

V2X system architecture can be applied to E-mobility systems architecture model so it is

used for use case modelling in this thesis.
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3 Bidirectional charging technology

V2G means that in addition to charging battery with energy from grid, power from EV
battery can be discharged back to grid or loads. EV charging process first alternates AC
current to DC with rectifier. Then DC current is alternated to acceptable level for EV battery
with DC-DC step-down converter. Bidirectional charging has same two conversion
processes but both ways. Bidirectional charging also requires a control unit for switching
direction and input filter is needed at supply before rectifier/inverter as well as power factor
correction (PFC). (Chiang et al, 2012) (Altin & Sarp, 2020)

Bidirectional EV charging can be implemented as on-board or off-board charging. In off-
board charging AC-DC and DC-DC conversion is implemented inside charging point and
the EV charger feeds EV the right level DC-current. In on-board charging the AC-DC
rectification and DC-DC conversion is implemented in the EV and charger feeds EV AC-
current. The most common type of charging currently is on-board charging. (Jain et al, 2022)

AC-DC rectifiers can have power delivered in one phase or three phase AC. One phase AC
power supply is used for lower input power and three phase power supply for higher levels
of power supply. Off-board charging is usually conducted with higher power level. (Jain et
al, 2022) On-board charging can be classified to level one two and three chargers based on
supply power. Levels one and two have single phase supply as level three has three phase
supply and fast charging capabilities. (Islam et al, 2022) AC-DC or DC-DC converters can
be isolated or non-isolated. Isolation in converters mean that the input of a converter is not
directly connected to the output. This is usually achieved by placing a transformer between
them. (Vadi et al, 2019) Non-isolated DC-DC converters offer better efficiency and lower
cost and therefore are more preferred than isolated. Isolated DC-DC converter is more
expensive but provides higher power density and ability for fast control. (Habte, 2020)

Bidirectional AC-DC converter function as a rectifier when EV battery is charged with grid
power, and it can switch mode to be an DC-AC inverter when EV battery is discharged to
grid. For bidirectional AC-DC converter can be bridgeless, half-bridge, or full bridge. Full
bridge converters are most used bidirectional AC-DC converters, and they can be used in

vehicle to home (V2H) mode in addition to normal charging and V2G. (Panchanathan et al,



21

2023) Rectifiers can also have multiple levels. Higher power systems require more levels to
topologies. (Altin & Sarp, 2020)

Rectifiers distort current phase and therefore PFC is needed. It means shifting the current to
same phase as voltage for efficiency improvement. (Chiang et al, 2012) PFC can be
implemented passive or active way. Passive PFC refers to use of passive components such
as inductor or capacitor that will manage the current to same phase as voltage. With passive
PFC low total harmonic distortion cannot be usually achieved. Therefore, active power
factor correction is preferred. Active power factor correction refers to active circuit
controlling with feedback to reshape the current waveform. Bidirectional PFC can be
obtained for example with bridgeless interleaved boost converter (Chiang et al, 2012),
bridgeless totem-pole (Bentalhik, 2022) (Yu et al, 2020) or AC-DC dual active bridge (DAB)
converter. (Johannessen, 2018)

Bidirectional DC-DC converters can operate in step-up or step-down mode. In step-down
mode converter decreases voltage and increases current. Step-up mode converter increases
voltage while decreasing current. (Madhumitha et al, 2023) For bidirectional DC-DC
converter type buck-boost converters, dual converters such as dual-Cuk, dual-flyback and
DAB, as well as half-bridge, half full bridge, full-bridge and forward-flyback converters
have been researched. (Altin & Sarp, 2020) (Yu et al, 2020) (Vadi et al, 2019) (Habte, 2020)
Interleaved topologies increases converter efficiency and decreases current and voltage
ripple. It also decreases switching losses. (Madhumitha et al, 2023) Cascaded converters
offer lower conduction losses and therefore higher efficiency. Also, resonant converters can
be considered. Resonant converters have capacitors and inductors which resonate in certain
frequencies. This offers enhanced efficiency to converter. (Bridha & lyswarya Annapoorani,
2023)
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4 V2X operators and terminology

V2X have various operators that enable the complex process. All operators and their roles
in V2X process are explained in this chapter. These roles may differ among e-mobility
applications and in variable use cases. Tasks involved in e-mobility system operation include
the estimation and controlling of bidirectional charging, distribution of energy, upkeeping
the e-mobility stations and services, energy market operations, providing of EVs, billing and

parking management as well as energy system management.

An aggregator acts as handler of multiple EVs to comply their resources for supplying
flexibility to the grid. Aggregator sells and buys energy when its beneficial and makes
predictions of energy demand for EVs and benefit EV owners by managing the electricity
buying/selling and electricity demand estimations. Aggregator usually must follow a load

frequency control (LFC) signal in providing flexibility to grid. (Cai & Matsuhashi, 2022)

Charging point operator (CPO) controls the operation of charging point chargers in a parking
lot and manage and upkeep the charging infrastructure. Charging point can support grid or
building with the energy balancing gained with EVs. If building is supported CPO is
communicating about energy requirements with building energy management system
(BEMS) or if the grid is supported CPO may receive signals from local flexibility market
platform (LFMP), aggregator, DSO, or other entity for energy exchange.

Distribution system operator (DSO) manages local grid distribution and its interactions,
optimization, and forecasting and compensating actors offering resources. DSO engineers
the distribution system most beneficial way for gaining, storing, and distributing the
resources. This also includes the responsibility to integrate the flexibility resources to the
distribution system and guide the CPOs for efficient spots for charging stations. DSO

supplies the energy to charging station or home.

E-mobility system provider (EMSP) provides charging service such as applications for
customers. These applications are easily accessible payment platforms that get customer
information and provide information about charging point availability and charging process.
EMSP usually also receives payment from customers through user interface and compensate

CPO for management of charging infrastructure.
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Electric mobility network management entity (EMME) operates the charging stations
network. The network gives EV user the access to e-mobility energy markets. With the
operation of this actor the interoperability between CPO and EMSP can be ensured. EMME
monitors the energy and financial transactions in e-mobility network making decisions about
charging station locating based on the information. EMME informs the energy markets
company about the energy volume available by each bidirectional charging operator. (Redes,
2024) (Mobi.e, 2024) This entity operates in Portugal in which the other use case from this

thesis locates.

Parking manager handles reservations and billing related to parking. Parking manager
assigns the parking spaces to EV users and retains the information regarding parking session.
Parking manager may give building manager or CPO information about available EVs in
advance. Building manager is an actor that operates building’s energy system. It monitors
the loads and communicates with CPO or handles the charging operations by itself for

optimizing the building energy system.

BEMS is a computational energy control system that manages buildings different parts and
devices’ energy consumption. This could include lighting, EV chargers, heating, or cooling.
Home energy management system (HEMS) manages the home energy optimization. HEMS
can control home EV charger and consumption of home electronics for tariff optimization.
It can store the renewable energy from solar PVs to EV or optimize the energy consumption
of home applications according to available energy. The operation of BEMS and HEMS

enable the efficient use of renewable resources and increase the energy efficiency.

EV fleets are EVs used as a service to gain money for a company. Bidirectional charging
can be utilized in EV fleets as it decreases the life cycle costs for those vehicles. EV Fleet

operator manages EV fleet’s operation, billing of customers and maintenance.

Clearing house is an entity moderating between other entities. It can monitor the e-mobility
network and financial flows between EMSP and CPO for ensuring fair and interoperable

transactions.

Local flexibility market platform (LFMP) is operator that aggregates flexibility resources to
grid operator. It receives flexibility bids from grid operator and offers from local generation
or flexibility resources and match them accordingly to location and price for efficient

distribution. Local flexibility market platform manager operates the LFMP.
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5 Applications

Bidirectional charging has multiple applications including V2G, V2H, vehicle to building
(V2B) and vehicle to load (V2L). This chapter explores the possibilities, requirements, and

challenges with these use scenarios. Figure 3 demonstrates smart grid with V2X

applications.
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Figure 3. Smart grid with bidirectional charging applications.

5.1 V2G

In V2G scenario EVs act as a distributed energy storage for grid that can be used when
vehicle is connected to charging point at home or parking station. Electric vehicles can be
utilized in ancillary services such as spinning reserves or in peak power shaving, frequency
regulation, or demand response. (Amamra & Marco, 2005) All these scenarios have the same
purpose of grid balancing and ensuring its function. Frequency regulation and load shaving
can be achieved with the active power gained from EVs and voltage support with reactive
power. (Zhang et al, 2023)

Demand response means adjusting power consumption to times of grid low demand. This

can be easily achieved with EVs since most of the time they usually are not in use. Charging
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with demand response principal can be achieved in daily basis to gain lower electricity
expenses for EV owners since the price of electricity is lower when grid is experiencing low
demand. Demand response itself does not require V2G capabilities but can be utilized more

effectively including adjusted discharging as well.

Frequency regulation is V2G application where constant frequency balancing is the main
objective. (Nour et al, 2020) When grid is in high demand, electric vehicles can give needed
energy to grid and when demand is lower electric vehicles can charge. This balancing helps
to stabilize the voltage and frequency of grid. Frequency balancing of grid is essential since
frequency deviation may harm electric equipment and disconnection from grid is done in
that scenario causing a blackout. (Amamra & Marco, 2019) V2G can prevent events of grid
malfunction and blackouts. Regulation could take place hundreds of times a day and reaction
would be required in less than a minute and last some minutes which is more rapid use
compared to spinning reserve application. With V2G frequency regulation better power

quality is achieved, and need for stabilization capacity is reduced.

In Finland, the transmission system operator (TSO) Fingrid has frequency containment
reserves (FCR) in which participation is possible through reserve markets. FCR are grid
services created to ensure that the frequency of grid stays as near 50Hz as possible. FCR is
divided to containment reserve for disturbances (FCR-D) and containment reserves for
normal operation (FCR-N). FCR-N operates when frequency is in normal range and tries to
keep frequency between 49.9 Hz to 50.1 Hz. FCR-D stabilizes the frequency in case of
disturbances when frequency passes limits of normal range and the objective is to keep
frequency over 49.5 Hz or under 50.5 Hz. Requirements for joining to FCR-N include
minimum bid size of 0.1MW. FCR-D has minimum bid size of 1 MW. Participation can be
achieved with smaller resources if various smaller resources are aggregated to pass the limit.
Participation to FCR requires prequalification testing to prove the fulfilment of necessary
features. (Fingrid, 2024) Fast Frequency Reserve (FFR) market is an application in which
frequency containment reserves are activated in case of large frequency deviations. FFR can
be activated as fast as in under seconds. Different reserve options include activation in 49.7
Hz within 1.3s, 49.6 Hz within 1s and 49.5 Hz within 0.7s. Participation to FCR and FFR
must be achieved with automatic local control as Fingrid does not give controlling signals.
(Fingrid, 2024)
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Spinning reserve application refers to EV use as backup power for times when there is loss
of generation. Spinning reserve should take requests from grid operator in case of generation
deficit and provide energy in within minutes to hour. Vehicle owners could be compensated
of the time in which EV is available for use as spinning reserve. (Wan et al, 2024) Typically
requests for spinning reserve power are made about 20-50 times a year. (Ehsani et al, 2012)
The duration of the spinning reserve need is typically hours. (Hu et al, 2016) For spinning
reserve application, the Finnish TSO Fingrid has automatic frequency restoration reserve
(aFRR). The reserves operate according to activation request send by TSO sent every ten
seconds. The aFRR is acquired for specific hours in which frequency tends to vary the most.
(Fingrid, 2024)

Peak shaving / Valley filling is an application in which power from electric vehicles is
supplied in times of peak demand and charged during valley demand to achieve balanced
supply and demand. Times of peak and valley demand depend on in which part of the world,
day of the week and time of the year is but usually peak hours occur at evenings. Peak
demand can overload network components as the grid experiences voltage drop and power
losses. V2G in peak or valley demand can further reduce the need for additional power
balancing capacity at those times and the cost for grid stabilization is reduced. (Nour et al,
2020) This benefits grid operator as demand for balancing capacity and new component
upgrades decrease. EV owners can benefit by monetary compensation or decreased

electricity bills.

V2G system requires charging stations and EVs allowing bidirectional charging and power
conversion to both ways. It also requires intelligent controlling system to determine direction
of energy flow in charging stations or at home charging point. V2G requires an aggregator
to supply many EVs to grid since minimum bid size is in balancing reserve markets can be
regulated. In Finland minimum capacity for FCR-N is 0.1 MW and for FCR-D, FFR and
aFRR 1 MW. (Fingrid, 2024) These capacities cannot be gained from one vehicle and
therefore aggregation of vehicle capacities is required. Also, billing of customers and
customer preference and interface management is required. Large scale adaptation to V2G
depends on customers approval to participate in bidirectional charging. Using EVs in grid
stabilization could give EV owners monetary compensations so that large scale EV

participation is achieved.
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5.2 V2H

V2H involves utilizing EVs to support the energy demands of EV owners' homes. EV owners
can benefit from dynamic electricity pricing more efficiently if EVs are used as energy
storages. During low demand and low price of electricity, EV owners can store electricity in
EVs. And respectively during peak demand and high electricity price, EV owners can use
the energy stored in their EV batteries to power their homes or sell it in energy markets.
Additionally, EV batteries can serve as backup power sources during grid blackouts,

providing better energy stability to homes. (Vadi et al, 2019)

Prosumers, individuals who both consume and produce energy, can leverage EVs as
renewable energy storage units. They can store excess energy generated from sources such

as solar PVs in their EV batteries and later use it to meet their home energy requirements.

Implementing V2H applications requires a home management system equipped with smart
energy management algorithms to efficiently manage the flow of electricity. Alternatively,
an aggregator can also facilitate this process by coordinating energy usage between the EV

and the home.

5.3 V2B

V2B is a concept in which EVs are used to power a building with bidirectional charging. It
operates similarly to V2H but with more storage capacity as it could involve a whole parking
lot full of chargers and EVs. V2B application can be used in building energy optimization
and serve as renewable energy store and as backup power reserve. V2B can be also used in
energy tariff optimization as V2B charging can be activated in times of peak demand and
high price of electricity. (Zhou et al, 2021) If V2B is used in peak demand times it can also
benefit more than just the building and EV owner. Large scale V2B integration can reduce
peak loads in distribution system and even in the whole grid. (Nour et al, 2020) (Dagdougui
etal, 2019)

Management of multiple chargers requires more complex monitoring and controlling. The
management of multiple chargers can be achieved by operational entity such as CPO,

building manager or an aggregator. V2B application must have information from building’s
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energy system and entity to control bidirectional charging for energy optimization for which

BEMS or building manager is required.

5.4 V2L

Electric vehicles can power just about any appliance or device if equipped with on-board
converter for adaptation from DC to AC current. V2L brings possibilities to off-grid loads
and security of supply to loads during grid blackouts. AC current offered by EV can be used
in powering other EVs or any type of home electronics. (Bridha & lyswarya Annapoorani,
2023) V2L can be taken advantage of as backup power for critical loads such as hospital
equipment, elevators, power tools, military bases, and servers in times of energy shortage.
(Islam et al, 2022) V2V applications can reduce range anxiety and bring sense of security to
travelling. EV owner could set a limit to the discharging at which it would stop so that
adequate level of charge is still left in EV.

V2L application requires adapter to the EV’s charging port and an on-board charger that
enables the control of charging/discharging operations. This requires manufacturers to

recognize the benefit of V2L feature in EVs.

5.5 Challenges of bidirectional charging applications

For the technical constraints, all bidirectional charging scenarios include battery degrading
due to more charging and discharging compared to situation where vehicle is not used in
these applications. Control scheme for bidirectional charging has the most effect on battery
degradation. Degradation is less significant in V2G application where charge and discharge
cycles are more shallow and rapid. V2B, V2H and V2L applications require a larger energy
throughput which leads to more battery degradation. Battery degradation can be decreased
by minimizing time in high state of charge and average charge power as well as constraining
temperature rise. (Thompson, 2018) It has been also studied that proper control of V2G could
also extend battery life (Uddin et al, 2018) (Wei et al, 2022) Control scheme of bidirectional
charging should consider the battery aging and offer remuneration accordingly to the
degradation effects the control scheme causes. Uncertainty of degradation effects may

diminish participation to V2X and therefore it should be discussed openly.
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The increased integration of EVs to the power system and especially V2G application impact
on supply and short circuit levels of the grid that can lead to safety and reliability issues since
protection coordination schemes are affected. (Saldarriaga-Zuluaga et al, 2022) The safety
aspects of V2G scenario require further consideration. Charger control topology and filter
type will determine the level of impact the EV has on grid. (Clarke et al, 2014)

Aggregation of vehicles energy flow requires user information and control access to car
charger which can evoke cyber security and privacy concerns. Threat of unauthorized access
and data stealing must be considered. Privacy of personal data about location and user
patterns must be ensured. (Vadi et al, 2019) Resent studies have assessed cybersecurity
threats and safety mechanisms for V2X applications with promising solutions. (Sedar et al,
2023) (Saxena, 2017) (Wan et al, 2016)

Regulations and standardization for bidirectional charging applications is necessary for its
safe and efficient operation. If there are many different types of charging scenarios,
components, applications, and compensation methods participation can be challenging.
Standardization can ensure that technological decisions are compatible and profitable and
support the understanding and adaptation in any type of technological process. Also,
customer portfolios need to be determined and considering and minimizing risks of changing

customer behaviour. (Gschwendtner et al, 2021)

Bidirectional charging data management and controlling of multiple charging points is a
complex task. V2G applications may have contradiction between the distribution grid needs,
economic benefit of V2G and technical potential of EVs. (Gschwendtner et al, 2021) EV
owners’ preferences and EVs technical potential should be considered as well as proper
incentives while still supporting grid needs. Electricity taxation may not be optimal in all
countries to V2G utilization and double taxation may be an issue. (Noel et al, 2019) Smart
charging algorithms are required for energy estimations and charging time optimization.
(Zhang et al, 2023)

Investment in new innovative technology is indispensable for achieving large scale V2X
utilization and benefits from it. EVs with bidirectional charging must be purchased to an
extent that investing in new charging stations is profitable. EV prices play a big part in the
large-scale customer participation. Information about bidirectional technology may not have

reached the general population and therefore informative promotion of the topic and
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addressing customer concerns could aid in embracing V2G concept. Participation to V2X

concepts should be made simple and accessible. (Gschwendtner et al, 2021)

V2X utilization requires cooperation among multiple system operators. Entities included in
parking of vehicles, charging control, network management, market operating, supplying of
vehicles and billing must work together to gain an efficient and approachable e-mobility
system. For proper understanding and engineering of the system architecture and technology

of e-mobility use case description or system modelling is necessary.
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6 V2X Use cases

This master’s thesis introduces two V2X use cases from DriVe2X. The relevant market
players, functions, components, information, and communication protocols are mapped in
EMSA layers. Step-by-step description of use case operation is conducted. Therefore, the
functionality and requirements of use cases are represented. In chapter 6.1 a V2B use case
IS introduced. It is demonstrated by Porto Airport in Maia, Portugal. The chapter 6.2.
introduces a V2G use case demonstrated by Terni City Centre.

6.1 V2B at Porto airport

This use case studies the process of long-term V2B charging in an airport parking lot. This
long-term charging could last from 12 hours to several days which offers great advantage
for load balancing. The EVs support the airport’s energy optimization and benefit building
owner with decreased energy tariffs as EVs can operate as energy storages for renewable
energy or low-price energy. Monitoring and management of airport’s V2B activities require
many entities including building manager, parking manager, EMME, EMSP and CPO. In
this use case one entity plays the role of building manager, CPO, and parking manager but

for clarity and repeatability of this use case these roles are kept apart many times.

6.1.1 Modelling of use case

The relevant market players of Porto airport V2B use case and their interactions are mapped
in EMSA business layer found in figure 4. EV users utilize the parking services offered by
parking manager and get information about available parking spaces and pay for the parking
to them. EV users also give user information and pay EMSP for the provided charging

electricity.

EMSP gains charging information from CPO to determine payments for customers and
offers compensation to CPO from charging services. EMSP buys energy from market agent
or acts as a market agent and pays network tariffs to DSO. EMME monitors the charging
information and payments between CPO and EMSP as they use the e-mobility network.
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Building manager purchases information needed in energy optimization for example energy
price from energy markets and purchases energy for building. It receives charging
information from CPO and give information of needed bidirectional charging actions.
Building manager gets information of reservations and V2B capacity from parking manager.
EMME exchange information with DSO for efficient charging station placement and

building manager pays network tariffs to DSO.
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Figure 4. EMSA business layer for the V2B use case of Porto Airport. The colours represent

different domains.

The functions of this use case are depicted in EMSA function layer found in figure 5. EV

user services include functions occurring in applications and user interfaces such as parking
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services offered by parking manager and charging services offered by EMSP. Parking
management includes the parking reservations containment and management as well as
billing for parking services. Charging slot management comprise the slot scheduling for EV
users according to building and EV user preferences. Charging station (CS) management
includes the maintaining operations of charging station ensuring the functionality. Smart EV
charging control encompasses the controlling of charging operations including bidirectional
charging. By EV management is meant EV’s own system’s functionalities such as measuring
state of charge. Building automation means the automatic energy optimization of the
building that the BEMS is conducting. Energy management refers to the optimization of
energy usage or load balancing operations with V2B. Metering is a measurement of grid’s,

building’s or charging station’s energy state and transactions.
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Figure 5. EMSA function layer for the V2B use case of Porto airport.

Necessary components for this use case are mapped in EMSA component layer in figure 6.
In market layer EMME system monitors e-mobility market and data exchange as energy
market system maintains the platform for energy trading. Enterprise level compromises CS
operator system and parking management system. Parking management system preserves
parking information and reservations and gets information from online booking user

interface (Ul). CS operator system upkeeps the charging infrastructure.

CS management system gains information from CS controller about charging operations in
charging station. CS controller sends commands to the EVSE controller for charging
operations. EVSE charging controller supplies EV with energy. EV systems include EV
charging controller, battery management system and sensors and controllers for gaining
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information about state of charge (SOC) and ending charging when battery is at minimum

required state of charge.

Parking management system informs smart charging session web app about made
reservation and Smart charging session web app informs parking management system about
end of reservation. Smart charging session web app offers information about charging to EV
user in ad hoc Ul and receives user preferences and information of participation to V2B from
there. Smart charging session web app communicates user information and stop/start of
charging to CS energy management system (EMS).

CS EMS operates the bidirectional charging of EVs. CS EMS signals start/stop of charging
to CS controller and which in turn communicates to specific EVSE controllers these
commands. CS controller sends charging information to CS management system and CS
EMS which in turn sends the information to BEMS for energy optimization. CS EMS

receives information of reservation times from parking manager.

BEMS receives information from grid management system and energy market system about
information needed for energy optimization such as energy prices. BEMS informs the CS
EMS about energy demand for V2B discharging. Sensors and controllers measure
bidirectional energy flow from vehicles to building and building energy consumption.
Measurement devices send information about generation and consumption of energy to grid

management system.
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Figure 6. EMSA component layer for the V2B use case of Porto airport. The green coloured

components are relevant for V2B functionality.

The information protocols used in exchange of data between different operating systems is
mapped in EMSA information layer presented in figure 7. The information layer is mapped
on top of component layer to visualize between which components the information protocols
are used. In market level the energy market trading information and monitoring between
EMME system, energy market system, CS operator system, BEMS, and grid management
system and is exchanged with Representational state transfer (REST) protocol. It is also used
in information exchange with Ul. REST defines the type of architecture used for software
interfaces in the web. Open charge point protocol (OCPP) defines communication standards

between charging station and charging station network. IEC 61850 standardizes electrical
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substation communication, and it is used in information exchange between grid management
system and measurement devices. IEC 62196-3 gives standardization to EV connectors
requirements and therefore it is used with CS controller and EVSE controller. IEC/ISO
15118 is standard used in EV and charging station communication. Information protocols of
this use case are mapped in EMSA information layer in figure 7.
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Figure 7. EMSA information layer mapped on top of component layer for the V2B use case

of Porto airport.

The EMSA communication layer provides the communication protocols required for this
use case and it is presented in figure 8. Communication standard used in energy market
information exchange could be transmission control protocol (TCP) or user datagram

protocol (UDP). TCP and UDP are communication protocols that defines information
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exchange in network between applications. The difference is that TCP requires a connection
between source and destination as UDP does not. These protocols are used in charging
station information exchange between system operators and management systems and
applications as well as between energy management, measuring devices, parking
management and EMME. Hypertext transfer protocol secure (HTTPS) is a protocol for safe
transfer of information on the web. It is addition to HTTP protocol to ensure that the data
transfer is encrypted both to and from the server. In this use case it is used in information

exchange to/from user interfaces.
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Figure 8. EMSA communication layer mapped on top of the component layer for the V2B
use case of Porto airport.
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6.1.2 Description of use case

This chapter explains the use case steps and operation more detailed and chronologically.
Information about use case including main success scenario is given in table 1 and use case

steps are in table 2. Use case summary is given below.

Use case summary

EV user books parking lot space from online booking Ul operated by parking manager.
Parking manager reserves the space for EV user. EV user accepts the V2B participation
and starts charging in ad hoc Ul. Smart charging session web app sends the charging
command to CS EMS which sends it to CS controller. CS controller commands EVSE to
start charging and gains charging information from it. CS controller sends this information
upstream. CS EMS informs BEMS to start energy optimization. BEMS receives
information from DSO and energy markets required for energy optimization. BEMS
controls the bidirectional charging through CS EMS. When charging session ends CS
EMS sends charging session data to smart charging session web app which transfers it to
UL.

Table 1. Use case details of Porto airport V2B.

Use Case name Long-term V2B charging with load aggregation in

parking lots for dynamic load balancing and BEMS

integration
Primary actor EV User
Goal of primary actor - Charging of EV, with designated SOC at

disconnection time to ensure mobility needs.
- Offset EV upfront costs by capturing

additional value streams from V2B strategies.

Technical actors Parking management system, smart charging session
web app, CS EMS, CS controller, EVSE controller,
BEMS, ad hoc Ul, online PM booking Ul

Main success scenario EV user prebooks parking or arrives spontaneously to

the airports parking area equipped with bidirectional
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chargers. Car driver plugs car in to the charger and
triggers bidirectional charging event using ad-hoc
user interface. During the charging event car’s battery
together with charging equipment contributes to
buildings energy balance in harmony with other
possible energy resources. When the charging event is
terminated the car’s battery is at full charge or at the
predefined target state-of-charge to ensure effortless
operation of the car by the driver. The EV user leaves

the airport.

Prerequisites - Regulatory sandbox from Regulator entity
- Pre-installation of infrastructure

- Commercial partners collaboration and
Integration

- Charging port compatibility

Table 2. Porto airport use case steps.

Step Action

Linked
information
exchange

Linked
components’ use

1 User accesses online parking Reservation Online Parking
reservation system from ANA and confirmation, Management
books (and pays) parking slot, payment details Booking Ul,
accessing the airport parking lot Parking

Management
System

2 EV driver plugs car into the ISO 15118-20 EV charging
bidirectional charger, beginning information of the | controller, EVSE
charging event plug-in event controller

3 EV user interacts with Ul to initiate Service Smart charging
V2B services, accessing online EV availability, smart | session WebApp,
charging web app charging session Ad-hoc Ul

creation

3.1 [ For enrolment with DrivVe2X, EV Acceptance of Smart charging
driver accepts General Data GDPR and session WebApp
Protection Regulation (GDPR) and registration of user
registers user account (if not done credentials
earlier)




Step Action

Linked
information
exchange
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Linked
components’ use

4 EV driver inputs smart charging Input of estimated | Ad-hoc Ul, Smart
session information departure time and | Charging Session
minimum SOC WebApp
preference at that
time
5 EV driver confirms all the inputs, Start of charging Ad-hoc Ul, Smart
which sends signal to initiate command Charging Session
charging session WebApp
6 Online charging app sends messaging | Relay of charging | Smart charging
with data input to CS EMS requirements, and | session WebApp,
user preferences’ CS EMS
data
7 CS EMS in turn signals specifically | Charger selection | CS EMS, CS
allocated charger to initiate charging | and scheduling, Controller
start command
8 Charger and EV Handshake: A Handshake CS Controller,
communication handshake occurs confirmation, EVSE Controller,
between the EV and the charging protocol EV Charging
station, initiating the charging session | agreement, vehicle | controller, EV BMS
using 1SO 15118-20 data streams
9 CS controller sends session Session CS Controller, CS
information upstream and starts information sent EMS, CS
relaying OCPP messaging on upstream, Management
charging event continual OCPP System, CS
messaging Operator System,
Energy Market
System
10 | CS EMS sends charging session Sends session info | CS EMS, BEMS
information to BEMS, which initiates | to BEMS for
optimization of charging session energy
within the boundary conditions to management
meet building’s energy balance optimization
targets
10.1 | BEMS interacts with the energy Messaging BEMS, Grid
markets and DSO to acquire data that | between BEMS, Management
supports optimization goals Energy markets System (DSO),
and DSO using Energy market
OpenADR, OSCP | System
11 Event is stopped via user input to the [ Session Ad-hoc Ul, Smart

EV charging web app or Ad-hoc Ul

termination

charging session
WebApp, EV
Charging controller
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12 | The web app backend sends session | Session end signal | Smart charging

end signal to CS EMS sent session WebApp,
CSEMS

13 | CS EMS terminates charging session | Session end signal | CS EMS, CS
and sends termination signal to CS sent controller
controller

14 | CS controller sends charging session | Event termination | CS Controller,
terminations signal to EVSE signal sent EVSE controller
controller, which terminates EV
smart charging session and results in
unlatching of the charging port
(locking mechanism)

15 | CS controller sends signal upstream | The session has CS controller, CS
that charging session has ended ended EMS

16 | CM EMS sends session statistics to Receives session CM EMS sends
Smart charging session WebApp status session statistics to
server, which compiles charging Smart charging
statistics report for Ad-hoc Ul session WebApp

server, which
compiles charging
statistics report for
Ad-hoc Ul

17 | CM EMS sends session statistics to Receives session CS EMS, Smart
Smart charging session WebApp status Charging Session
server, which compiles charging Web App, Ad-hoc
statistics report for Ad-hoc Ul ul

18 | EV driver is offered possibility of Displaying of Smart Charging
seeing event statistics in Ul, and is charging statistics | Session WebApp,
informed of billing (if applicable), and billing Ad-hoc Ul
after which vehicle is unplugged information to user

(by user
discretion)

19 EV charging web app considers Parking Smart charging
outcomes of smart charging session information sent to | session WebApp,
and informs parking management parking manager Parking
system of cleared up parking slot Management

System

20 | User leaves airport N.A. N.A.
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6.2 V2G at Terni city centre

This use case studies process of short-term bidirectional charging at Terni city centre. It aims
to relieve reverse power flow issues caused by growing RES integration in distribution grid
by deployment of VV2G charging. V2G can help in balancing of grids demand and supply
and decrease the balancing costs for grid operator. EV users can benefit from offering their
EVs to flexibility campaign by permission. Participation offers EV user monetary gain
compared to one way charging which creates an economic incentive for EV users to use
V2G services. This use case can facilitate the growing renewable energy integration and
decrease emissions as the need for reserve generation decreases and the efficiency of energy
system increases. In chapter 6.2.1 the EMSA layers for this use case are presented and 6.2.2

offers step-by-step use case description.

6.1.3 Modelling of use case

The EMSA business layer contains the market players included in the use case of Terni city
center. EMSP provides the EV user Ul for monitoring and controlling the charging. EMSP
also compensates and bills the EV user according to the charging and VV2G services provided.
EMSP buys energy from energy markets and gives flexibility offers to the market platform
manager. EMSP compensates CPO for charging station management and CPO gives
information to EMSP about charging operations.

Clearing house monitors transactions between EMSP and CPO and ensures interoperable
and proper operation of payment systems. Market platform manager gains knowledge of
available flexibility from EMSP and the demand for flexibility services from DSO. It also
informs the accepted bids to these entities. DSO collaborates with CPO to design V2G
charging places in beneficial places. This requires information about charging and
discharging taking place in charging stations and information about other flexibility services
and demand nearby. DSO also upkeeps the distribution grid feeding CS.

DSO share information with the energy markets. TSO collaborates with DSO in grid
engineering and share information concerning grid congestion management and balancing

of grid.
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Figure 9. EMSA business layer for Terni city center V2G use case. The colors represent

different domains.

The essential functions of the Terni city center V2G use case are mapped in EMSA function
layer in figure 10. EV user services are application functionalities offered by EMSP such as
commanding start of charging or accepting participation to V2G or payment actions.
Charging slot management includes the allocation of charging slots to EV users. EV roaming
allows smart charging to occur outside of service providers network. EV charging flexibility

aggregation is a function that involves the local flexibility market platform to take advantage
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of the flexibility from EVs and trade it to DSO. Energy management is operated by CS EMS
as it optimizes CS energy usage for example by dynamic EV charging load management or
voltage regulation. Grid management and reverse power flow management includes the
balancing of grid generation, storages, and distribution capacities so that grid stability is
achieved. Metering means the measurement of used and received energy so that accurate
payments, compensations, and analysis can be made of trading activities. CS management
refers to the upkeeping of charging stations. Smart EV charging control is the management
of chargers and bidirectional charging actions. It is conducted by CS EMS, CS controller
and EVSE controller. EV management is the measuring and operations occurring in EV and
controlled by EVs components.
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Figure 10. EMSA function layer for Terni city center V2G use case.

The EMSA component layer gives a demonstration of the relations of components in the use
case’s operation. Figure 11 illustrates the EMSA component layer for Terni city center use
case. EMSP system gains user information, preferences, and permission for V2G charging
through application for EV services. EMSP system receives command for start and end of
charging from application for EV services. EMSP sends CS controller request to
charge/discharge through CS EMS.

EMSP system gains information about EV SOC from sensors inside the EV and monitoring

devices of charging station. EMSP purchases energy from energy market systems and offers
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flexibility from EVs to LFMP. EMSP offers CS operator system compensation for charging

services. Clearing house monitors the financial transactions between them.

LFMP receives requests from DSO dashboard and offers from EMSP system. Grid
management system gets information from measurement devices about the grid energy
transactions. Forecast service informs the forecast made according to measurements to DSO
dashboard. The grid management system receives information from the energy market
system about energy trading and gives DSO dashboard information about needed flexibility

services.

CS EMS receives information for energy optimization from energy markets systems and
receives information from EMSP about charging preferences. It commands the CS controller
which in turn operates the EVSE controller to either supply or discharge energy from
vehicles. CS controller also informs about charging actions upstream to the CS management
system that informs the CS operator system. EVSE controllers gain information about the
SOC from EV.
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Figure 11. EMSA component layer for Terni city center V2G use case. The green colored

components are relevant for V2G functionality.

The relevant information protocols of the use case are presented in figure 12. Rest API is an
application programming interface that conforms to the REST principles of design. It is used
in enterprise and market level communication between energy market systems, local
flexibility market platform, CS operational system, EMSP system and clearing house. It is
also utilized in communication between applications for EV services and end user interfaces.

OCPP can be used in charging station communication. Message Queuing Telemetry
Transport (MQTT) is a communication protocol for network information exchange used in

machine-to-machine messaging. MQTT can be used for this use case in information
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receiving from sensors, monitoring, and measurement devices. IEC 62196-3 and IEC/ISO
15118 are used, as in Porto airport use case, for connector requirements and EV and charging

station or EMSP interaction.
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Figure 12. EMSA information layer mapped on component layer for Terni city center V2G

use case.

The communication protocols used are defined in EMSA communication layer depicted in
figure 13. HTTPS is utilized in market and enterprise level communication between energy
market systems and clearing house, EMSP system, CS operator system, LFMP and DSO
dashboard. It is also used in information exchange between application and user interface.
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TCP/IP is used in communication to measurement and sensory devices and controllers. The
same IEC standards are valid as in information layer (figure 12) between vehicle and EVSE
controller or EVSE controller and CS controller.
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Figure 13. EMSA communication layer mapped on top of component layer for Terni city

center V2G use case.
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6.1.4 Description of use case

This chapter focuses on the detailed description of the operation of this use case. This
approach explains the actions of each component involved and exchanged information in
more detail and explain the operation more chronologically. Table 3 offers use case details
and tables 4-7 present the Terni city center use case steps. Also, summary of the use case is

given below.

Use case summary

User registers to application offered by EMSP. EV users get list of DSO flexibility
requests through application from EMSP and EV user chooses participation conditions
such as SOC and time of return and accepts to participate to bidirectional charging. User
starts charging using Ul. EMSP sends charging commands to CS controller which conveys
it to EVSE controller that supplies the EV. EVSE controller collects the charging
information.

EMSP sends flexibility offers to LFMP according to user conditions. LFMP gets a list of
bids and accepts the best bid. Information of accepted bid goes to EMSP that commands
discharging through CS controller. User gets verification of trades to Ul from EMSP.
EMSP controls charging events accordingly until user returns and stops charging either
from Ul or from EVSE controller. EMSP receives charging information from EVSE

controller and calculates payment. EV user pays the charging in UI.

Table 3. Terni city center V2G use case details.

Use Case name V2G integration in public charging stations for addressing

technical grid constraints

Primary actor EV User

Goal of primary actor - Charging of EV, with designated SOC at
disconnection time to ensure mobility needs.
- Offset EV upfront costs by capturing additional

revenue streams from V2G services.
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Technical actors

LFMP, clearing house, EMSP system, app for EV services,
end-user interfaces, DSO dashboard, forecast service, CS
EMS, CS controller, EVSE controller

Main success scenario

EV user uses an EMSP Ul to identify an available charging
point. EV user drives EV to that public charging station and
plugs it into the charger. The Ul invites EV user to
participate in a DSO flexibility campaign, which suggests
that revenues from VV2G services could be attained. If EV
user agrees to do so, a bidirectional charging session starts.
During the smart charging event, the car’s battery through
the charging equipment offers demand/supply balancing to
the distribution grid, with various charging/discharging
cycles. When the charging event is terminated, EV user’s
car’s battery is at full charge or at the predefined target SoC
to ensure the least disruptive operation possible of the car
and that mobility goals are reached. EV user is notified by
the EMSP Ul of how much revenue he made from V2G

services. EV user leaves the charging station.

Prerequisites

- Application in place for user that has registered to
it.

- V2G compatible EV

- Forecasting of energy demand by EMME

- DSO evaluates future energy requirements

Table 4. Terni city center use case steps.

1 EV driver arrives to the parking area. | N.A. N.A.
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EV driver plugs car in to the bi-
directional charger to begin charging

event.

1ISO15118-20
information of the

plug-in even

EV charger
controller, EVSE

controller

EV driver interacts with EMSP UI.

Session creation

EMSP Ul, Smart
charging session

webapp

EV driver opts for bidirectional
charging and DSO flexibility
campaign and accepts GDPR notice

(registers if not already registered).

Consent for data
processing and
registration details

EMSP Ul, Smart
charging session

web app, potentially

EMSP system for

registration

EV driver sets estimated departure
time and preferred SOC at the time
of the departure.

Desired SOC and

departure time

EMSP Ul, Smart
charging session

web app

The EV driver starts charging event

using EMSP UI (or event starts

Command to start

the charging

EMSP Ul, Smart
charging session

automatically after required data is session web app, CS EMS
inputted and campaign is approved)
EMSP processes request and sends signal for EMSP, CS

start signal to CS controller while
also starting to interact with

flexibility market.

charging, energy
usage data for

billing

controller, Local
flexibility market
platform

CS controller sends start signal to
EVSE controller.

signal for charging
session, session

details

CS Controller,
EVSE Controller

EVSE controller initializes session
with the vehicle and subscribes real-
time data streams according to
1SO15118-20.

Real-time data
stream

subscription,

EVSE Controller,
EV Systems
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session
initialization
10 EMSP continues interacting with the | Bidding CS controller, Local
local flexibility market. EMSP information, flexibility market
triggers CS setpoint commands flexibility offers, platform, EMSP
accordingly. CS controller
setpoints
11 Event is stopped via user input to the | Stop signal for EMSP Ul, EVSE
EV charging control system, and charging session, | Controller, CS
communicates session termination to | session EMS, Smart
the EVSE controller, which termination data charging session
subsequently informs CS EMS, and web app
smart charging session web app.
Alternatively, the charging event can
be stopped via ad-hoc mobile app.
Stop signal triggers final settlement
of the session.
12 EV charging web app summarizes Charging statistics | Smart charging
the charging statistics and informs and payment session web app
EV driver of the statistics and statistics or
payments. information
16 EV driver leaves the area. N.A. N.A.

Table 5 - User accepts to participate in the DSO flexibility campaign.

User gets list of DSO requests

List
requests

flexibility | EMSP system Ul




User sets  preferences  (price,

minimum state of charge of EV)

User preferences

EMSP system Ul

User requests to participate in a

specific DSO flexibility campaign

Flexibility offer

EMSP system Ul

The EMSP system puts flexibility

offer in the marketplace

Flexibility offer

Marketplace

User gets confirmation

Flexibility offer

EMSP system Ul

Table 6 - Requests and offers matching.

The market session closes

N.A.

Local Flexibility
Market Platform

The Marketplace gets the list of bids

Bids information

Local Flexibility
Market Platform

The Marketplace determines the best
bid in order to better respond to

DSO's request

Bids information

Local Flexibility
Market Platform

Table 7 - Verification and payment settlement.

Real-time charging data provided | Charging data CPO system
by the EVSE is properly retrieved
The DSO unlocks payment for the | Payment transaction | EMSP system

flexibility request
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The EV owner gets the incentives

for flexibility offered

Payment transaction

EMSP system

The EMSP gets economic benefits

for providing service

Payment transaction

EMSP system
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7 Conclusions

V2X is a way to utilize EVs as flexibility resources by bidirectional charging to grid or loads
when EVs are not in use. V2G can be utilized in balancing peak demand and variable RES
generation by management of charging and discharging according to grid requirements. V2B
and V2H can be used for tariff optimization and V2L supply loads in times of need. V2B
and V2H can benefit EV users and building owners by discounts and decreased energy costs
as V2L with security of supply in off-grid solutions or grid malfunctions. Grid operator can
benefit from V2G as demand for expensive reserve capacity decreases. Using EVs as
distributed energy sources enhances the energy system efficiency and facilitates renewable

energy and e-mobility integration while decreasing emissions.

V2X requires cooperation among system operators and interoperable communication. Use
cases as a method for designing and explaining smart grid system architecture can foster
coherent and interoperable systems and help in determining system requirements. Presented
use cases display the V2G and V2B systems operation. Modelling these use cases with
EMSA aids to visualise the communication, information, components, functions, and market

participants in those systems’ operation.

V2B use case of Porto airport uses EVs battery capacity to support building’s energy system.
Building manager is monitoring building’s energy needs as charging point operator handles
charging point operations in accordance with building manager’s signals. EMSP is providing
Ul for EV users and handles the payments. V2B increases energy efficiency of building and

decreases operational costs as well as CO, emissions.

Terni city centre V2G use case showcases how flexibility from EVs can be used to relieve
grid congestions and support renewable energy use. EMSP operates charging according to
customer preferences and communicates flexibility offers to LFMP. LFMP match flexibility
offers and requirements and operates the market platform to bring flexibility resources,
available to the DSO. EV users gain economically viable charging and support the
sustainability and proper functioning of the grid.

Presented use cases offer clarity to V2B and V2G systems operation. The required standards

and protocols are clarified as well as participants, components, and functions. This facilitates
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the utilization of these use scenarios and V2X technology. Challenges for further research
include the research of battery degradation and testing of V2G effects on grid protection

schemes.
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