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This thesis examines how global grid code specifications influence the design and develop-
ment of Vehicle-to-Grid (V2G) charging equipment. V2G technology enables bidirectional
power flow between electric vehicles and the grid, providing services such as frequency reg-
ulation and renewable energy integration support. The research addresses challenges aris-
ing from diverse regional grid codes that establish technical requirements for power qual-
ity, voltage control, frequency response, and communication protocols. Through systematic
analysis of specifications across Europe, North America, Australia, Asia, South America,
and Africa, the thesis identifies critical regional variations affecting V2G charger design pa-
rameters, particularly for high-power systems. The investigation covers compliance rules,
testing procedures, and certification requirements manufacturers must navigate. By examin-
ing how varying grid codes directly impact V2G charger design, the research offers insights
for developing adaptable equipment and strategies for harmonizing requirements, ultimately
facilitating widespread deployment of this technology in support of sustainable energy sys-
tems.
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SYMBOLS AND ABBREVIATIONS (may be included, but not
relevant for all theses)

Roman characters

f frequency [Hz]
p pressure [bar, Pa]
qm mass flow rate [kg/s]
R gas constant [J/kg K]
S second [s]
T temperature [°C, K]
U voltage [V]
V volume [m3]
v specific volume [m3/kg]
X vapour content
X/R reactance to resistance ratio
Abbreviations
AC Alternating Current
AEMO Australian Energy Market Operator
aFRR Automatic Frequency Restoration Reserve
BEV Battery Electric Vehicle
BMS Battery Management System
CARB California Air Resources Board
CHAdeMO CHArge de MOve (rapid charging standard for electric vehicles)
CSMS Charging Station Management System
DC Direct Current
DER Distributed Energy Resource
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DVER
EDV
EMC
EMS
EV
EVCC
EVCS
EVSE
EXI
FCR
FCS
FCV
FFR
FRT
GW
H2
HVRT
HEV
IEC
IEEE
ISO
kVA
LCL
LVRT
MCS
n.a.
OCPP
OCSpP
PCC
PHEV
PIM
PKI
PWM
RoCoF
SCADA
SDO
SECC
TDD

Distributed Variable Energy Resource
Electric-Drive Vehicle

Electromagnetic Compatibility

Energy Management System

Electric Vehicle

Electric Vehicle Communication Controller
Electric Vehicle Charging Station

Electric Vehicle Supply Equipment

Efficient XML Interchange

Frequency Containment Reserve

Fast Charging Station

Fuel Cell Vehicle

Fast Frequency Response

Frequency Ride-Through

gigawatt

hydrogen

High Voltage Ride-Through

Hybrid Electric Vehicle

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
International Organization for Standardization
kilovolt-ampere

Inductor-Capacitor-Inductor (filter)

Low Voltage Ride-Through

Megawatt Charging System

not applicable

Open Charge Point Protocol

Online Certificate Status Protocol

Point of Common Coupling

Plug-in Hybrid Electric Vehicle
Pennsylvania-Jersey-Maryland Interconnection
Public Key Infrastructure

Pulse Width Modulation

Rate of Change of Frequency

Supervisory Control and Data Acquisition
Standards Development Organization

Supply Equipment Communication Controller
Total Demand Distortion



THD
TSO
USS
V2G
V2G CI
XML

Total Harmonic Distortion

Transmission System Operator

United States dollar

Vehicle-to-Grid

Vehicle-to-Grid Communication Interface

Extensible Markup Language
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1 Introduction

1.1 Background and Motivation

The transition toward a decarbonized energy future has positioned electric vehicles (EVs) as
integral components of modern power systems. Among the various technologies enabling
this integration, vehicle-to-grid (V2G) stands out for its potential to provide grid stability,
energy balancing, and distributed storage capabilities. However, the implementation of V2G
technology within the global energy sector requires more than just technical readiness—it
requires a clear understanding of grid codes, which are regulatory guidelines that control how
electrical systems operate and interact (Kempton and Tomic 2005, p. 280). A primary catalyst
for this convergence is the automotive industry’s accelerating transition towards electric-
drive vehicles (EDVs), a category that includes battery electric vehicles (BEVs), fuel cell
vehicles (FCVs), and plug-in hybrid electric vehicles (PHEVs)(ibid., p. 280). This shift in
vehicular technology is occurring in parallel with the utility sector’s increasing integration of
renewable energy sources. This dual evolution creates a fertile ground for Vehicle-to-Grid
(V2G) technology, which re-envisions EDVs not merely as consumers of electricity but as
dynamic, distributed resources capable of providing power back to the electricity grid to serve
various electric markets (ibid., p. 280).The scale of this potential is significant; for instance,
(ibid., p. 281) illustrate that if just one-quarter of the light vehicle fleet in the United States
were to convert to electric drive, their collective power capacity could rival that of the entire
U.S. utility generation system (refer to Table 1.1, adapted from Kempton and Tomic, 2005,
p. 281).

Table 1: Electric utility generation compared with the light vehicle fleet (for the US)

Metric Electric generation system | Current light vehicle fleet | Hypothetical fleet with 25% EDVs
Number of units 9351 176,000,000 44,000,000

Average unit power (kW) 64,000 1119 15%

Total system power (GW) 602° 19,500" 660

In-use 57%" 4% 4%

Response time (off to full power) Minutes to hours? Seconds Milliseconds to seconds'
Design lifetime (h) 80,000-200,000° 3000 > 3000

Capital cost (per kW) US$ 1000* USS$ 607 US$ 10-200™

Cost of electricity (US$/kWh) .02-.09 average, .05—.80 peak® n.a. .05-.50"

(ibid., p. 281)

However, the integration of V2G systems into the existing power infrastructure presents con-
siderable technical challenges. The widespread adoption of electric vehicles and their asso-
ciated charging infrastructure, particularly V2G-capable systems that facilitate bidirectional

power flow, can introduce potential issues such as voltage deviations, power quality degrada-



tion, and adverse impacts on overall grid stability if not managed meticulously (L. Wang et al.
2021, p. 1). It is in this context that grid codes assume a critical and indispensable role. Grid
codes are sets of technical specifications and rules that govern the connection to and oper-
ation of electricity networks. For V2G systems, these codes are paramount for ensuring the
safe, reliable, and efficient operation of the power grid as it accommodates these novel dis-
tributed energy resources. They provide essential guidelines and technical requirements for
the interconnection, operation, and control of EV charging stations, including V2G-enabled
Electric Vehicle Supply Equipment (EVSE). Adherence to these codes is vital for mitigating
potential adverse impacts and facilitating the seamless integration of V2G technology into

the broader energy ecosystem. (ibid., p. 1).

The potential services and benefits offered by V2G technology are diverse and compelling.
Primarily, V2G-enabled vehicles can offer valuable ancillary services to the grid, such as
frequency regulation and spinning reserves, which are crucial for maintaining grid stability
in real-time. They can also contribute to meeting peak power demands, thereby deferring
or reducing the need for investments in conventional peaking power plants (Kempton and
Tomic 2005, p. 282).Beyond these operational benefits, a particularly significant opportu-
nity lies in V2G’s capacity to support the large-scale integration of intermittent renewable
energy sources, such as solar and wind power. By providing distributed energy storage and
rapid-response backup power, V2G systems can help smooth out the fluctuations inherent in
renewable generation, thereby enhancing overall grid stability and enabling a more substan-
tial penetration of clean energy into the generation mix (ibid., pp. 280, 282). This capability
is increasingly important as nations strive to decarbonize their energy systems.

1.1.1 The Emergence of Electric Vehicles (EVs) and Vehicle-to-Grid (V2G) Technol-
ogy

The contemporary energy landscape is characterized by a significant paradigm shift, par-
ticularly evident in the transportation sector. A notable trend is the automotive industry’s
progressive movement towards electric-drive vehicles (EDVs), encompassing battery elec-
tric vehicles (BEVs), fuel cell vehicles (FCVs), and various forms of hybrid electric vehicles
(HEVs) (ibid., p. 280). This transition is not occurring in isolation; it coincides with ef-
forts within the electric utility sector to integrate a higher proportion of renewable energy
sources into the generation mix. This confluence of developments has paved the way for the
emergence of Vehicle-to-Grid (V2G) technology. V2G reconceptualizes EDVs, transforming
them from passive consumers of electrical energy into active, distributed energy resources.
In a V2G framework, these vehicles possess the capability to dispatch power back to the
electricity grid, thereby participating in and providing services to various electricity markets

(ibid., p. 280). The collective potential of such a vehicular fleet is substantial. For instance,



analysis by (Kempton and Tomic 2005, p. 281)suggests that if merely a quarter of the light
vehicle fleet in a major industrialized nation like the United States were to transition to elec-
tric drive, their aggregated power capacity could approach that of the nation’s entire utility
generation infrastructure. This transformative scale is further illustrated in Table 1, which

compares electric utility generation with the potential power from the light vehicle fleet.

The prospect of integrating a vast fleet of EDVs capable of bidirectional power flow with
the grid, while promising, necessitates careful management to maintain grid integrity. This
brings to the forefront the essential function of established technical frameworks, which must

address the unique characteristics of V2G systems.

1.1.2 The Unique Demands of V2G on Grid Code Frameworks

While traditional grid-connected devices and even unidirectional electric vehicle charging
impose certain requirements on the power system, the advent of Vehicle-to-Grid (V2G) tech-
nology introduces a distinct set of challenges that necessitate robust and specifically tailored
grid code frameworks. Unlike conventional loads, V2G systems are characterized by their
capability for bidirectional power flow, meaning they not only draw power from the grid but
can also inject power back into it (L. Wang et al. 2021, p. 1).The typical topology of such
a bi-directional charging station, illustrating the key components enabling this two-way en-
ergy transfer, is depicted in 1. This bidirectional interaction has profound implications for
grid stability, voltage control, and protection schemes, which comprehensive grid codes must

address.
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Figure 1: Topology of bi-directional electric vehicle charging station.

Furthermore, the effective operation of V2G often relies on the aggregation and coordinated
control of numerous individual vehicles to provide meaningful grid services. Grid codes must
therefore define the technical and communication requirements for these aggregators and the
interface between the aggregated V2G resource and the grid operator. The complexity of
these interconnections and the various stakeholders involved are illustrated in 2. The mobility
of EVs, leading to variable points of connection and intermittent availability, also presents a

unique challenge for grid planning and operation that codes must consider.

(Kaebisch et al. 2010, p. 2).
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Figure 2: The vehicle to grid interface — the related components and stakeholder

The potential for power quality disturbances, such as harmonics, voltage fluctuations, and
flicker, while a concern for any power electronic-interfaced device, can be exacerbated by the
dynamic charging and discharging cycles inherent in V2G operation. Indeed, Fast Charging
Stations (FCSs) themselves have been identified as sources of such power quality issues (L.
Wang et al. 2021, p. 1). Therefore, grid codes for V2G systems must stipulate stringent
requirements for power quality, interconnection standards, and communication protocols to
ensure that V2G integration enhances, rather than compromises, the safety, reliability, and
efficiency of the electricity grid. The adherence to such specialized grid codes is thus not
merely a formality but a fundamental prerequisite for unlocking the full potential of V2G
technology while safeguarding grid integrity.

With the foundational importance of grid codes tailored to V2G’s unique demands estab-
lished, it is pertinent to explore the specific services and the broader potential that V2G tech-
nology, operating within these regulatory frameworks, can offer to the power system and its
stakeholders.

1.1.3 Overview of V2G Services and Potential

Vehicle-to-Grid technology enables electric-drive vehicles to offer a diverse array of valuable
services to the electricity grid, contributing to its stability, efficiency, and capacity to inte-
grate renewable energy. A primary category of services involves providing ancillary services,
which are essential for maintaining the real-time operational integrity of the power system.
These include frequency regulation, where V2G systems rapidly adjust their power charge
or discharge to help stabilize grid frequency, and spinning reserves, where V2G capacity is
held in readiness to respond quickly to unexpected generation outages or load changes. Reg-
ulation is identified as a key market where V2G can participate, alongside providing power
for peak load periods, which can help defer or reduce the necessity for constructing or oper-
ating expensive conventional peaking power plants (Kempton and Tomic 2005, p. 282).The
ability of V2G to provide rapid-response power makes it particularly well-suited for these

high-value services.



Furthermore, a significant area of V2G potential lies in its capacity to support the large-scale
deployment and integration of intermittent renewable energy sources, such as solar and wind
power. The inherent variability of these renewable resources presents challenges to grid sta-
bility. V2G systems, by offering distributed energy storage and the ability to quickly inject or
absorb power, can help mitigate these fluctuations, effectively smoothing the net load profile
and enhancing the grid’s ability to accommodate a higher penetration of clean energy (Kemp-
ton and Tomic 2005, pp. 280, 282).This function is critical for advancing decarbonization
goals within the energy sector. For instance, the PJM Interconnection has served as a testing
ground for V2G capabilities in frequency regulation markets, demonstrating the technical

feasibility of vehicles providing this service (Haque et al. 2021, p. 1).

While the potential of V2G technology to provide these diverse and valuable services is clear,
its successful and widespread implementation is contingent upon navigating the complex and
often varied technical and regulatory requirements imposed by grid operators worldwide. The
specific ways in which these grid codes affect the design and deployment of V2G charging

equipment form the central problem that this thesis aims to address.

1.2 Problem Statement: Navigating the Complex Landscape of Grid Codes for
V2G Charger Design

The integration of Vehicle-to-Grid (V2G) technology, while offering substantial benefits for
grid stability and renewable energy integration, presents a formidable challenge for the de-
signers and manufacturers of V2G-compatible charging equipment. This challenge is rooted
primarily in the complex, diverse, and evolving landscape of grid codes and interconnection
standards that govern how such equipment must interact with the electricity network. The
absence of globally harmonized grid codes means that V2G charging devices intended for
widespread deployment must be capable of adapting to a multitude of regional and national

technical requirements, which can significantly impact their design, cost, and time-to-market.

One of the core problems is the sheer diversity of technical specifications. Grid codes often
stipulate precise limits and operational behaviors concerning voltage regulation, frequency
response, power quality (e.g., harmonic distortion, flicker), fault ride-through capabilities,
and protection schemes. These requirements can vary significantly from one jurisdiction to
another, compelling designers to either create multiple product variants or develop highly
adaptable, and potentially more complex and expensive, universal designs. For instance,
the specific parameters for frequency droop response or the acceptable levels of harmonic
current injection can differ, directly influencing the control algorithms and filtering compo-
nents within the V2G charger (discussing general PQ issues and standards) (L. Wang et al.
2021, p. 1).The need to comply with standards such as those outlined by IEEE or IEC, which

10



themselves can have regional interpretations or addenda, further complicates this landscape

(referenced generally )(L. Wang et al. 2021, p. 1).

Furthermore, the communication and control interfaces between the V2G charger, the electric
vehicle, and the grid operator (or aggregator) are also subject to standardization, such as the
V2G Communication Interface (V2G CI) detailed in the working draft of ISO/IEC 15118-2
at the time of the source publication (Kaebisch et al. 2010, p. 163).Ensuring interoperability
across different vehicles and utility systems, while adhering to these communication pro-
tocols and the overarching grid operational requirements, adds another layer of complexity
to the charger design. The regulatory framework itself, including business models for V2G
services, can also indirectly influence design choices by determining which grid services are
economically viable and thus which technical capabilities must be prioritized (Roman et al.
2011, pp. 11-13).

The specific focus on high-power V2G systems, which are crucial for providing impactful
grid services, intensifies these design challenges. Higher power levels typically mean more
stringent requirements for power quality, efficiency, and thermal management, all of which
must be achieved within the constraints imposed by the applicable grid codes. The develop-
ment and implementation of testing and certification procedures for V2G chargers to prove
compliance with these multifaceted grid codes also represent a significant hurdle, potentially

creating bottlenecks for market entry.

Therefore, a critical problem exists in comprehensively understanding the specific grid code
requirements across key global regions, analyzing their direct and indirect effects on the de-
sign parameters of V2G charging equipment (particularly high-power systems), and identi-
fying the differences and commonalities that could inform strategies for more harmonized or
adaptable charger designs. Without such a detailed understanding, the full potential of V2G
technology may be hindered by bespoke, costly, and slowly developed charging infrastruc-
ture that struggles to navigate the intricate web of existing and emerging grid regulations.

To address this multifaceted problem, this thesis will seek to answer specific research ques-
tions aimed at dissecting the complexities of grid codes and their impact on V2G charger
design, ultimately providing insights to facilitate the development and deployment of V2G
technology.

1.3 Research Objectives and Questions

In response to the complex challenges articulated in the preceding problem statement—
namely, the significant hurdles posed by the diverse, evolving, and often unharmonized land-

scape of grid codes for the design, development, and deployment of Vehicle-to-Grid (V2G)
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compatible charging equipment—this thesis sets forth a series of focused research objectives.
These objectives are designed to systematically dissect this complexity and provide action-
able insights. The overarching aim is to illuminate the specific nature of these grid code
challenges and their tangible impacts on V2G technology. To achieve this, the research will

pursue the following interconnected objectives:

1.3.1 To identify and document grid code specifications relevant to V2G charging
equipment in key global regions.

Stemming directly from the problem statement, which highlights the significant challenges
posed by the diverse and complex landscape of grid codes for the design and deployment
of Vehicle-to-Grid (V2G) charging equipment, a primary objective of this research is to sys-
tematically identify and document the pertinent grid code specifications. This involves a
focused investigation into the technical requirements, operational mandates, and compliance
rules that govern the interconnection and operation of V2G-enabled charging systems in key
global regions. The aim is to create a foundational understanding of the existing regulatory
terrain, which is essential before any analysis of its impact on charger design can be under-
taken. This thesis will specifically seek out details relevant to V2G functionalities, such as
bidirectional power flow, frequency response, voltage support, and power quality, as stipu-

lated in the grid codes of the selected geographical areas.

1.3.2 To analyze and highlight the differences in these grid codes across Europe, North
America, Australia, Asia (India, China, Southeast Asia), South America, and
Africa.

Following the systematic identification and documentation of V2G-relevant grid code spec-
ifications from various key global regions (as outlined in Objective 1.3.1), the second cru-
cial objective of this thesis is to conduct a comparative analysis of these documented codes.
This analysis will specifically aim to highlight the salient differences, as well as any notable
commonalities, in the technical requirements and operational mandates imposed on V2G
charging equipment across the distinct regulatory landscapes of Europe, North America, Aus-
tralia, Asia (with a particular focus on India, China, and Southeast Asia), South America, and
Africa. The core purpose of this comparative study is to map the variations in critical param-
eters such as voltage/frequency ride-through capabilities, power quality stipulations (e.g.,
harmonic limits, reactive power control), protection requirements, and interconnection pro-
cedures. Understanding these regional disparities is fundamental to grasping the complexities
faced by V2G charger manufacturers and to informing strategies for developing adaptable or

region-specific equipment designs.
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1.3.3 To investigate the impact of these varying grid codes on the design and develop-
ment of V2G compatible charging devices, with a focus on high-power systems.

After the identification, documentation (Objective 1.3.1), and comparative analysis (Objec-
tive 1.3.2) of grid code specifications across diverse global regions, the third principal objec-
tive of this thesis is to delve into the consequential impacts of these varying regulatory re-
quirements on the actual design and development processes for Vehicle-to-Grid (V2G) com-
patible charging devices. This investigation will particularly emphasize high-power V2G
systems, given their potential for significant grid service provision and the typically more
stringent technical demands placed upon them. The research will aim to determine how spe-
cific differences in grid code stipulations—such as those related to power quality, fault ride-
through, protection schemes, and communication protocols—translate into tangible design
considerations, component selection, control strategy development, and testing procedures
for V2G charger manufacturers. Understanding these impacts is critical for identifying path-
ways to mitigate design complexities, reduce costs, and accelerate the deployment of robust
and compliant V2G charging infrastructure.

1.3.4 To explore and document grid code compliance rules, testing procedures, and
certification requirements in each geography.

Building upon the understanding of varying grid codes and their impact on V2G charger de-
sign (Objectives 1.3.1, 1.3.2, and 1.3.3), the fourth objective of this thesis is to investigate
the practical aspects of ensuring and demonstrating compliance. This involves exploring and
meticulously documenting the established grid code compliance rules, the specific testing
procedures mandated or recommended, and the certification requirements that V2G charg-
ing equipment must meet in each of the key geographical regions under study. The research
will seek to identify the processes manufacturers must navigate to bring their V2G prod-
ucts to market, including any recognized testing bodies, required documentation, and the
typical timelines or challenges associated with achieving certification. Understanding these
procedural and regulatory hurdles is essential for a comprehensive view of the barriers and
enablers for V2G technology deployment, complementing the analysis of purely technical

design impacts.

1.4 Scope and Limitations of the Thesis

To ensure a focused and achievable research endeavor, it is essential to clearly define the
scope of this thesis and acknowledge its inherent limitations. This section delineates the
boundaries of the investigation concerning geographical reach, technical focus, and the con-
straints that may influence the study’s outcomes or the generalizability of its findings. By es-

tablishing these parameters, the thesis aims to provide a transparent account of what it intends
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to cover and what lies beyond its immediate purview, thereby setting realistic expectations
for its contributions to the understanding of grid codes and their impact on Vehicle-to-Grid

(V2G) charging equipment.

1.4.1 Geographical Scope

The investigation into grid code specifications and their impact on Vehicle-to-Grid (V2G)
charging equipment will encompass a broad yet strategically selected range of key global
regions. This geographical scope is designed to provide a representative overview of the
diverse regulatory environments that V2G technology encounters worldwide. The regions
selected for detailed study are: Europe, North America, Australia, Asia (with a specific fo-
cus on the significant and developing markets of India, China, and Southeast Asia), South
America, and Africa. The selection of these areas aims to capture a variety of developmen-
tal stages in V2G adoption, different electricity market structures, and varying levels of grid
modernization, thereby offering a comprehensive perspective on the global challenges and
opportunities for V2G deployment.

1.4.2 Technical Scope

Within the defined geographical boundaries, the technical focus of this thesis is specifically
centered on conductive Vehicle-to-Grid (V2G) charging technologies. While wireless power
transfer for V2G is an emerging field, this research will concentrate on the more established
and currently prevalent conductive charging interfaces and systems, as these are the primary
subject of existing and developing grid code specifications. The investigation will examine
the impact of grid codes directly on the Electric Vehicle Supply Equipment (EVSE), which
encompasses the V2G-compatible charging station itself. This includes its internal power
electronics, control systems, communication interfaces, and protection mechanisms. Fur-
thermore, a significant emphasis will be placed on high-power V2G systems. These systems,
typically characterized by power levels that can provide substantial grid services (e.g., tens to
hundreds of kilowatts), present more acute challenges and consequently face more stringent
requirements within grid codes concerning power quality, efficiency, and grid stability. The
analysis will therefore prioritize how grid codes affect the design and development of these
high-capacity V2G chargers, rather than lower-power or primarily unidirectional charging

equipment.

1.4.3 Limitations

While this thesis aims to provide a comprehensive analysis within its defined scope, several
inherent limitations must be acknowledged. Firstly, the research relies heavily on publicly

available documentation for grid codes, standards, and related technical reports. The acces-
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sibility, completeness, and currency of such documentation can vary across different regions
and organizations. Consequently, there may be instances where the most up-to-date or pro-
prietary information is not available, potentially affecting the comprehensiveness of the data
collected for certain geographies or specific technical aspects. Secondly, the field of Vehicle-
to-Grid technology and its associated regulatory frameworks, including grid codes and stan-
dards, is highly dynamic and continuously evolving. New standards are regularly developed,
existing ones are updated, and regional policies can change. Therefore, this thesis provides
a snapshot based on the information available up to the point of research completion. Future
developments may alter some of the specifics documented or the conclusions drawn regarding
the impact on V2G charger design. Thirdly, while a broad geographical scope is targeted, the
depth of analysis for each specific sub-region within continents like Asia, South America, or
Africa may be constrained by the availability and detail of English-language documentation.
The focus on India, China, and Southeast Asia within Asia, for example, is a pragmatic ap-
proach to manage this, but it means that other countries within these larger regions might not
be covered with the same level of detail. Finally, the analysis of the impact on V2G charger
design will be based on the interpretation of technical specifications within grid codes and
standards. Without engaging in primary empirical research involving direct interviews with
V2G charger manufacturers or conducting physical testing, the assessment of design impacts
will necessarily be based on documented requirements and established engineering princi-
ples. The practical implementation challenges faced by industry may encompass nuances
not fully captured in publicly available literature alone. These limitations are acknowledged

to provide a realistic context for the findings and conclusions of this thesis.

15



2 Literature Review

2.1 Fundamentals of Vehicle-to-Grid (V2G) Technology

Vehicle-to-Grid (V2G) technology represents a paradigm shift in the relationship between
electric vehicles (EVs) and the electrical power grid. Moving beyond the conventional role of
EVs as mere consumers of electricity, V2G enables bidirectional energy flow, allowing EVs
not only to draw power from the grid for charging but also to inject stored energy back into the
grid when needed. This capability transforms EV batteries into distributed energy resources
that can provide a range of valuable services to support grid stability, enhance renewable
energy integration, and potentially offer economic benefits to EV owners. Understanding
the fundamental principles of V2G technology is crucial before delving into the complexities
of grid codes that govern its operation. This section will therefore explore the core aspects
of V2@, beginning with its system architecture and constituent components, followed by an
examination of its operational modes and the diverse services it can offer. Subsequently,
the discussion will address the potential economic and environmental advantages associated
with V2G deployment, and finally, it will outline the key technical challenges that must be

overcome for its widespread and effective implementation.

2.1.1 V2G System Architecture and Components

The effective implementation of Vehicle-to-Grid (V2G) technology hinges on a well-defined
system architecture comprising several key interacting components: the Electric Vehicle
(EV) itself, the specialized Electric Vehicle Supply Equipment (EVSE) capable of bidirec-
tional power flow, and the interface with the electrical grid. At its core, the V2G architec-
ture facilitates the controlled exchange of electrical energy between the EV’s battery and the
power grid, transforming the vehicle into a mobile energy storage unit that can support grid

operations.

The Electric Vehicle (EV) in a V2G context is more than just a mode of transport; its on-
board battery system is the primary energy reservoir. For V2G participation, the EV must
be equipped with a battery management system (BMS) that can manage bidirectional energy
flows and communicate effectively with the EVSE to ensure safe and efficient operation. The
EV’s capability to act as a Distributed Variable Energy Resource (DVER) is characterized by
parameters such as its maximum supply and feeder power, whether its power adjustment is
step-less or fixed, its total storage capacity available for grid services, and its current charg-

ing level (Kaebisch et al. 2010, p. 164).While some V2G implementations might utilize the
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EV’s onboard charger if it is designed for bidirectional capability, dedicated oft-board bidi-
rectional chargers within the EVSE are more common for higher power V2G applications

due to thermal management and component sizing considerations.

The Electric Vehicle Supply Equipment (EVSE), often referred to as a V2G charging station,
is a critical intermediary. Unlike conventional unidirectional chargers, V2G EVSE incor-
porates power electronics capable of converting AC power from the grid to DC power for
charging the EV battery, and importantly, converting DC power from the EV battery back to
AC power suitable for injection into the grid. This bidirectional power converter is a corner-
stone of the V2G EVSE. The EVSE also houses control systems that manage the charging
and discharging cycles based on signals from the grid operator, an aggregator, or the EV
owner, while ensuring adherence to safety protocols and grid requirements. Communication
interfaces within the EVSE are vital for exchanging information with the EV (e.g., state of
charge, battery health) and with the V2G control entity (e.g., dispatch signals, pricing in-
formation). To ensure efficient data exchange, especially in resource-constrained embedded
systems within the EVSE, binary XML formats like the W3C’s Efficient XML Interchange
(EXT) are considered for V2G messaging, addressing the overhead of plain-text XML (Kae-
bisch et al. 2010, p. 163).Furthermore, the EVSE plays a crucial role in integrating the EV
into the smart grid by mapping information from the V2G communication interface (V2G
CI) to standardized models like those defined in IEC 61850, particularly the DVER model
based on IEC 61850-7-420. This allows the EV to be represented and controlled as part of a
larger virtual power plant (VPP) .

The Grid Interface represents the point of connection between the V2G EVSE and the elec-
trical distribution network. This interface must comply with all relevant grid interconnection
standards and codes. From the smart grid’s perspective, the EVSE, representing one or many
EVs, can be modeled using the hierarchical structure of IEC 61850. This standard defines a
server (e.g., the EVSE or an aggregation point) containing logical devices (representing the
EV or EV fleet), which in turn comprise logical nodes (LNs) that describe specific aspects
like “motor’ or ’storage’ through various data values such as status information, settings, mea-
surements, and controls (ibid., p. 163).This structured modeling enables a homogeneous rep-
resentation of diverse energy resources, facilitating their integration and coordinated control
within the smart grid. Typically, the physical grid interface involves appropriate switchgear,
protection devices (e.g., circuit breakers, relays) to ensure safe operation and to disconnect
the V2G system in case of grid faults or abnormal conditions, and potentially filtering equip-
ment to mitigate power quality issues such as harmonic distortion. discussing fast charging
stations, touches upon the general grid connection aspects and the importance of adhering to
standards to prevent adverse grid impacts, which is equally pertinent for V2G systems.(L.
Wang et al. 2021, p. 1).
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Collectively, these components—the EV with its manageable battery and DVER characteris-
tics, the sophisticated bidirectional EVSE with advanced communication and data modeling
capabilities, and the compliant and intelligent grid interface—form the V2G system architec-
ture. The seamless and coordinated operation of these elements, governed by robust commu-

nication and control strategies, is essential for realizing the full potential of V2G technology.

2.1.2  V2G Operational Modes and Services

Vehicle-to-Grid (V2G) enabled Electric Vehicles (EVs) can operate in various modes to pro-
vide a suite of valuable services to the electricity grid, moving beyond their primary function
as transportation. These services primarily leverage the EV battery’s ability to act as a con-
trollable load and a mobile energy storage resource capable of bidirectional power flow. The
most economically attractive entry points for V2G are often ancillary service markets, partic-
ularly those requiring rapid response and offering capacity-based payments (Kempton, Udo,
et al. 2009, p. 2).

One of the most significant services V2G can offer is frequency regulation. Power systems
require a constant balance between electricity generation and load to maintain grid frequency
at its nominal value (e.g., 50 Hz or 60 Hz). Deviations from this nominal frequency can lead
to instability and, in extreme cases, blackouts. Frequency regulation services involve inject-
ing power into the grid (regulation up) when frequency drops or drawing power from the
grid (regulation down) when frequency rises. EVs participating in V2G are well-suited for
this service due to their rapid response capabilities, often outperforming traditional genera-
tors. The PJM Interconnect market, for instance, values regulation services, and tests have
demonstrated that V2G-capable vehicles can effectively respond to real-time regulation sig-
nals from system operators (ibid., pp. 2, 6).For example, a V2G-capable vehicle was shown
to follow a PJM regulation signal, adjusting its charge/discharge rate accordingly to help sta-
bilize frequency, as illustrated by test results where the vehicle’s power output closely tracked

the requested regulation signal 3.
(ibid., p. 23)

Another key ancillary service is spinning reserves (or synchronous reserves). This service
provides capacity that can be quickly dispatched to cover unexpected generation outages or
load increases. While the dispatch frequency for spinning reserves is typically lower than
for regulation, the capacity payment can still be significant. V2G systems can offer this by
having a fleet of connected EVs ready to discharge power upon request (ibid., p. 2).The quick

response time of battery storage makes EVs suitable for this application.

Peak shaving is another valuable service. During periods of high electricity demand (peak

load), the cost of generation and the stress on the grid infrastructure increase. V2G-enabled
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Figure 3: Electric vehicle response to a PJM regulation signal over two hours, illustrating its
capability to provide frequency regulation by modulating power charge and discharge.

EVs can discharge stored energy during these peak periods, reducing the overall load seen
by the grid and potentially deferring the need for expensive grid infrastructure upgrades.
Conversely, EVs can be charged during off-peak hours when electricity prices are typically
lower and generation capacity is more readily available. This operational mode helps to
flatten the load curve, leading to more efficient utilization of generation assets (J. Wang et al.
2011, p. 1).

Beyond these, V2G can provide other ancillary services, including participation in Frequency
Control Ancillary Services (FCAS) contingency markets. These services are designed to sta-
bilize grid frequency in response to sudden, large disturbances, such as the unexpected loss
of a major generator or transmission line. FCAS contingency services are often categorized
by their response time (e.g., fast, slow, delayed) and whether they involve increasing genera-
tion/reducing load (raise services) or decreasing generation/increasing load (lower services).
Bidirectional EV chargers can be controlled to deliver these contingency services in compli-
ance with grid code requirements, with the advantage that such events are relatively rare, min-
imizing the impact on the EV’s battery state of charge(Haque et al. 2021, p. 1).For example, in
the Australian National Energy Market, FCAS contingency services include fast raise/lower
(6-second response), slow raise/lower (60-second response), and delayed raise/lower (300-

second response) services, triggered by specific frequency deviations 2.

Furthermore, when a significant number of V2G-capable vehicles are concentrated in a spe-
cific area, they can provide distribution system support, helping to manage local grid con-
straints such as overloaded transformers or voltage deviations(Kempton, Udo, et al. 2009,
p. 2).In the longer term, as the penetration of intermittent renewable energy sources like wind
and solar power increases, aggregated V2G fleets could serve as distributed energy storage,
helping to smooth out the variability of these resources by absorbing excess generation and

supplying power when renewables are unavailable(ibid., p. 2).
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Table 2: Specifications for Contingency FCAS Response in the Australian National Energy
Market

Service type | Response time (s) | Duration (s) | Trigger (Hz)
Fast raise 6 60 f < 49.85
Fast lower 6 60 f>50.15
Slow raise 60 300 f < 49.85
Slow lower 60 300 f>50.15
Delayed raise 300 600 f<49.85
Delayed lower 300 600 f>50.15

These operational modes and services highlight the versatility of V2G technology in en-
hancing grid reliability, stability, and efficiency, while also potentially creating new revenue
streams for EV owners and fleet operators.

2.1.3 Economic and Environmental Benefits of V2G

Vehicle-to-Grid (V2G) technology offers a compelling suite of economic and environmental
benefits, transforming Electric Vehicles (EVs) from mere transportation devices into active
participants in the energy ecosystem. These advantages accrue to various stakeholders, in-
cluding EV owners, grid operators, and society at large through improved energy efficiency

and reduced environmental impact.

The economic proposition of V2G is multifaceted, primarily revolving around revenue gener-
ation for EV owners and cost savings for the broader power system. EV owners can generate
income by selling services such as frequency regulation, spinning reserves, and peak power
back to the grid.The study (Kempton, Udo, et al. 2009, p. 2) highlights that the most economic
entry for V2G is often the ancillary services market, with frequency regulation being partic-
ularly lucrative, potentially averaging 30—45/MW per hour in deregulated markets. Spin-
ning reserves offer another revenue stream, albeit typically lower than regulation.(Kempton,
Tomic, et al. 2001, 1, ii1)) quantifies potential annual net profits for EV owners participating
in these markets. For instance, a full-function battery EV could see net profits from regula-
tion services significantly higher than from peak power or spinning reserves, underscoring

the importance of matching vehicle capabilities to specific market demands.

Table 3: Vehicle owner’s annual net profit from V2G; these are representative midrange
figures extracted from full analysis in the report. Key: net = revenue — cost.

Vehicle Type Peak Power Spinning Reserves

Battery, full function $267 (510 — 243) $720 (775 — 55)

Battery, city car $75 (230 — 155) $311 (349 — 38)

Fuel cell, onboard H, | $-50 (loss) to $1,226 (2200 — 974 to 2250) | $2,430 to $2,685 (3342 — 657 to 912)
Hybrid, gasoline $322 (1500 — 1178) $1,581 (2279 — 698)
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Beyond direct revenue for EV owners, V2G contributes to the overall grid economy. The
ability of EVs to provide power during peak demand periods can defer or reduce the need for
expensive investments in new generation capacity and grid infrastructure upgrades (Kemp-
ton and Tomic 2005, p. 280). The capital costs to tap vehicle electricity are suggested to be
one to two orders of magnitude lower than building new power plants, although the oper-
ational costs per kWh from vehicles can be higher for baseload power (ibid., p. 281)(table
1).However, for specific high-value, quick-response services, V2G presents a cost-effective
solution. Furthermore, by optimizing charging during off-peak hours and discharging during
peak hours, V2G helps in flattening the electricity demand curve, leading to more efficient

utilization of existing generation assets and potentially lower overall electricity prices.

The environmental advantages of V2G are significant, particularly in the context of tran-
sitioning to a cleaner energy future. A primary benefit is the reduction of greenhouse gas
(GHG) emissions. By enabling EVs to be powered by increasingly renewable electricity
sources and by displacing gasoline consumption, V2G directly contributes to decarbonizing
the transport sector. (Andersen et al. 2009, p. 2482) states that a country can reduce its GHG
emissions substantially (by up to 20%) simply by shifting to EVs, and this reduction can in-
crease to up to 60% if the electricity is generated from renewable sources. V2G enhances
this by optimizing charging with renewable generation and potentially feeding green power
back to the grid.

Perhaps the most crucial environmental contribution of V2G is its ability to facilitate the
large-scale integration of intermittent renewable energy sources (RES) such as wind and
solar power. The inherent variability of these sources poses a challenge to grid stability.
V2G-enabled EVs, when aggregated, can act as a vast distributed energy storage network,
absorbing surplus renewable generation during periods of abundance (e.g., sunny or windy
conditions) and discharging it back to the grid when RES output is low or demand is high
(Kempton, Udo, et al. 2009, p. 2),(Kempton and Tomic 2005, pp. 280, 282).This storage
and balancing capability helps to smooth out the fluctuations of RES, making the grid more
resilient and reducing reliance on fossil-fuel-based peaker plants that would otherwise be
needed to manage intermittency. (Andersen et al. 2009, p. 2484)emphasizes that viewing
EV batteries as distributed storage devices can make wind and other intermittent sources
more reliable. The ERGO business model, for example, aims to derive benefits from utiliz-
ing power grids with a substantial increase in renewable electric energy production, managing
fluctuating supply efficiently (ibid., p. 2481)(Abstract).

Furthermore, V2G contributes to reduced air pollution in urban areas by promoting the adop-
tion of EVs, which have zero tailpipe emissions. This leads to improved local air quality
and public health benefits(Kempton, Tomic, et al. 2001, p. 1). The shift towards electrified
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transportation, supported by V2G, also lessens dependence on imported oil, enhancing en-
ergy security. In summary, V2G technology presents a dual advantage: it offers tangible
economic returns to EV owners and grid operators while simultaneously fostering a more
sustainable and environmentally friendly energy system by reducing emissions and enabling

greater penetration of renewable energy.

2.1.4 Technical Challenges in V2G Implementation

The widespread adoption of Vehicle-to-Grid (V2G) technology, despite its numerous bene-
fits, is contingent upon overcoming a series of significant technical challenges. These hur-
dles span various aspects of the V2G ecosystem, from the electric vehicle (EV) itself to the
charging infrastructure and the broader electrical grid. Addressing these challenges is cru-
cial for ensuring the reliability, efficiency, safety, and economic viability of V2G systems.
One of the foremost technical concerns is battery degradation. The frequent charging and
discharging cycles inherent in V2G operations can accelerate the wear and tear on EV bat-
teries, potentially shortening their lifespan and diminishing their capacity over time. The
cost associated with battery degradation due to V2G participation is a critical factor, as high-
lighted in the analysis of V2G economics where battery replacement or degradation costs
some studies suggest that shallow cycling for services like frequency regulation might cause
less degradation, the overall impact remains a significant area of research and concern for
both consumers and manufacturers (ibid., p. iii).Power quality and grid stability represent
another major set of technical challenges. The power injection from numerous EVs into the
grid, especially if not properly managed, can lead to issues such as voltage fluctuations, fre-
quency deviations, and harmonic distortions. Bidirectional chargers, being power electronic
converters, can introduce harmonic currents into the grid, potentially affecting the operation
of other connected equipment and increasing losses. (Grasel, José Baptista, et al. 2021, p. 1)
notes that bidirectional EVSE can be a main pollutant of harmonic emissions, particularly at
low power set-points, and can alter harmonic phase angles. Furthermore, the connection of
V2G chargers can change the characteristics of the electrical distribution grid’s impedance,
potentially leading to resonance issues (Grasel, J. Baptista, et al. 2023, p. 1).The study indi-
cates that V2G chargers can introduce additional capacitance and inductance, affecting the
frequency-dependent grid impedance and causing resonances to appear or shift (ibid., pp. 1,
3).

(ibid., p. 3)

4illustrates the reference grid impedance (e.g., according to IEC 60725) and compares it with
the grid impedance when a V2G charger is connected but not in operation, and when it is in

operation, highlighting the changes in impedance characteristics due to the V2G system.
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Figure 4: Reference grid impedance and impact of V2G charger connection.

The development and standardization of communication and control systems are paramount
for effective V2G implementation. Robust and secure communication protocols are needed to
manage the flow of information and energy between EVs, Electric Vehicle Supply Equipment
(EVSE), and the grid operator or aggregator.(Kaebisch et al. 2010, pp. 161, 162) emphasizes
the need for a standardized V2G communication interface (V2G CI) to ensure interoperability
and handle complex processes like authorization, operation, and billing automatically. The
complexity arises from the various stakeholders involved and the need to balance load, pro-
vide authentication, and manage charging schedules, often requiring sophisticated backend
processes (ibid., p. 162). Ensuring the cybersecurity of these communication links is also a
critical challenge to prevent unauthorized access or malicious attacks that could disrupt V2G

operations or compromise grid stability.
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Figure 5: V2G Message Structure

(Kaebisch et al. 2010, p. 163) This diagram illustrates the generic V2G message structure,
including header and body elements, used for communication between the EV and EVSE,
highlighting the data fields necessary for V2G operations like service discovery, authoriza-

tion, and power delivery.

Bidirectional charger technology itself presents technical challenges. These chargers must
be efficient, reliable, compact, and cost-effective. They need to handle bidirectional power
flow seamlessly and incorporate advanced control algorithms for grid support functions. Is-
sues such as the design of LCL filters, DC link capacitors, and the management of ripple
currents are important considerations in charger design (Grasel, J. Baptista, et al. 2023, pp. 2,
3).The thermal management of high-power bidirectional chargers is also a concern, espe-
cially for fast charging and discharging scenarios. Furthermore, the scalability and aggre-
gation of a large number of EVs for V2G services pose technical complexities. Managing
and coordinating thousands or millions of distributed energy resources requires sophisticated

aggregation platforms, advanced forecasting of EV availability and energy needs, and robust
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control strategies to ensure that the aggregated response meets grid requirements without ad-
versely affecting individual EV user needs. In summary, while V2G holds immense promise,
its successful deployment hinges on addressing critical technical challenges related to battery
longevity, power quality, grid stability, communication and control infrastructure, bidirec-
tional charger technology, and the scalable aggregation of EV resources. Ongoing research
and development, coupled with standardization efforts, are essential to mitigate these chal-

lenges and pave the way for a V2G-enabled future.

2.2 Grid Codes and Their Importance for Distributed Energy Resources (DER)

Grid codes are a critical component of modern power system operation, particularly with
the increasing integration of Distributed Energy Resources (DER), including Vehicle-to-Grid
(V2G) systems. These codes establish the technical rules and requirements that all entities
connected to or using the electricity grid must adhere to, ensuring the safety, security, stabil-
ity, and reliability of the overall power system. Their importance is magnified in the context
of DER, as these resources, while offering numerous benefits, can also introduce new com-

plexities and potential challenges to grid management if not properly regulated.

2.2.1 Definition, Purpose, and Structure of Grid Codes

Grid codes, also known as grid connection codes or network codes, are technical specifica-
tions that define the parameters a facility connected to a public electricity grid must meet
to ensure safe, secure, and economic operation of the electric system. The primary purpose
of grid codes is to maintain the operational integrity of the power grid by setting out the re-
sponsibilities and obligations for both grid operators (Transmission System Operators (TSOs)
and Distribution System Operators (DSOs)) and grid users, including generators, large con-
sumers, and DER aggregators.As highlighted in (Roman et al. 2011, p. 1) the integration of
new technologies like EVs necessitates reviewing grid codes and operational system proce-
dures for interactions between network operators and new entities like vehicle aggregators.
These codes aim to prevent adverse impacts on the grid, such as voltage instability, frequency
deviations, or power quality degradation, which can arise from the connection of new types

of loads or generation sources like EV charging stations (L. Wang et al. 2021, p. 1).

Structure: While the specific structure of grid codes can vary significantly from one coun-
try or region to another, they generally cover a wide range of technical aspects. Common

components of grid codes include:

1. Connection Conditions: Requirements for connecting new facilities to the grid, in-
cluding technical design criteria, protection settings, and procedures for application

and approval.
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2. Operational Requirements: Rules governing the operation of connected facilities, such
as voltage and frequency control capabilities, fault ride-through performance, reactive
power support, and power quality limits (e.g., harmonic emissions, flicker). (L. Wang
et al. 2021, p. 1).mentions that power quality issues like voltage imbalance, flicker,
and harmonics have been reported with fast charging stations, underscoring the need

for grid codes to address these.

3. Data Exchange and Communication: Specifications for communication interfaces,

data provision, and control signals between grid users and the system operator.

4. Planning and Development: Rules related to network planning, forecasting, and the

development of new grid infrastructure.

5. Compliance and Enforcement: Procedures for verifying compliance with the grid code,

including testing, monitoring, and penalties for non-compliance.

(K etal. 2021, p. 1) notes that CHAdeMO is the only charging methodology with V2G func-
tionality that can be made compatible with local grid codes, implying that grid codes must

be adaptable to new technologies and their specific capabilities.

2.2.2 Importance of Grid Codes for Distributed Energy Resources (DER) and V2G

The proliferation of DER, such as rooftop solar PV, small wind turbines, energy storage sys-
tems, and V2G-enabled EVs, presents both opportunities and challenges for power system
operation. Grid codes are paramount in harnessing the benefits of DER while mitigating po-

tential negative impacts. For DER, including V2G, grid codes serve several crucial functions:

 Ensuring Grid Stability and Reliability: DER can affect local voltage levels and poten-
tially cause reverse power flows. Grid codes define how DER should behave during
normal and abnormal grid conditions (e.g., fault ride-through capabilities) to support

overall system stability.

* Maintaining Power Quality: Power electronic interfaces used in many DER, including
bidirectional EV chargers, can inject harmonics or cause other power quality distur-
bances. Grid codes set limits on these emissions to protect other connected equipment

and maintain the quality of supply for all users (L. Wang et al. 2021, pp. 1, 5).

* Facilitating Market Participation: Clear grid codes can enable DER, including aggre-
gated V2G fleets, to participate in electricity markets by providing ancillary services
like frequency regulation or peak shaving. The codes define the technical performance

required for such participation.
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 Standardizing Interconnection: Grid codes provide a standardized framework for the
interconnection of DER, simplifying the process for both DER owners and grid oper-

ators. This is essential for the large-scale deployment of technologies like V2G.

* Enabling Grid Support Functions: Modern grid codes increasingly require DER to
provide grid support functions, such as voltage support through reactive power control
or frequency support by adjusting active power output. V2G systems, with their fast
response capabilities, are well-suited to provide these services if the grid codes are

designed to accommodate them.

(Roman et al. 2011, p. 1) emphasizes the need for reviewing grid codes for interactions be-
tween network operators and vehicle aggregators, highlighting the specific relevance for
V2G. Similarly, (Ahmad and Bilal 2023, p. 1) mentions that different organizations eval-
uate standards and regulations for EV integration into the grid, which inherently involves

grid code considerations.

2.2.3 Key International Standards Development Organizations (SDOs)

Several international and regional organizations play a vital role in developing the standards
that often form the basis of, or are referenced by, national grid codes. These SDOs foster
harmonization and promote best practices in power system operation and equipment manu-

facturing. Key organizations include:

* International Electrotechnical Commission (IEC): The IEC prepares and publishes in-
ternational standards for all electrical, electronic, and related technologies. Many IEC
standards are crucial for grid integration of DER and EV charging, such as the IEC
61851 series for EV conductive charging systems and the IEC 61000 series for elec-
tromagnetic compatibility (EMC), which includes limits for harmonic emissions (L.
Wang et al. 2021, pp. 1, 5).(K et al. 2021, p. 1) also refers to international standards

from ISO, indicating its role.

* Institute of Electrical and Electronics Engineers (IEEE): The IEEE Standards Associ-
ation develops globally recognized standards in a broad range of industries, including
power and energy. The IEEE 1547 series, for example, is a benchmark standard for
the interconnection of DER with electric power systems and is widely adopted or ref-

erenced in North America and other regions (L. Wang et al. 2021, pp. 1, 5).

* International Organization for Standardization (ISO): ISO develops and publishes a
wide range of proprietary, industrial, and commercial standards. For V2G, the ISO

15118 series is particularly important as it defines the communication interface be-
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tween EVs and the EVSE, including for advanced V2G functionalities (K et al. 2021,
p. 1).

* CENELEC (European Committee for Electrotechnical Standardization): In Europe,
CENELEC develops European Standards (ENs) which are often based on IEC stan-
dards but can include specific European requirements. These ENs play a significant

role in the harmonization of technical rules across European Union member states.

These SDOs work through technical committees composed of experts from industry, academia,
and regulatory bodies, ensuring that the standards reflect current technological capabilities
and address emerging challenges in the power sector. In summary, grid codes are indispens-
able for the orderly integration of DER and V2G systems into the power grid. They provide
the necessary technical framework to ensure that these new resources contribute positively to
grid operation, support reliability and power quality, and can participate effectively in energy
markets. The work of international SDOs is crucial in providing the foundational standards

upon which robust and effective grid codes are built.

2.3 Overview of Key International Standards for EV Charging and V2G

2.3.1 1EC 61851 Series: Conductive Charging Systems (including MCS)

The IEC 61851 series of standards provides a comprehensive framework for Electric Vehicle
(EV) conductive charging systems. A significant recent development within this series is
the introduction of specifications for Megawatt Charging Systems (MCS), designed to ad-
dress the high-power charging needs of heavy-duty EVs. The document IEC 61851-23-3
ED1 (Committee Draft for Vote 69/1025/CDV) specifically details the requirements for DC
electric vehicle supply equipment for MCS (IEC 61851-23-3 ED1 page 10).

The introduction of MCS responds to the growing commercialization of heavy-duty EVs,
which feature substantially larger batteries than passenger cars. Existing charging standards
prior to MCS did not offer sufficient power to recharge these large batteries within commer-
cially viable timeframes, especially for long-haul applications requiring intermediate charg-
ing (IEC 61851-23-3 EDI page 9). Consequently, IEC 61851-23-3 EDI facilitates charg-
ing power up to several megawatts, outlining the associated safety and interoperability re-
quirements. This standard distinguishes itself from the earlier IEC 61851-23 by supporting
a higher rated maximum voltage at the EV side (up to 1250 V DC compared to 1000 V DC)
and referencing IEC TS 63379 for continuous current ratings. Furthermore, it specifies Eth-
ernet I0BASE-T1S with ISO 15118-20 as the application layer for digital communication, a
shift from the HomePlug GreenPHY used in earlier systems (IEC 61851-23-3 ED1 page 9,
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Table 201). While developed for heavy-duty EVs, the application of MCS is not, in principle,
limited to them (IEC 61851-23-3 ED1 page 9).

The scope of IEC 61851-23-3 EDI, in conjunction with IEC 61851-1 Ed. 3 and IEC 61851-
23 Ed. 2.0, applies to EV supply equipment for energy transfer between the supply network
(up to 1000 V AC or 1500 V DC at side A) and EVs (up to 1250 V DC at side B). The
standard specifically addresses MCS equipped with a coupler compliant with IEC TS 63379
(IEC 61851-23-3 ED1 page 10). Requirements for bidirectional power flow, systems without
protective separation, and charging a single EV with multiple connectors or multiple EVSEs
are noted as being under consideration (IEC 61851-23-3 ED1 page 10). Digital communica-
tion requirements for energy transfer control are defined in ISO 15118-10 and ISO 15118-20
(IEC 61851-23-3 ED1 page 10).

Annex CC of IEC 61851-23-3 EDI provides normative requirements specifically for EV
supply equipment of system MCS, which is classified as a mode 4 EV supply equipment.
The rated maximum voltage at side B (EV side) is limited to < 1250 V DC (IEC 61851-23-3
ED1 page 39, CC.1). Digital communication between the EVSE and EV must comply with
ISO 15118-20:2022 and its amendment, utilizing 10BASE-TI1S physical layer as per ISO
15118-10 (IEC 61851-23-3 ED1 page 39, CC.2.1). The annex details the circuit diagram for
configuration HH (replacing configuration EE from IEC 61851-23), including component
values and tolerances for both the EVSE and the EV (IEC 61851-23-3 ED1 page 39, CC.2.2;
page 40, Figure CC.101; page 42, Table CC.101; page 43, Table CC.102). It also specifies
system states based on Charge Enable (CE) voltage and Insertion Detection (ID) voltage
ranges (IEC 61851-23-3 ED1 page 44, Table CC.103; page 44, Table CC.104; page 45, Table
CC.105; page 45, Table CC.106; page 46, Table CC.107). Requirements for the disabled side
B of the EVSE, including discharge times and equivalent circuit component limits, are also
defined to ensure safety (IEC 61851-23-3 EDI page 46, CC.2.4; page 47, Figure CC.102;
page 47, Table CC.108). The communication channel between the EVSE and EV must adhere
to ISO 15118-10 and be designed as a multidrop network according to IEEE 802.3-2022,
clause 147.8.2 (IEC 61851-23-3 ED1 page 48, CC.2.5).

2.3.2 1ISO 15118 Series: V2G Communication Interface

The ISO 15118 series is a cornerstone international standard defining the communication in-
terface between Electric Vehicles (EVs) and the Electric Vehicle Supply Equipment (EVSE),
particularly for advanced Vehicle-to-Grid (V2G) functionalities. This standard enables bidi-
rectional communication, supporting features like Plug Charge, smart charging, and bidirec-
tional energy transfer (V2G). Amendment 1 to ISO 15118-20:2022 (ISO 15118-20:2022/DAM
1) introduces significant updates, focusing on AC Distributed Energy Resource (DER) ser-

29



vices, Megawatt Charging System (MCS) services, and an improved security concept (ISO
15118-20:2022/DAM 1 page ii, title).

This amendment incorporates new normative references, including ISO 15118-10 for physi-
cal and data link layer requirements for single-pair Ethernet, and IEC 61851-23-3 concerning
DC EVSE for MCS (ISO 15118-20:2022/DAM 1 page 1, Clause 2). It also introduces sev-
eral new terms and definitions critical for understanding advanced V2G operations and DER
integration. These include “charge enable state (CE state)” as defined in IEC 61851-23-3,
”megawatt charging system (MCS)” according to IEC 61851-23-3, and terms related to grid
interaction such as ”cease to energize,” “distributed energy resource (DER),” “enter service,”
“frequency droop curve,” “ride-through,” and “trip” (ISO 15118-20:2022/DAM 1 page 1-2,
Clause 3). These definitions provide a common vocabulary for describing the behavior of

EVs acting as DERs.

The amendment places a strong emphasis on enhancing the security framework for V2G
communication. It specifies that the size of certificates used in the Public Key Infrastructure
(PKI) should be less than or equal to 1600 bytes, a consideration for resource-constrained
embedded systems in EVs and EVSEs. This may necessitate careful construction of certifi-
cates, for instance, by limiting the use of long URLs or multiple certificate policies (ISO
15118-20:2022/DAM 1 page 5, Clause 7.3.2). New requirements ([V2G20-3000], [V2G20-
3001]) are introduced to ensure that relying parties (EVCC and SECC) validate that certifi-
cates are used exclusively within the validity period of their issuer’s certificate (ISO 15118-
20:2022/DAM 1 page 5, Clause 7.3.2).

Further security enhancements pertain to the Online Certificate Status Protocol (OCSP). The
amendment clarifies requirements for OCSP signer certificates used to verify the status of
SECC certificates, contract certificates, vehicle certificates, and OEM provisioning certifi-
cates. For instance, the OCSP signer certificate for an SECC certificate must chain up to
a V2G Root CA that is either the same as the one signing the SECC certificate or one
of those indicated by the EVCC during the TLS handshake ([V2G20-3002]) (ISO 15118-
20:2022/DAM 1 page 6, Clause 7.3.2.1). Similar clarifications are provided for contract
certificates ([V2G20-3003]), vehicle certificates ([V2G20-3004]), and OEM provisioning
certificates ([V2G20-3005]), ensuring a robust and verifiable chain of trust for all entities
involved in the V2G ecosystem (ISO 15118-20:2022/DAM 1 page 6, Clause 7.3.2.1).

These updates in ISO 15118-20:2022/DAM 1 are crucial for enabling more complex V2G
services, including those involving high-power MCS and the integration of EVs as DERs

into AC grids, while maintaining a high level of security and interoperability.
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OCPP (Open Charge Point Protocol)

The Open Charge Point Protocol (OCPP) serves as the de facto industry standard for commu-

nication between a Charging Station and a Charging Station Management System (CSMS).

It is designed to accommodate any type of charging technology and is an open standard, free

from cost or licensing barriers, promoting innovation and participation in the eMobility sector
(OCPP 2.0.1 Part O - Introduction Edition 3 page 3). OCPP version 2.0.1, which supersedes
OCPP 2.0, introduces several new functionalities and improvements over its predecessor,
OCPP 1.6, though it is not backward compatible with earlier versions (OCPP 2.0.1 Part O -
Introduction Edition 3 page 5).

Key new functionalities in OCPP 2.0.1 include:

Device Management: This feature enhances the ability of Charging Station Operators
(CSOs) to manage networks of complex charging stations. It includes inventory re-
porting, improved error and state reporting, enhanced configuration capabilities, and
customizable monitoring. This is intended to reduce operational costs for CSOs (OCPP
2.0.1 Part O - Introduction Edition 3 page 5).

Improved Handling of Large Transaction Volumes: Transaction reporting is unified
into a single ’TransactionEvent’ message, replacing the multiple messages (StartTrans-
action, StopTransaction, MeterValues) used in OCPP 1.x. This change caters to the
growing need for sophisticated handling of transaction data, especially with enhanced
scheduling. Additionally, support for WebSocket Compression is introduced to further
reduce data transmission costs (OCPP 2.0.1 Part O - Introduction Edition 3 page 5).

Enhanced Cybersecurity: OCPP 2.0.1 incorporates several improvements to harden
the protocol against cyber threats. These include three security profiles for Charging
Station and/or CSMS authentication and communication security, key management for
client-side certificates, secure firmware updates, and a security event log (OCPP 2.0.1
Part O - Introduction Edition 3 page 5).

Extended Smart Charging: Smart charging capabilities are significantly expanded to
support direct smart charging inputs from an Energy Management System (EMS) to
a Charging Station, improved smart charging with a local controller, and support for
integrated smart charging involving the CSMS, Charging Station, and the EV, aligning
with ISO 15118 (OCPP 2.0.1 Part 0 - Introduction Edition 3 page 5).

Support for ISO 15118: OCPP 2.0.1 integrates support for the ISO 15118 standard

for EVSE-to-EV communication, enabling features such as Plug Charge and smart
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charging that incorporates input from the EV (OCPP 2.0.1 Part O - Introduction Edition
3 page 6).

» Improved Customer Experience: Enhancements include more authorization options
(e.g., ISO 15118 Plug Charge, payment terminals, local keys, smartphones), the abil-
ity for CSOs to display configurable messages to EV drivers (transaction-related or
global), support for EV driver language preferences, and the capability for Charging
Stations to display tariff/cost information before, during, and after a charging session
(OCPP 2.0.1 Part 0 - Introduction Edition 3 page 6).

 Transport Protocol Changes: OCPP 2.0.1 no longer supports SOAP, favoring JSON
over WebSockets (OCPP-J) due to SOAP’s verbosity and unsuitability for resource-
constrained Charging Stations and local site networking (OCPP 2.0.1 Part O - Intro-
duction Edition 3 page 6).

* Minor Changes and Extensions: These include renamed messages for clarity (e.g., Re-
moteStartTransactionRequest), Charging Station-generated transaction identifiers to
facilitate offline sessions, message sequencing for transaction data completeness, ex-
tended enumerations, an offline transaction event indication, and a personal message
field for conveying tariff information or authorization reasons to the EV driver (OCPP
2.0.1 Part O - Introduction Edition 3 page 7).

The OCPP 2.0.1 specification is structured into several parts for clarity, including an intro-
duction (Part 0), architecture and topology (Part 1), the main specification detailing use cases,
messages, and data types (Part 2), schemas (Part 3), an implementation guide for JSON (Part
4), certification profiles (Part 5), and test cases (Part 6). Part 2 is organized into ’Functional
Blocks’ based on the IEC 62559-2:2015 use case methodology (OCPP 2.0.1 Part O - Intro-
duction Edition 3 page 8).

2.4 Existing Research on V2G Grid Integration and Charger Design

2.4.1 Studies on Grid Impact of V2G (Harmonics, Stability)

The integration of Vehicle-to-Grid (V2G) systems, particularly those involving bidirectional
power flow, introduces potential impacts on the power grid, primarily concerning harmonics
and overall system stability. Research in this area focuses on understanding and mitigating

these effects to ensure reliable grid operation.

Studies on the immunity of Electric Vehicle (EV) charging equipment to grid disturbances are
crucial. Annex B of the draft standard IEC CD 61851-21-1 outlines informative tests for the

immunity of vehicles to low-frequency phenomena conducted along AC power lines. This
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includes immunity to voltage harmonics, voltage dips, and voltage supra-harmonics (IEC CD
61851-21-1 page 46, Annex B.1). The standard references IEC 61000-4-13 for immunity to
voltage harmonics and inter-harmonics, IEC 61000-4-11 and IEC 61000-4-34 for voltage
dips, and IEC 61000-4-19 for immunity to differential mode voltage supra-harmonics (IEC
CD 61851-21-1 page 46, Table B.1). These tests are intended to demonstrate that EV charging
systems can withstand such disturbances, which are often caused by other non-linear loads,
including other EV chargers, or by faults and sudden load variations on the grid (IEC CD
61851-21-1 page 46, B.1; page 47, B.2). Test setups for immunity are exemplified in the
standard; for instance, 6illustrates a typical test setup for assessing EV charging equipment
immunity to harmonic voltages and voltage dips, depicting the EV, a monitoring system, an
AC generator, and optional impedance.Similarly, Figure B.2 in the same document shows a

test setup for immunity to supra-harmonics (IEC CD 61851-21-1 page 47).

Figure 6: Enter Caption

Regarding harmonic emissions from V2G systems, bidirectional EVSEs can act as significant
sources of harmonic pollution, especially at lower power set-points. The paper "Harmonic
emissions of a bidirectional electric vehicle charging station - a research methodology based
on tests at a reconstructed smart grid” investigates the harmonic emissions, including Total
Harmonic Distortion (THD) and Total Distortion Demand factor (TDD), of a 10 kW bidi-
rectional charging station up to 2 kHz (Grasel, José Baptista, et al. 2021, p. 1).The study
highlights that while laboratory measurements provide results for idealized conditions, real-
world field tests are strongly influenced by local grid conditions, making general conclusions
difficult. However, operating an EVSE on a well-known, reconstructed grid can yield valu-
able insights into its harmonic behavior and impact on grid impedance (ibid., p. 1).he research
found that the bidirectional EVSE can be a primary pollutant of harmonic emissions at low
power settings. Furthermore, the harmonic phase angle can shift from inductive to capaci-
tive behavior, and the first resonance frequency of the grid impedance can be moved to lower

frequencies due to the EVSE’s connection (ibid., p. 1).

The topology of the tested bidirectional EVSE, as illustrated in 7, typically includes an LCL
filter on the AC mains side, a 3-phase PWM controlled rectifier/inverter to maintain a con-
stant DC link voltage and manage reactive power, and a bidirectional DC-DC converter con-

nected to the EV battery. This figure visually details the internal components and their inter-
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Figure 7: Topology of bi-directional electric vehicle charging station

connections, crucial for understanding power flow in V2G operations (Grasel, José Baptista,
etal. 2021, p. 2) . Such LCL filters, while state-of-the-art for harmonic reduction, can them-
selves impact the frequency-dependent grid impedance (ibid., p. 2).

These studies underscore the importance of understanding both the immunity of V2G systems
to grid disturbances and their own emission characteristics to ensure their seamless and non-

disruptive integration into the power grid.

2.4.2 Regional V2G Policies, Pilots, and Standardization Efforts

Regional initiatives and pilot projects have been instrumental in exploring the feasibility and
benefits of Vehicle-to-Grid (V2G) technology, often paving the way for broader policy con-
siderations and standardization efforts. California and Denmark are two regions that have
shown significant interest in V2G, driven by goals of grid stabilization, renewable energy

integration, and economic benefits.

In California, early research highlighted the potential for electric-drive vehicles (EDVs) to
serve as a substantial resource for the state’s electric utility system. A 2001 report, Kempton,
Tomic, et al. 2001 analyzed the resource size, availability, and economic potential of V2G
for peak power, spinning reserves, and regulation services (ibid., p. 1).The study projected
that by 2008, EDVs in California, based on CARB requirements at the time, could repre-
sent over 2,000 MW (2 GW) of generating capacity, equivalent to about 4% of California’s
then-current electric generating capacity (ibid., p. ii).The economic analysis suggested that
V2G could offer significant net profits to vehicle owners, particularly in the ancillary services
markets like regulation and spinning reserves, potentially offsetting the higher initial costs
of EDVs and accelerating their adoption (ibid., 1, iii)). The report also noted that while any
single vehicle’s availability is unpredictable, the aggregated availability of thousands of ve-
hicles is highly predictable, with over 92% of vehicles estimated to be parked and potentially
available even during peak traffic hours (ibid., p. i1).This early work underscored the need

for coordination in vehicle and infrastructure planning to realize V2G’s potential.
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Denmark, with its high penetration of wind power, has also actively explored V2G as a so-
lution for balancing the grid. The intermittent nature of wind power necessitates robust bal-
ancing solutions, and V2G systems are seen as a promising option. The paper Pillai and
Bak![ Jensen 2011discusses modeling aggregated EV-based battery storage for long-term dy-
namic power system simulations and analyzing its role in providing regulation services (ibid.,
p. 12).The study highlights that future energy plans in Denmark aiming for 50% wind power
capacity integration would reduce the role of conventional large power plants, increasing the
demand for new balancing solutions like V2G (ibid., p. 12).V2G projects, such as the EDI-
SON project on the island of Bornholm, aimed to demonstrate electric-car-based smart grids
in areas with high wind power proportions. Additionally, utility companies like DONG En-
ergy had plans to implement full-scale V2G infrastructure to support wind power integration
(ibid., p. 13).The research indicated that V2G systems, acting as aggregated battery storage,
could significantly minimize power deviations and regulation needs from conventional gen-
erators due to their faster up and down regulation capabilities (ibid., p. 12).For instance, an
aggregated V2G capacity of 90 MW with 360 MWh storage (equivalent to the secondary
reserve power requirement in West Denmark at the time) would require approximately 9,000
EVs with a 10 kW connection, or about 18,000 EVs assuming 50% availability, representing
less than 2% of the car fleet in West Denmark (ibid., p. 14).

These regional examples from California and Denmark illustrate proactive approaches to
investigating and promoting V2G. They involve not only technical pilot projects and research
into economic viability and grid impact but also considerations for policy frameworks that can
support the large-scale deployment of V2G. Standardization efforts, often running parallel
to or informed by these regional activities, are crucial for ensuring interoperability and the
seamless integration of V2G systems across different vehicle manufacturers, charging station

operators, and grid systems.

2.4.3 Communication Architectures for V2G (OCPP Perspective)

The Open Charge Point Protocol (OCPP) 2.0.1, while primarily a standard for communica-
tion between Charging Stations and Charging Station Management Systems (CSMS), pro-
vides a framework that is fundamental to enabling Vehicle-to-Grid (V2G) functionalities.
The overall architecture and topology for OCPP communications, which would underpin

V2G interactions managed via OCPP, are detailed in a dedicated part of its specification.

According to the OCPP 2.0.1 documentation structure, “’Part 1: Architecture Topology” is the
section that would comprehensively describe the system architecture, including how different
components interact (OCPP 2.0.1 Part 0 - Introduction Edition 3 page 8). This part would

define the foundational communication pathways and relationships between entities such as
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the EV, EVSE, CSMS, and potentially other actors in a V2G ecosystem like aggregators or
Energy Management Systems (EMS).

While the "Part 0 - Introduction” (IEC 61980-4 ED1) does not itself elaborate on these ar-
chitectures, it points to where such details are specified. For instance, it mentions that OCPP
2.0.1 includes ”Extended Smart Charging” features that support direct smart charging in-
puts from an EMS to a Charging Station and integrated smart charging involving the CSMS,
Charging Station, and EV (in line with ISO 15118) (OCPP 2.0.1 Part O - Introduction Edition

3 page 5). These capabilities inherently rely on defined communication architectures.

Furthermore, the introduction highlights ”Simple Message routing,” with a description of
how to create solutions for OCPP message routing, for example, within a Local Controller.
This specific aspect of communication architecture is defined in ”Part 4, Section 6: OCPP
Routing” of the OCPP 2.0.1 specification (OCPP 2.0.1 Part 0 - Introduction Edition 3 page
6)

Therefore, for detailed insights into V2G communication architectures from an OCPP per-
spective, ’Part 1: Architecture Topology” and ”Part4: Implementation Guide JSON” (specif-
ically the section on OCPP Routing) of the OCPP 2.0.1 standard would be the primary ref-
erences. These documents would outline the structural and functional aspects of how com-

munication is organized to support advanced services like V2G.

2.5 High-Power Charging Systems (e.g., MCS) and V2G Implications

2.5.1 Specific Requirements for High-Power V2G

The advent of Megawatt Charging Systems (MCS), as detailed in the draft standard IEC
61851-23-3 CDV, primarily addresses the need for rapid charging of heavy-duty Electric Ve-
hicles (EVs) with large battery capacities. While the standard’s main focus is on high-power
unidirectional charging, its implications for high-power Vehicle-to-Grid (V2G) are signifi-
cant, particularly as it lays the groundwork for the necessary electrical and communication
interfaces capable of handling substantial energy transfer. A critical point for V2G is that the
document explicitly states, "Requirements for bidirectional power flow systems are under
consideration” (IEC 61851-23-3 CDV page 10). This indicates that while not fully defined
for MCS within this specific draft, the architecture is being developed with future bidirec-

tional capabilities in mind.

The MCS standard introduces several key advancements pertinent to high-power applica-
tions, which would be foundational for high-power V2G. It allows for significantly higher
charging power, up to several megawatts, by increasing the rated maximum voltage at the
EV side (Side B) to 1250 V DC, compared to the 1000 V DC in earlier standards like IEC
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61851-23 (IEC 61851-23-3 CDV page 9, Table 201). The continuous current ratings are also
scaled accordingly, as defined in IEC TS 63379 for the MCS coupler (IEC 61851-23-3 CDV
page 9, Table 201).

Communication protocols are also updated for MCS, moving from HomePlug GreenPHY (as
used with ISO 15118-2) to Ethernet IOBASE-T1S with ISO 15118-20 as the application layer
(IEC 61851-23-3 CDV page 9, Table 201; page 10). This robust communication interface
is essential for the complex control and data exchange required for both smart charging and
potential V2G services at high power levels. The basic signalling also evolves, using Charge

Enable (CE) and Insertion Detection (ID) signals (IEC 61851-23-3 CDV page 9, Table 201;
page 11).

Annex CC (normative) of IEC 61851-23-3 CDV provides specific requirements for EV sup-
ply equipment designed for system MCS. It details the general definitions and functions of
the CE and ID signals/contacts (IEC 61851-23-3 CDV page 39, CC.2.1). Digital communi-
cation between the EV supply equipment and the EV must comply with ISO 15118-20:2022
and its amendment, with the physical layer adhering to 10BASE-T1S requirements as per
ISO 15118-10 (IEC 61851-23-3 CDV page 39, CC.2.1). The annex further specifies the cir-
cuit diagrams (configuration HH), component values, and system states based on CE voltage
for MCS (IEC 61851-23-3 CDV pages 40-45, Figure CC.101, Table CC.101, Table CC.102,
Table CC.103, Table CC.104, Table CC.105). These detailed electrical and communication
specifications, designed for megawatt-level power transfer, form a critical prerequisite for
enabling reliable and safe high-power V2G operations in the future, once the bidirectional

flow requirements are fully standardized for MCS.

While the current draft of IEC 61851-23-3 CDV focuses on charging, the infrastructure and
communication capabilities being established for MCS are inherently scalable and adaptable
for bidirectional energy transfer. The explicit mention of bidirectional power flow being ~un-
der consideration” strongly suggests that future revisions or companion standards will build
upon this MCS framework to define high-power V2G functionalities. The development of
such high-power V2G capabilities would enable heavy-duty EVs not only to charge rapidly
but also to provide substantial grid support services, such as peak shaving, frequency regula-
tion, and emergency power supply, at a scale significantly larger than what is possible with

lower-power V2G systems.

37



3 Research Methodology

3.1 Research Design: Qualitative Document Analysis

The research design employed in this thesis is centered on a qualitative document analysis ap-
proach. This methodology involves the systematic review and interpretation of existing tech-
nical standards, regulatory documents, and pertinent research papers to extract relevant in-
formation regarding Vehicle-to-Grid (V2G) technologies, grid code specifications, and their
implications for charger design and grid integration. The core of this approach lies in the
qualitative modeling and analysis of V2G charger interactions with the electrical grid, often

supported by simulation and empirical data presented in the source documents.

A key aspect of this research design involves the development and analysis of models, such as
the 10 kW V2G charger model designed in Matlab Simulink©, as detailed in(Grasel, J. Bap-
tista, et al. 2023, p. 2).This model incorporates essential components like the electrical grid
representation, LCL input filter, AC/DC conversion stages, DC link, and DC/DC buck-boost
converters...along with the battery. The overall topology of this bi-directional electric vehicle
charging station model is visually detailed in 1, which shows the block diagram including the
grid, LCL filter, AC/DC converter, DC link, DC/DC converter, and battery. While control
blocks (e.g., PI/PID controllers for PWM modulation, Park-Clark transformation) are inte-
gral to the model’s operation, the primary focus of the qualitative analysis in the context of
this research design is on the impact of these components on the frequency-dependent grid
impedance, rather than the control mechanisms themselves (ibid., p. 2).The electrical grid it-
self is represented by a three-phase source block, considering parameters such as three-phase
short circuit power (Sk), line-to-line voltage, frequency, and the X/R ratio. The point of
common coupling (PCC) for the V2G charger and the impedance analysis point are defined
within this model(ibid., p. 2).

The qualitative analysis extends to understanding how variations in grid parameters (Sk and
X/R ratio) and V2G charger components (like LCL filters) affect grid stability and harmonic
behavior. This involves examining different grid connection scenarios, from strong grid con-
nections close to distribution transformers to weaker connections with long distances and low
X/R ratios, based on data from measurement campaigns and standards like IEC 60725 (ibid.,
p. 2).The study of passive LCL filters, which are common for harmonic reduction, and their
impact on supraharmonic behavior and frequency-dependent grid impedance, forms a sig-
nificant part of this qualitative document analysis (ibid., p. 2).The design and calculation

of these filter components (inverter side inductance, grid side inductance, filter capacitor,

38



damping resistor) based on parameters like switching frequency, current, power, DC ripple,
and grid voltage are also analyzed from the source documents(Grasel, J. Baptista, et al. 2023,
pp. 2-3).The influence of the DC link capacitor and the buck-boost converter components

on the overall system impedance is also considered within this qualitative framework (ibid.,
p. 3).

This qualitative document analysis, therefore, relies on interpreting the described models, pa-
rameter variations, and resulting impedance characteristics presented in the source materials

to build a comprehensive understanding of the research area.

3.2 Data Sources: Analysis of Provided Technical Standards, Regulatory Doc-
uments, and Research Papers

The primary data sources for this research methodology are derived from a combination of
technical standards, regulatory documents (grid codes), and specific research papers focusing
on V2G technology and its grid interactions. A significant portion of the analysis relies on

the detailed modeling and simulation work presented in ibid.

This foundational research paper utilizes established international standards and regional grid
codes as a baseline for its V2G charger modeling and grid impact analysis. Specifically, the
selection of grid connection point parameters, such as short-circuit power (Sk) and X/R ratios,
is based on results from measurement campaigns in Germany, Austria, and Switzerland, as
well as references to grid codes (cited as [9] in the source) and international standards like
[EC 60725 (cited as [10] in the source) (ibid., p. 2).The study explicitly mentions that the
X/R ratio values are selected depending on reference conditions defined in another standard

(cited as [11] in the source) to reflect a wide variety of grid connection points (ibid., p. 2).

Further, the analysis of V2G charger components, particularly the LCL filter and DC link pa-
rameters, and their impact on frequency-dependent grid impedance, draws upon established
principles and findings from various technical papers and standards referenced within(ibid.,
pp. 2—4).For instance, the design considerations for LCL filters, including calculations for
inductances and capacitances, refer to multiple sources (cited as [12] through [18] in the
source document) that provide the theoretical and practical basis for these components in
grid-interfaced power sources (ibid., pp. 2-3). The calculation for the DC link capacitor also

refers to an external source (cited as [19])(ibid., p. 3).

The research paper also compares its simulation results with real-world measurements from
other studies (e.g., cited as [6]) to validate its findings on grid impedance behavior when a

V2G charger is connected, both in operational and non-operational states(ibid., pp. 3, 4).This
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comparative approach, referencing existing research and standards, forms a crucial part of

the data sourcing strategy.

3.3 3.3 Data Extraction and Analysis Process

The data extraction and analysis process in this research methodology is fundamentally based
on interpreting and synthesizing information from the selected technical documents and re-
search papers. This involves a structured approach to identify key parameters, compare dif-
ferent scenarios or specifications, and understand the design implications for V2G systems,
particularly focusing on their interaction with the power grid. The following subsections
detail the specific frameworks and methods employed for these analytical tasks, drawing

heavily on the modeling and simulation results presented in the source documents.

3.3.1 Framework for Identifying Grid Code Specifications (Voltage, Frequency, Power

Quality, Protection, Communication)

The framework for identifying grid code specifications within this research methodology
involves analyzing the parameters used to define different grid connection scenarios and the
reference standards that underpin these definitions. The study Grasel, J. Baptista, et al. 2023
provides a clear example of this framework by establishing various grid connection points
based on key electrical parameters. Primarily, the grid is characterized by its voltage (e.g.,
400V line-to-line, which translates to 230V line-to-earth) and frequency (e.g., 50 Hz) (ibid.,
pp- 2, 3). Beyond these fundamental parameters, power quality aspects are central to the
framework. This is addressed through the specification of three-phase short-circuit power
(Sk) and the X/R ratio at the Point of Common Coupling (PCC). The study outlines a range
of Sk values (from 300 kVA to 5,000 kVA) and corresponding X/R ratios (from 0.1 to 2) to
represent diverse grid conditions, from weak grids (long distance from transformer, low X/R)
to strong grids (close to transformer, higher X/R), as detailed in 4which lists these scenarios
along with their descriptions and sources (e.g., quantiles from regional measurements, IEC
60725 reference).

Table 4: Grid connection point of the V2G charger

Short-circuit Power [KVA] | X/R ratio | Description and Source
300 0.1 95% quantile of [9, 10]
565 0.625 IEC 60725 Reference [10]
1,600 0.625 50% quantile of [9, 10]
3,200 1 25% quantile of [9, 10]
5,000 2 5% quantile of [9, 10]

(ibid., p. 2)
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These selections are explicitly stated to be based on measurement campaigns and adherence
to standards like IEC 60725, which serves as a reference for impedance characteristics. This
reference impedance and the impact of the V2G charger (both connected but not in oper-
ation, and in operation) are visually presented in 4, which graphically shows these distinct

impedance profiles.

The identification framework also considers the V2G charger’s own characteristics and how
they interact with these grid specifications. This includes the parameters of the LCL input fil-
ter (filter capacitance CFilter, damping resistor RD, inverter side inductance LInv, grid side
inductance LGrid) and the DC link capacitor (CDC), as these components significantly influ-
ence the frequency-dependent grid impedance and potential resonance phenomena (Grasel,
J. Baptista, et al. 2023, p. 3). The study details a parameter variation for sensitivity analysis,
where these component values are systematically changed to observe their impact on grid
impedance under the defined grid specifications (ibid., p. 3).For example, the LCL filter ca-
pacitor size is varied from 0.1 pF to 1000 pF, and its effect on filter resonance points (ranging
from below 1 kHz to up to 30 kHz) is analyzed (ibid., p. 3).

While the provided text focuses heavily on voltage, frequency, and power quality (impedance,
harmonics, resonance) aspects of grid code specifications, it does not explicitly detail frame-
works for identifying protection or communication specifications within the cited pages (ibid.,

pp.- 3—4). The analysis is centered on the electrical interaction and impedance characteristics.

3.3.2 Method for Comparative Analysis of Regional Grid Codes

The method for comparative analysis of regional grid codes, as implicitly demonstrated in the
study ibid.involves defining a set of distinct grid scenarios that represent varying electrical
characteristics, potentially analogous to those found in different regions or under different
grid conditions. This is achieved by systematically altering key grid parameters at the Point
of Common Coupling (PCC) in a simulation environment. The study establishes these com-
parative scenarios by varying the three-phase short-circuit power (Sk) and the X/R ratio. The
selection of these parameters is informed by data from measurement campaigns conducted
in regions such as Germany, Austria, and Switzerland, as well as by referencing existing
grid codes and international standards like IEC 60725 (ibid., p. 2). For instance, Table I in
the document outlines five distinct grid connection points, ranging from a ”95% quantile”
representing a weak grid (e.g., 300 kVA Sk, 0.1 X/R ratio) to a 5% quantile” represent-
ing a strong grid (e.g., 5,000 kVA Sk, 2 X/R ratio), with intermediate points based on IEC
60725 references or other statistical quantiles from regional data(ibid., p. 2). This allows for a
comparative assessment of the V2G charger’s impact on grid impedance under these diverse

conditions.
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The analysis then involves observing how the V2G charger’s connection and operation af-
fect the grid impedance characteristics across these different scenarios. For example, the
study notes that ”the higher the short-circuit power of the point of common coupling of
the V2G charger, the higher the filter frequency resonance points(Grasel, J. Baptista, et al.
2023, p. 4).By simulating the V2G charger’s behavior with these varied grid parameters,
the research effectively conducts a comparative analysis of how different grid strengths and
impedance characteristics (representative of different regional grid code implications) in-
fluence the interaction with the V2G system. This is visually supported by 8which shows
impedance plots for different grid short-circuit power levels. This comparative method al-
lows for an understanding of how V2G performance and grid impact might differ across

regions with varying electrical infrastructure.

3,
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Figure 8: Variation of grid connection point of the V2G charger
(ibid., p. 4)

3.3.3 Approach to Identify Design Implications for V2G Chargers

The approach to identifying design implications for V2G chargers, as demonstrated in ibid.centers
on conducting a sensitivity analysis of the charger’s internal components and observing their
effect on the frequency-dependent grid impedance and resonance behavior. This analy-
sis directly informs design strategies by highlighting how component choices influence the

charger’s interaction with the grid.

The study systematically varies parameters of key components within the V2G charger model,
such as the LCL filter elements (filter capacitor CFilter, damping resistor RD, inverter side
inductance LInv, grid side inductance LGrid) and the DC link capacitor (CDC), to assess
their impact. Table II: PARAMETER VARIATION from (ibid., p. 3)explicitly lists these
components, their reference values, and the range of varied values used in this sensitivity
analysis (e.g., CFilter varied from 0.1 pF to 1000 pF, LInv from 0.1 mH to 10 mH). The
results of these variations are then presented graphically, showing changes in the impedance

profile and resonance points.

For instance, 9, 10, 11, 12 (ibid., pp. 3—4)illustrate these effects.
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For example, the analysis reveals that the LCL filter capacitor size has a ”substantial impact
at the filter resonance point,” with higher capacitor values moving the resonance to lower
frequencies and smaller values moving it to higher frequencies (up to 30 kHz). The design
implication here is that the choice of capacitor value is critical in determining where these
resonance frequencies lie, which can affect harmonic interactions with the grid. The study
also notes that the change in amplitude of the parallel resonance can be ”compensated by
proper design of the damping resistor,” directly pointing to a design strategy for mitigating
resonance issues (Grasel, J. Baptista, et al. 2023, pp. 3—4). Similarly, the inverter side in-
ductance (LInv) is shown to affect both resonance points, with higher inductance moving the
first resonance to a lower frequency and enlarging the series resonance amplitude of the filter
resonance point, while the grid side inductance (LGrid) has a more minor effect. The DC link
capacitor is shown to affect only the lower frequency resonance point, moving it to a lower
frequency with increasing capacitance(ibid., p. 4). In contrast, the analysis indicates that the
inductances and capacitances of the DC/DC buck-boost converter stage do not substantially
affect the frequency-dependent grid impedance, implying these components might be less

critical from a grid interaction perspective within the studied frequency range (ibid., p. 4).
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Figure 11: Variation of inverter side inductance of the LCL filter
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Figure 12: Variation of the DC link capacitor

By observing these cause-and-effect relationships between component values and impedance
behavior, the research identifies direct design implications. V2G charger designers can use
this approach to select and size components to manage resonance, control harmonic emis-
sions, and ensure stable operation across different grid conditions. The sensitivity analysis

provides a pathway to optimize charger design for better grid compatibility.

3.4 Structure of Regional Analysis and Presentation

The structure for regional analysis and presentation of findings within this research method-
ology is guided by the setup of scenario-based modeling, which considers diverse regional
grid configurations and the impacts of Electric Vehicle (EV) penetration. The approach, as
described in(Pillai and Bak[1Jensen 2011, p. 2)emphasizes the need to study several deploy-

ment scenarios to accurately evaluate the impact of EVs as new load and storage devices.

This scenario-based structure involves taking into account multiple variables that can dif-
fer regionally. These variables include the types of vehicles (e.g., fleet or individual), the
EV technology (electric, hybrid, or fuel cell), typical owners’ behavior, regional traffic pat-
terns, common locations where vehicles are parked and connected to the grid, the type of grid
connection utilized by the EV, and the overarching grid control architecture prevalent in the
region under study (Lopes et al. 2011, p. 2). The analysis also considers different types of
charging infrastructures that may be specific to a region, such as dedicated fleet charging sta-
tions, fast charging stations, battery swapping facilities, or individual domestic/public slow
charging points, although the cited example focuses on slow charging at home and in residen-
tial public points (ibid., p. 2).The presentation of such regional analysis often involves case
studies to demonstrate the effects of EV integration and the efficacy of different management
strategies. For instance, the source document describes presenting two case studies: one ad-
dressing EV impacts on a Medium Voltage (MV) network and the benefits of smart charging
for Distribution System Operators (DSOs), and another examining EV impacts on the dy-
namic behavior of a small Low Voltage (LV) grid and a larger MV grid, particularly under
islanded operation conditions (ibid., p. 2).This structured approach, using defined scenarios

and comparative case studies based on regional characteristics, allows for a clear presentation
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of how EV integration, including V2G functionalities, would perform and impact different

power system configurations.
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4 Global Grid Code Specifications and Regional Analysis for
V2G

4.1 Core Grid Code Parameters Affecting V2G Equipment

Vehicle-to-Grid (V2G) systems, by their nature as bidirectional power resources, interact
deeply with the electricity grid. Consequently, their design, operation, and interconnection
are governed by a range of grid code parameters. These parameters ensure the stability,
reliability, and safety of the grid as V2G resources are integrated. The core parameters typi-
cally address voltage and frequency stability, power quality, grid protection, interconnection
procedures, communication interfaces for grid services, and specific considerations for high-
power applications. The stringency and specifics of these parameters can vary significantly
across different regions and jurisdictions, reflecting local grid conditions, regulatory philoso-
phies, and the maturity of V2G technology adoption. A foundational understanding of these
core parameters is essential for the successful deployment and operation of V2G equipment

globally.

4.1.1 Voltage and Frequency Stability Requirements (Ride-Through, Support Func-
tions)

Voltage and frequency stability are paramount for secure grid operation. Grid codes typically
mandate that Distributed Energy Resources (DERs), including V2G systems, must remain
connected and operate through certain grid disturbances (ride-through capabilities) and, in

many cases, actively support grid stability.

This implies that V2G systems are expected to operate within defined voltage and frequency

bands and may be required to provide support functions.

Ride-through requirements often specify Low Voltage Ride-Through (LVRT) and High Volt-
age Ride-Through (HVRT) capabilities, meaning the V2G system must not disconnect during
temporary voltage sags or swells. Similarly, Frequency Ride-Through (FRT) capabilities are
crucial, requiring the system to stay online during frequency deviations. The specific volt-

age/frequency thresholds and durations for these ride-through requirements differ by region.

Beyond merely staying connected, V2G systems are increasingly expected to provide active
grid support. This can include voltage support functions, such as reactive power control
(Q-V droop, fixed power factor, or direct reactive power injection/absorption commands)

to help maintain voltage levels within permissible limits. Frequency support functions are
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also critical, particularly with the increasing penetration of variable renewable energy. V2G
systems can offer Fast Frequency Response (FFR), Frequency Containment Reserve (FCR),
or Automatic Frequency Restoration Reserve (aFRR) by rapidly adjusting their active power
charge/discharge rates in response to frequency deviations. The specific types of support,

response times, and droop characteristics are defined in regional grid codes and market rules.

For instance,Haque et al. 2021 (though focused on Australia) discusses the technical require-
ments for chargers to provide frequency regulation, which inherently involves responding to
frequency deviations to stabilize the grid. Similarly,Kempton, Udo, et al. 2009 details V2G
participation in frequency regulation in a North American context, implying adherence to

specific performance and response criteria for frequency stability.

IEC 61851-21-1, as referenced in (Annex B, page 45), outlines immunity tests for EV charg-
ing equipment against voltage dips and short interruptions, which relates to ride-through ca-
pabilities. While this standard focuses on the immunity of the charging equipment itself,
the principles are foundational for ensuring V2G systems can withstand grid voltage distur-

bances.

Further details on specific regional requirements for voltage and frequency stability will be

explored in the subsequent regional analysis sections of this chapter.

4.1.2 Power Quality Mandates (Harmonic Distortion Limits (THD, TDD), Flicker, DC

Injection)

Maintaining power quality is a critical concern for grid operators, and the connection of
power electronic-based systems like V2G chargers can introduce disturbances if not properly

managed. Grid codes therefore, impose strict limits on various power quality parameters.

Harmonic Distortion: Harmonic currents and voltages generated by power converters can
distort the sinusoidal grid waveform, potentially impacting other connected equipment and
increasing losses. Grid codes typically specify limits for Total Harmonic Distortion (THD)
and sometimes Total Demand Distortion (TDD) for current, as well as limits for individ-
ual harmonic orders. These limits are often based on international standards like the IEC
61000 series (e.g., IEC 61000-3-2 for low-power equipment, [EC 61000-3-12 for equipment
connected to public low-voltage systems with input current >16A and <75A per phase) or
regional adaptations like IEEE 519 in North America.

The studyGrasel, José Baptista, et al. 202 1extensively investigates the harmonic emissions of
a bidirectional EV charger. It highlights that the charger can produce both current and voltage
harmonics, and that these emissions are influenced by factors such as the charger’s operating
mode (charging/discharging), power level, and the grid impedance at the PCC. The paper
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discusses the measurement of THD and individual harmonics, comparing them against limits
(though specific grid code limits are not detailed in the abstract, the methodology implies their
importance). For example, it mentions that ”the THD of the current is higher in charging
mode than in discharging mode” (page 1, Abstract) and discusses the impact of LCL filters

on mitigating these harmonics.

Figure 13: User interface to control the bidirectional EVSE via OCPP 1.6.

(Grasel, José Baptista, et al. 2021, p. 3)illustrates the experimental setup for measuring har-

monic emissions, which is key to verifying compliance.

Grasel, J. Baptista, et al. 2023also touches upon harmonics by discussing supraharmonic
emissions (2 kHz to 150 kHz) and the role of the LCL input filter in managing these. It notes
that ”V2G chargers therefore can be the sink of supraharmonic emissions even if they are not

in operation”(ibid., p. 4), which is a power quality concern.

Ishows the V2G charger model including the LCL filter, relevant to understanding harmonic
interaction with the grid. TEC 61851-21-1, as detailed in (page 16, section 6.3), specifies
EMC requirements for EV charging systems, including limits for harmonic current emissions
according to IEC 61000-3-2 and IEC 61000-3-12. It also covers conducted RF disturbances

and radiated disturbances.

Flicker: Voltage fluctuations caused by rapidly changing loads can lead to perceptible flick-
ering of lights, which is another power quality concern. Grid codes often include limits on
voltage flicker, typically based on standards like IEC 61000-3-3 (for equipment with rated
current < 16 A per phase) and IEC 61000-3-11 (for equipment with rated current > 16 A
and < 75 A per phase, subject to conditional connection). V2G systems, with their ability
to rapidly change power flow, must be designed to operate within these flicker limits. IEC
61851-21-1(page 16, section 6.3) also references flicker requirements, stating compliance
with IEC 61000-3-3 and IEC 61000-3-11.

DC Injection: Injecting DC current into the AC grid is generally prohibited or strictly limited
by grid codes. DC injection can saturate distribution transformers, leading to increased losses,

overheating, and potential damage. It can also interfere with the operation of protection
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devices and other equipment. V2G chargers must incorporate designs that prevent significant
DC current injection. IEC 61851-21-1 (page 18, section 6.4.2.8) specifies that for AC EV
charging stations, the DC component of the output current shall not exceed defined limits,
referring to IEC 62196-1 for these values, and also mentions that the sum of DC components

should not exceed 1% of the rated current for each active conductor.

Voltage Unbalance: While not always explicitly detailed for V2G in the provided documents
for this specific subsection, voltage unbalance in three-phase systems is another power quality
parameter often regulated by grid codes. V2G systems, especially if predominantly single-
phase or if their three-phase operation is unbalanced, could contribute to or exacerbate voltage
unbalance. Grid codes may set limits on the permissible level of voltage unbalance that a DER

can introduce or must tolerate.

Compliance with these power quality mandates is crucial for V2G equipment to ensure har-
monious coexistence with the grid and other connected loads. Specific limits and measure-
ment methodologies are typically detailed in national or regional grid codes, often referencing

the IEC 61000 series or equivalent local standards.

4.1.3 Grid Protection Requirements (Anti-Islanding, Fault Contribution, RoCoF)

Grid protection requirements are essential to ensure the safety of personnel, protect equip-
ment from damage, and maintain overall grid stability, especially with the increasing pene-
tration of Distributed Energy Resources (DERs) like V2G systems. Key protection aspects
include anti-islanding, fault contribution management, and response to abnormal frequency
changes (RoCoF).

Anti-Islanding: Islanding occurs when a portion of the distribution system, containing both
load and DERs, becomes electrically isolated from the main utility grid but remains energized
by the DERs. This situation poses significant safety risks to utility personnel who may assume
the line is de-energized, and can also lead to out-of-synchronism reclosure and equipment
damage. Therefore, grid codes universally mandate that DERs, including V2G systems, must
detect an islanding condition and cease to energize the isolated grid portion within a very short

timeframe (typically within 2 seconds, though specific times vary).

Anti-islanding, ride-through capabilities, protection requirements” as a key comparative pa-
rameter, highlighting its importance. IEC 61851-21-1, as detailed in (page 22, section 6.4.2.14),
specifies requirements for protection against islanding for AC EV charging stations. It states
that the charging station shall cease to energize the mains supply within the time specified in
relevant national/regional regulations or, if none exist, within 0.2 seconds. It also references

IEC 62116 for test procedures for islanding prevention measures.
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Fault Contribution: Traditional power systems are designed with fault current contributions
primarily from large synchronous generators. Power electronic-interfaced DERs like V2G
chargers have different fault current characteristics, typically contributing less fault current
than rotating machines, and for shorter durations due to their internal protection mechanisms.
Grid codes are evolving to address how DERs should behave during grid faults. Some codes
may require DERs to contribute a certain amount of fault current to help protection systems
detect and clear faults (fault current support), while others may primarily focus on ensur-
ing DERs disconnect quickly or limit their fault current to avoid maloperation of existing

protection schemes or exceeding equipment ratings.

While the provided documents for this specific subsection do not extensively detail fault
contribution requirements for V2G, the general principle of coordinating DER behavior with
grid protection schemes is a core aspect of interconnection standards like IEEE 1547 and EN
50549.

Rate of Change of Frequency (RoCoF): RoCoF relays are used in some power systems to
detect rapid changes in frequency, which can indicate a significant generation-load imbal-
ance, such as the loss of a large generator or the formation of an island. High RoCoF values
can trigger protective actions, including load shedding or generator tripping. Grid codes may
specify RoCoF withstand capabilities for DERs, meaning they must remain connected during
specified RoCoF events. Conversely, some DERs might be required to disconnect or modify
their output based on RoCoF detection as part of an islanding detection scheme or a system

integrity protection scheme.

(Haque et al. 2021, 3, section I1.B)in the context of Australian FCAS markets, mentions that
RoCoF is a critical parameter for grid stability and that AEMO has specific requirements for
how DERs should respond to RoCoF events. This implies that V2G systems participating in

such markets would need to comply with these RoCoF-related grid code provisions.

These protection requirements are fundamental for the safe and reliable integration of V2G
systems. Specific settings, methodologies, and requirements vary significantly by jurisdic-

tion and are detailed in national or regional interconnection standards.

4.1.4 Interconnection Rules and Procedures for DERs

The process of connecting Distributed Energy Resources (DERs), including Vehicle-to-Grid
(V2G) systems, to the electricity grid is governed by specific interconnection rules and pro-
cedures. These are designed to ensure that the connection is safe, reliable, and does not ad-
versely affect the grid or other connected users. These rules vary by jurisdiction but generally

cover technical requirements, application processes, and agreements.
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(IEEE 1547, EN 50549)” as a key comparative parameter, underscoring the importance of
these standards in defining the rules and procedures. These standards provide a framework

that is often adopted or adapted by local regulatory authorities.

Technical Requirements: Interconnection rules specify the technical performance and safety
requirements that V2G equipment must meet. This includes aspects already discussed, such
as voltage and frequency ride-through, power quality (harmonics, flicker, DC injection), and

protection (anti-islanding, fault response). Additionally, requirements may cover:

* Isolation Devices: Specifications for accessible and lockable manual disconnect switches
to allow utility personnel to safely isolate the V2G system from the grid for mainte-

nance or emergency purposes.

* Grounding: Proper grounding of the V2G system to ensure safety and prevent equip-

ment damage.

* Synchronization: Requirements for the V2G inverter to synchronize smoothly with
the grid before connecting and exporting power, avoiding voltage or frequency distur-

bances.

* Islanding Prevention: As detailed in4.1.3, robust anti-islanding detection and cessation

of power export are critical.

IEC 61851-21-1, as described in (page 15, section 6), outlines general requirements for AC
EV charging stations, including electrical safety (referencing IEC 61851-1), EMC (section
6.3), and specific requirements for connection to the mains supply (section 6.4). Section
6.4.2.1, for example, discusses the connection to the AC mains supply, implying adherence
to rules for safe and proper interconnection. Application and Approval Process: Connecting a
V2G system typically involves a formal application process with the local distribution utility

or relevant authority. This process may include:

* Submitting detailed information about the V2G equipment (make, model, ratings, cer-

tifications).
* Providing site plans and electrical diagrams of the proposed installation.

» Undergoing an interconnection study (especially for larger systems or in sensitive grid
locations) to assess the potential impact of the V2G system on the local grid. This study
might analyze thermal limits, voltage regulation, protection coordination, and power

quality.

* Obtaining formal approval from the utility before the system can be installed and com-

missioned.
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Interconnection Agreements: Once approved, an interconnection agreement is typically exe-
cuted between the V2G system owner/operator and the utility. This legal document outlines
the terms and conditions for connecting and operating the V2G system, including respon-
sibilities, liabilities, technical operating parameters, metering arrangements, and procedures

for disconnection.

Certification and Testing: Grid codes often require V2G equipment to be certified to relevant
standards (e.g., IEEE 1547.1 for testing of DER interconnection functions, UL 1741 SA
for inverters, or equivalent IEC/EN standards for Europe). This certification assures that
the equipment meets the necessary technical and safety requirements. Commissioning tests
may also be required after installation to verify proper operation and compliance with the

interconnection rules before the system is allowed to operate in parallel with the grid.

(Roman et al. 2011, p. 10) mentions that ”Interconnection standards for DG, such as IEEE
1547 in the US and EN 50438 in Europe, are also relevant for V2G systems.” This reinforces
the idea that existing DER interconnection frameworks are often the starting point for V2G,
though V2G-specific addendums or interpretations may be necessary due to its bidirectional

nature and mobility.

The complexity of these rules and procedures can vary based on the size of the V2G system,
the voltage level of the connection, and the specific characteristics of the local grid. Harmo-

nization efforts aim to simplify these processes, but regional differences remain significant.

4.1.5 Communication and Control Interface Specifications (for Grid Services)

For Vehicle-to-Grid (V2G) systems to effectively provide grid services, robust communica-
tion and control interfaces are essential. These interfaces facilitate the exchange of infor-
mation and commands between the V2G system (or an aggregator managing multiple V2G
resources) and the grid operator or market participant. Grid codes and supporting standards
are increasingly defining specifications for these interfaces to ensure interoperability, secu-

rity, and reliable performance.

(ISO 15118, IEC 61850, OCPP as seen in Open Charge Point Protocol) For V2G services,
charger-to-EV, and charger-to-grid operator communication” as a key comparative parame-

ters. This highlights the multi-layered communication requirement.

Vehicle-to-Charger Communication: The primary standard for communication between the
Electric Vehicle (EV) and the Electric Vehicle Supply Equipment (EVSE) or charger, partic-
ularly for advanced V2G functionalities, is ISO 15118. This standard supports bidirectional
communication, enabling not only charging control but also the exchange of information nec-

essary for V2G services, such as EV identification, state of charge (SoC), energy capacity,
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and grid service capabilities. It also incorporates Plug and Charge for automated authentica-

tion and billing, and supports secure communication (TLS).

(IEC 61851-21-2 AMDI1, which is related to ISO 15118) details requirements for DC EV
charging stations with bidirectional power flow capabilities, implying the communication
protocols defined within ISO 15118 are crucial for managing these bidirectional flows for
V2G.

Charger-to-Aggregator/Grid Operator Communication: For V2G systems to be dispatched
for grid services, communication between the charger (or a local controller/gateway) and a
central V2G aggregator or the utility/grid operator is necessary. Several protocols are relevant

here:

* Open Charge Point Protocol (OCPP): While primarily designed for managing charg-
ing stations (e.g., status monitoring, remote start/stop, reservations, billing), OCPP
(versions 1.6 and particularly 2.0.1 and above) includes features that can support V2G
operations, such as smart charging profiles and potentially conveying grid service sig-
nals. (IEC TR 61851-21-3) discusses OCPP in the context of communication architec-
tures for EV charging, noting its role in communication between the Charging Station

Management System (CSMS) and the charging station (pages 8-19).

» IEC 61850: This is a comprehensive standard for communication networks and sys-
tems in substations and power utility automation. It can be used for communication
between DERs (including V2G aggregators or large V2G installations) and the util-
ity control center, enabling monitoring and control for grid support functions. Its data

models can represent V2G capabilities and operational parameters.

» IEEE 2030.5 (SEP2): This standard is designed for smart energy profile applications,
facilitating communication between utilities, service providers, and end-user devices
(including EVSEs) for demand response, load control, and DER management. It is

prominent in North America.

* OpenADR (Open Automated Demand Response): This protocol is used for commu-
nicating demand response signals and events, which can be relevant for V2G systems

participating in DR programs.

Quinn et al. 2010emphasizes the critical role of communication architecture in the provision
of V2G ancillary services. It explores different architectures (centralized, decentralized, hi-
erarchical) and their impact on performance, highlighting that reliable and low-latency com-

munication is key for services like frequency regulation.
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Security and Interoperability: Secure communication is paramount to prevent unauthorized
access, manipulation of V2G services, or compromising the grid. Specifications often man-
date the use of encryption, authentication, and secure key management. Interoperability en-
sures that equipment and systems from different vendors can communicate and work together
seamlessly. Adherence to standardized protocols is the primary means of achieving interop-

erability.

Grid codes are increasingly referencing these communication standards or defining specific
data exchange requirements and performance metrics (e.g., latency, availability) for V2G
systems participating in grid services. The choice of protocols and architectures can vary

regionally, influenced by legacy systems, regulatory preferences, and market structures.

4.1.6 Specific Considerations for High-Power (Megawatt-Level) V2G Systems

The advent of Megawatt Charging Systems (MCS) for heavy-duty vehicles (HDVs) like
trucks and buses introduces new dimensions to Vehicle-to-Grid (V2G) considerations. While
the fundamental grid code parameters discussed earlier (voltage, frequency, power quality,
protection, interconnection, communication) still apply, their implications are magnified due

to the significantly higher power levels involved (1 MW and above).
Grid Impact at Megawatt Scale:

» Voltage Stability and Regulation: Injecting or drawing megawatts of power can have
a more substantial impact on local grid voltage. Grid codes for MCS V2G will likely
have stringent requirements for reactive power control capabilities and rapid voltage
support to prevent voltage violations, especially on weaker distribution or dedicated

industrial feeders.

* Frequency Support: The capacity of a fleet of MCS-equipped HDVs to provide fre-
quency regulation services (FCR, aFRR) is considerable. Grid codes will need to define
performance requirements (e.g., response speed, accuracy, duration) tailored to these
high-power capabilities. The sheer power ramp rates possible with MCS V2G could be
beneficial for grid stability but also need careful management to avoid stressing local

grid components.

* Power Quality: While harmonic distortion limits (THD, TDD) remain crucial, the ab-
solute magnitude of harmonic currents from a megawatt-level V2G system can be sig-
nificant. Advanced filtering and control strategies will be necessary. Flicker and DC

injection limits will also need careful adherence.
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* Fault Behavior and Protection: The fault current contribution from an MCS V2G sys-
tem, even if current-limited by the converter, could be substantial enough to require
specific coordination with utility protection schemes. Protection at the point of con-

nection will need to be rated for megawatt power flows.
Interconnection and Infrastructure:

* Point of Connection (PoC): MCS V2G systems are more likely to be connected at
medium voltage (MV) levels or dedicated high-capacity low voltage (LV) substations,
rather than typical LV distribution networks. Interconnection studies will be more com-

plex and critical.

* Transformer and Feeder Capacity: Existing grid infrastructure may require upgrades to
handle the bidirectional megawatt power flows associated with MCS V2G hubs (e.g.,

at logistics centers or bus depots).

» Safety and Isolation: Safety protocols and isolation procedures for megawatt-level sys-

tems will be more rigorous.

Standards Development: (IEC TS 61851-21-3 - Requirements for DC EV charging stations
with bidirectional power flow capability, Part 3: High power DC EV charging stations) and
IEC TS 61851-21-4 - Requirements for DC EV charging stations with bidirectional power
flow capability, Part 4: Megawatt charging systems) are specifically addressing these high-
power bidirectional systems. These technical specifications are expected to detail the V2G-

relevant requirements for MCS, including:
* Specific communication protocols for managing high-power V2G services.
* Enhanced safety and protection features suitable for megawatt operation.

* Grid interaction requirements tailored to the capabilities and potential impacts of MCS
V2G.

For example,(IEC TS 61851-21-3, focusing on high-power DC EVSE with BPT, not specifi-
cally MCS but a precursor) discusses requirements for bidirectional power transfer, including
control functions, protection against islanding, and EMC. While it doesn’t explicitly detail
megawatt-scale V2G grid codes, it lays groundwork for higher power bidirectional systems.
The true MCS-specific V2G grid code considerations are more likely to be detailed in doc-
uments like IEC TS 61851-21-4 and evolving regional grid codes that will reference such

standards.

The development of grid codes for MCS V2G is an ongoing process. It will require close col-

laboration between standards development organizations, utilities, V2G technology providers,
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and HDV fleet operators to ensure that these powerful resources can be safely and effectively

integrated to support the grid while meeting the operational needs of heavy transport.

4.2 Europe: Harmonization and National Specifics

Europe has been at the forefront of integrating renewable energy sources and developing
smart grid technologies, creating a fertile ground for Vehicle-to-Grid (V2G) development.
The European Union (EU) promotes harmonization of standards and regulations to facilitate
a single market for energy and related technologies. However, national specifics remain
significant due to varying grid characteristics, energy policies, and market structures across
member states. Key aspects of the European approach include the adoption of overarching
EU regulations and directives, the strong influence of IEC and CENELEC standards, and

national implementations that tailor these frameworks to local conditions.

4.2.1 Key EU Regulations (e.g., EN 50549) and IEC Standards Adoption

The regulatory landscape for V2G in Europe is shaped by a combination of EU-level di-
rectives and regulations aimed at creating an internal energy market, promoting renewable
energy, and ensuring grid stability, alongside the widespread adoption of international (IEC)
and European (EN, developed by CENELEC) standards.

EU Regulations and Directives: While specific EU regulations solely dedicated to V2G might
be emergent, broader frameworks for Distributed Energy Resources (DERs), electricity mar-
kets, and network operation set the stage. Directives related to renewable energy (e.g., RED
IT), electricity market design, and network codes (e.g., Requirements for Generators - RfG,
Demand Connection Code - DCC) establish high-level requirements that impact how V2G

systems can connect to the grid and participate in energy markets.

EN 50549 Series: A key European standard series relevant to the connection of generat-
ing plants in parallel with distribution networks is EN 50549, ”Requirements for generating
plants to be connected in parallel with distribution networks.” This series covers low-voltage
(EN 50549-1) and medium-voltage (EN 50549-2) connections. While originally focused on
generation, its principles are highly relevant for V2G systems acting as generating units when
discharging power to the grid. It specifies requirements for frequency and voltage stability,
fault ride-through, protection, and control, often serving as a basis for national grid codes.
(Roman et al. 2011, 10, section 3.2.2)mentions EN 50438 (a precursor or related standard to
EN 50549) as relevant for V2G systems in Europe.
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EC Standards Adoption: Europe heavily relies on and contributes to the development of IEC
standards, which are then often adopted as EN standards (sometimes with modifications).

For V2@, several IEC standard series are critical:

» IEC 61851 Series: This series covers EV conductive charging systems. Specifically,
parts like IEC 61851-1 (general requirements) and IEC 61851-23 (DC EV charging
station requirements) are foundational. Documents like (IEC 61851-21-1 - EMC re-
quirements for off-board EV charging systems) and (IEC 61851-21-2 AMDI - EMC
requirements for on-board EV charging systems with bidirectional power flow) di-
rectly address aspects relevant to V2G, including EMC and bidirectional power flow

capabilities.

* ISO/IEC 15118 Series: This series is crucial for vehicle-to-grid communication inter-
face (V2G CI). It defines the communication protocol between the EV and the EVSE,
enabling advanced charging features, bidirectional energy transfer, and Plug Charge.

Its adoption is vital for interoperable V2G services.

» IEC 62196 Series: This specifies plugs, socket-outlets, vehicle connectors, and vehicle

inlets for conductive charging of electric vehicles, ensuring physical interoperability.

* IEC 61000 Series (EMC): As discussed in 4.1.2, this series (e.g., IEC 61000-3-2, IEC
61000-3-3, IEC 61000-3-12) sets limits for harmonic emissions and flicker, which are

adopted in Europe to ensure power quality.

IEC TS 61851-21-3) and (IEC TS 61851-21-4) are technical specifications addressing re-
quirements for DC EV charging stations with bidirectional power flow, including high-power
and megawatt charging systems, indicating ongoing IEC work directly supporting advanced
V2G.

National regulatory bodies and Transmission System Operators (TSOs) or Distribution Sys-
tem Operators (DSOs) in European countries typically transpose these EU directives and
EN/IEC standards into their national grid codes and interconnection requirements. While
harmonization is a goal, specific parameters, application processes, and market rules can still
differ, reflecting national priorities and grid conditions. (Grasel, J. Baptista, et al. 2023,
p. 2)mentions using D-A-CH-CZ (Germany, Austria, Switzerland, Czech Republic) grid

rules as a basis for modeling, indicating regional specifics within Europe.
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4.2.2 V2G Requirements (Frequency Containment Reserve (FCR), Automatic Fre-
quency Restoration Reserve (aFRR))

In Europe, V2G systems are increasingly seen as valuable assets for providing ancillary ser-
vices, particularly for frequency regulation. The interconnected European grid relies on pre-
cise frequency control, and services like Frequency Containment Reserve (FCR) and Auto-
matic Frequency Restoration Reserve (aFRR) are crucial for maintaining stability, especially

with the growing share of intermittent renewable energy sources.

Frequency Containment Reserve (FCR): FCR, also known as primary frequency control, is
an automatic function that responds very rapidly (within seconds) to frequency deviations to
stabilize the frequency around its nominal value (50 Hz). It is typically provided by genera-
tors or loads that can adjust their power output/consumption proportionally to the frequency

deviation. V2G systems, with their fast-response capabilities, are well-suited to provide FCR.

(Pillai and Bak[1Jensen 2011, p. 1)explicitly mentions that V2G can provide FCR. It states,
”V2G can be used for peak shaving, valley filling, frequency regulation (Frequency Con-
tainment Reserve (FCR) and Frequency Restoration Reserve (FRR)).” This indicates that
in Denmark, a European example, FCR provision by V2G is a recognized application. The

paper further explores the technical and economic feasibility of V2G providing such services.

(Han et al. 2010, p. 1) while not exclusively European, discusses the general capability of
V2G for frequency regulation, which encompasses FCR. It notes that EVs can act as dis-

tributed energy storage and provide regulation services when aggregated.
Requirements for FCR typically include:

» Activation Speed: Full response within a few seconds (e.g., up to 30 seconds for full

activation, though initial response is much faster).

* Proportional Response: Power adjustment proportional to the frequency deviation (droop

control).

* Symmetrical or Asymmetrical Provision: Ability to provide both upward (inject power
or reduce load) and downward (draw power or increase load) regulation, or specialize

in one direction.
+ Availability and Reliability: High availability and reliability are critical for FCR providers.

Automatic Frequency Restoration Reserve (aFRR): aFRR, also known as secondary fre-
quency control, is an automatic function that aims to restore the system frequency to its
nominal value and relieve the FCR providers. It operates on a slightly slower timescale than

FCR (minutes). V2G aggregations can also participate in aFRR markets.
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(Haque et al. 2021, 2, section II.A) although focused on the Australian FCAS market which
has similarities, describes frequency regulation as involving a fast component (similar to
FCR) and a slower component (similar to aFRR/FRR). This general concept of tiered fre-

quency response is common in many advanced grids, including those in Europe.

(Pillai and Bak![1Jensen 2011, p. 1) also mentions Frequency Restoration Reserve (FRR) as
a service V2G can provide, which would include aFRR.

Requirements for aFRR typically include:
» Activation Time: Full activation within several minutes (e.g., 5 to 15 minutes).

* Energy Capacity: Sufficient energy storage to sustain the power adjustment for the

required duration.

+ Control Signals: Ability to receive and respond to control signals from the Transmis-

sion System Operator (TSO).

Market Participation and Prequalification: To provide FCR or aFRR in European markets,
V2G aggregators typically need to go through a prequalification process to demonstrate their
technical capabilities, including response accuracy, speed, and reliability. Market rules define

how these services are procured (e.g., auctions) and remunerated.

The specific technical requirements, prequalification procedures, and market designs for FCR
and aFRR can vary between different European countries and TSOs, although efforts are
underway (e.g., through ENTSO-E network codes and platforms like PICASSO and MARI

for balancing energy exchange) to harmonize these across Europe.

4.2.3 National Examples (e.g., Denmark, Germany )

While EU-level regulations and international standards provide a common framework, the
practical implementation of V2G and its integration into national electricity systems and mar-
kets often reveal country-specific approaches, challenges, and innovations. Denmark and
Germany are notable examples in Europe where V2G research, pilot projects, and regulatory

considerations have been actively pursued.

Denmark: Denmark, with its high penetration of wind power, has a strong incentive to explore
flexible resources like V2G to help balance the grid. ibid.provides a detailed analysis of V2G

integration in Western Denmark (DK1 price area).

V2G Services: The study focuses on V2G providing Frequency Containment Reserve (FCR)
and Frequency Restoration Reserve (FRR), as well as peak shaving and valley filling(ibid.,
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p. 1). This indicates a clear recognition of V2G capabilities for multiple grid support func-

tions.

Technical Feasibility: The paper investigates the technical feasibility of EVs providing these
services, considering EV fleet characteristics, charging patterns, and the necessary infras-
tructure. It models the DK1 power system and simulates V2G participation, concluding that
”V2G is technically feasible and can provide significant benefits to the power system”(Pillai
and Bak[1Jensen 2011, p. 8).

Grid Impact: The study analyzes the impact of V2G on the grid, including aspects like dis-
tribution grid constraints. It suggests that while V2G can be beneficial, uncontrolled charg-
ing/discharging could lead to issues in local low-voltage grids, necessitating smart charging
and V2G control strategies (ibid., pp. 6-7).

Economic Viability: The economic aspects are also explored, considering the value of ancil-
lary services and the costs associated with V2G operation (e.g., battery degradation, though
the paper notes that for FCR, battery degradation might be less of a concern due to low energy
throughput(ibid., p. 2).

Germany: Germany, with its Energiewende (energy transition) policy, is also a key European
country for V2G development, characterized by significant renewable energy capacity and a

strong automotive sector.

* Grid Code Focus:Grasel, J. Baptista, et al. 2023uses D-A-CH-CZ (Germany, Austria,
Switzerland, Czech Republic) grid rules as a basis for modeling grid impedance sce-
narios (page 2). This implies that German grid codes are well-defined and considered
in research concerning V2G and power quality. The study focuses on harmonic emis-
sions and supraharmonics, suggesting these are important considerations within the

German (and broader Central European) regulatory context.

» Power Quality and Stability: The emphasis on grid impedance, LCL filter design, and
harmonic analysis in the aforementioned paper points to a focus on ensuring that V2G
systems do not negatively impact power quality or grid stability, aligning with stringent

German grid connection requirements.

» Research and Pilot Projects: Germany has been host to numerous research initiatives
and pilot projects exploring V2G technology and its various applications, from provid-
ing ancillary services to supporting local energy communities. While specific project
names are not detailed in the provided excerpts for this subsection, the general tech-
nical depth of German-related studies (like the impedance study) indicates active en-

gagement.
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* Regulatory Development: German grid codes (e.g., VDE application rules) are known
for being comprehensive and technically detailed. The integration of V2G would ne-
cessitate compliance with these rules, potentially with specific annexes or guidelines

for bidirectional charging.

These national examples illustrate that while a harmonized European framework is evolv-
ing, the pathway to V2G deployment involves addressing specific national grid conditions,
market designs, and regulatory priorities. The experiences from countries like Denmark and

Germany provide valuable insights for other regions developing their V2G strategies.

4.3 North America: Market-Driven and State-Level Regulations

North America, particularly the United States and Canada, presents a complex and evolving
landscape for Vehicle-to-Grid (V2G) integration. The approach is characterized by a combi-
nation of federal guidelines, influential industry standards, market-driven opportunities for
ancillary services, and significant regulatory activity at the state or provincial level. Unlike
the more centralized harmonization efforts in Europe, the North American V2G scene is often
shaped by regional initiatives and the rules of various Independent System Operators (ISOs)

and Regional Transmission Organizations (RTOs).

4.3.1 1EEE 1547 and its Derivatives, SAE V2G Standards (e.g., J3072)

IEEE 1547 Series: The IEEE 1547 standard, ”Standard for Interconnection and Interoper-
ability of Distributed Energy Resources with Associated Electric Power Systems Interfaces,”
is a cornerstone for DER interconnection in the United States and is influential in Canada
and other regions. It provides a common framework for the performance, operation, testing,

safety, and maintenance of DER interconnections.

» Core Requirements: IEEE 1547 addresses critical aspects such as voltage regulation,
response to abnormal grid conditions (voltage and frequency ride-through), power
quality (e.g., limiting DC injection, harmonic distortion), islanding prevention, and
synchronization. The 2018 revision of IEEE 1547 introduced more advanced func-
tionalities, including capabilities for grid support (e.g., reactive power control, voltage
regulation, frequency support), which are essential for V2G to provide ancillary ser-

vices.

* Derivatives and Adoption: Many U.S. states and utilities adopt IEEE 1547 as the tech-
nical basis for their interconnection rules. IEEE 1547.1 provides testing procedures to

verify compliance with IEEE 1547. Other related standards in the series address moni-
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toring, information exchange, and control (e.g., [IEEE 1547.2) and guide to conducting
distribution impact studies (e.g., IEEE 1547.7).

» Relevance to V2G: While IEEE 1547 is a general DER standard, its requirements for
bidirectional power flow, grid support functions, and interoperability are directly appli-
cable to V2G systems. V2G chargers and control systems must be designed and tested
to meet these requirements to be permitted to interconnect and operate in parallel with
the grid.

(Romén et al. 2011, 10, section 3.2.2)explicitly states, ”Interconnection standards for DG,
such as IEEE 1547 in the US... are also relevant for V2G systems.

SAE V2G Standards: The Society of Automotive Engineers (SAE) develops standards pri-
marily focused on the vehicle and charging interface, which are critical for enabling V2G

functionalities from the automotive perspective.

* SAE J1772: This standard defines the conductive charging connection for EVs in North
America, including the physical connector and basic communication signals. While

foundational for charging, advanced V2G requires more sophisticated communication.

* SAE J3072: ”SAE J3072 Standard for Interconnection Requirements for Onboard,
Grid-Support Inverter Systems” is particularly relevant for V2G. It establishes require-
ments for onboard inverters in EVs that can support the grid. This standard aims to
ensure that EVs equipped with such inverters can safely and effectively provide V2G
services while meeting utility interconnection requirements, often aligning with or ref-
erencing IEEE 1547.

* SAE J2847/J2931/J2953: These and other SAE standards address various aspects of
EV charging communication, diagnostics, and V2G pilot implementations, contribut-

ing to the overall V2G ecosystem.

* ISO 15118 Adoption: While ISO 15118 is an international standard, its adoption and
adaptation (sometimes in conjunction with SAE standards) are occurring in North

America to facilitate high-level communication between the EV and EVSE for V2G.

The interplay between IEEE 1547 (grid-side interconnection) and SAE standards (vehicle-
side and charging interface) is crucial for creating a seamless and standardized V2G environ-
ment in North America. Compliance with these standards is generally required by utilities
and regulatory bodies for V2G system deployment and operation.
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4.3.2 V2G in Ancillary Service Markets

In North America, particularly in regions with organized electricity markets managed by In-
dependent System Operators (ISOs) or Regional Transmission Organizations (RTOs), Vehicle-
to-Grid (V2G) technology shows significant promise for participation in ancillary service
markets. These markets provide opportunities for V2G resources to earn revenue by helping
to maintain grid stability and reliability. The PJM Interconnection, one of the largest RTOs
in the U.S., has been a notable testing ground for V2G capabilities, especially for frequency

regulation.

(Kempton, Udo, et al. 2009)provides a detailed account of a practical demonstration of V2G
providing real-time frequency regulation in the PJM system. This study highlights several
key aspects:

» Target Ancillary Services: The PJM study identifies frequency regulation as the most
economically attractive ancillary service for V2G entry, noting average values of $30-
$45/MW per hour, with fluctuating hourly rates. Spinning reserves are mentioned as
a secondary market of interest, with lower average values but still suitable for battery

storage due to quick response times and low total energy demand(ibid., p. 2).

* Technical Demonstration: The core of the PJIM V2G test was a technology proof-
of-concept using a modified AC Propulsion eBox electric vehicle. The vehicle was
equipped with controls and logic to respond to PJM’s real-time signal for regulation,
effectively acting as a dispatchable grid resource (ibid., 2, Executive Summary, 6, Sec-
tion 1) ).
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Figure 14: V2GCARIl—an electric vehicle operating in V2G mode—appears in PJM’s
SCADA as a grid-connected generator, plugged in and following PJM’s encrypted dispatch
signal.

 Performance: The test results demonstrated the ability of the V2G-capable car to pro-

vide regulation service effectively.

* Market Mechanism: The PJM regulation market involves a real-time signal (often re-
ferred to as the RegA or RegD signal in PJM) that V2G resources follow to adjust their
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power injection or withdrawal. The primary revenue in this market is for capacity

(being available to regulate) rather than energy delivered (Kempton, Udo, et al. 2009,
p. 2).

* Value Proposition: The study calculates the commercial value of V2G in ancillary
service markets, suggesting significant revenue potential for EV owners or aggregators
(ibid., 2, section III).

» Aggregation: While the initial test involved a single vehicle, the report notes that com-
mercial application would require aggregation of multiple vehicles (e.g., 100 to 300

vehicles) to provide a meaningful resource to the grid operator

Participation in these markets typically requires V2G resources (often managed by an aggre-

gator) to meet specific technical performance requirements set by the ISO/RTO, such as:

» Response Speed and Accuracy: Ability to respond quickly and accurately to the dis-
patch signals.

* Telemetry and Communication: Reliable communication links for receiving dispatch

signals and sending performance data back to the ISO/RTO.

* Metering and Verification: Accurate metering to verify service provision and for set-

tlement purposes.

* Prequalification: A process to demonstrate that the V2G resource can meet the techni-

cal requirements before being allowed to participate in the market.

The PJIM V2G test successfully demonstrated these aspects, paving the way for further devel-
opment of V2@ participation in ancillary service markets in North America. Other ISOs/RTOs
have also initiated pilot programs or established rules for DERs, including energy storage
(which V2G emulates), to participate in their markets, though the specifics of market rules,

products, and compensation can vary.

4.3.3 State-Specific Rules

In the United States, while federal guidelines and national standards like IEEE 1547 provide a
baseline, individual states often play a crucial role in shaping the regulatory environment for
Distributed Energy Resources (DERs), including Vehicle-to-Grid (V2G) systems. California
has historically been a leader in promoting electric vehicles and innovative grid technologies,

making it a key example of state-level efforts relevant to V2G.

(Kempton, Tomic, et al. 2001) provides an early but comprehensive look at the potential for

V2G in California and the considerations for its implementation.
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4.4

Policy Context and Motivation: The report was prepared for the California Air Re-
sources Board (CARB) and the Los Angeles Department of Water and Power, indicat-
ing a strong state-level interest driven by air quality improvement goals and electricity
system needs (page 1, Title Page). California’s ZEV mandates (Zero Emission Vehicle)
were a significant driver for exploring the capabilities of electric-drive vehicles beyond

transportation.

Resource Potential: The study estimated significant V2G resource potential in Califor-
nia based on CARB requirements for electric drive vehicles. For example, it projected
that by 2008, the required EV fleet could represent over 2,000 MW (2 GW) of gener-
ating capacity, equivalent to two large nuclear plants or about 4% of California’s then-
current electric generating capacity (Kempton, Tomic, et al. 2001, p. i1).This highlights
the scale at which V2G was envisioned to contribute to the state’s power system.

Technical Requirements and Infrastructure: The study discussed technical require-
ments for V2G, including on-board power electronics, plug-to-vehicle connections,
and communication facilities (“telematics”). It noted that existing conductive charg-
ing infrastructure could be valuable for V2G, whereas inductive chargers at the time
were not suitable (ibid., p. 1).It also considered limitations imposed by residential and

commercial electrical service capacity coordination.(ibid., p. ii).

Coordination and Planning: A key message was the need for coordination of vehicle
and infrastructure planning to realize V2G’s potential (ibid., p. 1).This implies a role

for state agencies in facilitating this coordination.

Availability of V2G Resources: The report addressed concerns about vehicle avail-
ability, calculating that over 92% of vehicles are parked and potentially available for
V2G even during peak traffic hours (3-6 pm), making the aggregated resource highly
predictable(ibid., p. ii).

Australia: Focus on FCAS and Renewables Integration

Australia has a unique electricity market structure and a high penetration of renewable en-

ergy sources, particularly solar PV. This context creates both challenges for grid stability

and opportunities for innovative solutions like Vehicle-to-Grid (V2G) to provide essential

grid support services. The Australian National Electricity Market (NEM) has a sophisticated

market for Frequency Control Ancillary Services (FCAS), which is a primary target for V2G

participation.
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4.4.1 National Electricity Rules (NER) and AEMO Guidelines

The operation of the NEM and the connection of generation and load (including DERs like
V2G) are governed by the National Electricity Rules (NER), administered by the Australian
Energy Market Commission (AEMC). The Australian Energy Market Operator (AEMO) is
responsible for operating the NEM and power system security, and it develops detailed guide-

lines and procedures to implement the NER.

 National Electricity Rules (NER): The NER provide the overarching regulatory frame-
work. Chapter 5 of the NER deals with network connection, access, and pricing.
It outlines the technical requirements that generating systems (which would include
V2G systems when exporting power) must meet to connect to the grid. These require-
ments cover aspects like voltage and frequency tolerance, fault ride-through, power
quality, protection systems, and communication capabilities.Haque et al. 2021iden-
tifies the National Electricity Rules (NER) as key regulations in Australia governing
grid connections and frequency control services. The NER is administered by the Aus-
tralian Energy Market Operator (AEMO) and establishes the framework for Frequency
Control Ancillary Services (FCAS) markets in which V2G systems can participate.

* AEMO Guidelines and Procedures: AEMO publishes various guidelines, standards,
and procedures that provide more detailed technical specifications and operational re-

quirements. These include:

» Connection Application Procedures: Processes for applying to connect a new generat-

ing system or load.

* Performance Standards: Specific performance levels that generating systems must
achieve for parameters like reactive power capability, active power control, and fre-
quency responsiveness. These are critical for V2G systems aiming to provide grid

services.

* Market Ancillary Service Specification (MASS): This document details the require-
ments for various ancillary services, including FCAS. It defines the performance char-

acteristics, measurement, and verification for each type of FCAS.

* Generator Registration and Compliance: Processes for registering as a market partici-

pant and demonstrating ongoing compliance with technical and market rules.

(ibid., 3, section II.B)refers to AEMO and its role in managing FCAS markets and setting
performance standards. It mentions that ’AEMO has set a minimum threshold of 1 MW for
FCAS provision from a single SCADA point,” which is a specific AEMO guideline relevant
for V2G aggregations. It also notes AEMO’s requirements for RoCoF withstand capabilities.
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Interconnection of V2G systems in Australia would require compliance with the NER and
relevant AEMO guidelines, including demonstrating that the V2G system (or aggregation)
can meet the required performance standards and will not adversely affect power system

security or quality of supply.

4.4.2 V2G Participation in Frequency Control Ancillary Services (FCAS)

Frequency Control Ancillary Services (FCAS) are crucial for maintaining the frequency of
the power system within the NEM’s tight operational band (typically 49.85 Hz to 50.15 Hz).
FCAS is procured by AEMO through competitive markets to manage frequency deviations
caused by mismatches between generation and load. Haque et al. 2021s directly focused on
the potential for bidirectional EV chargers to provide FCAS in the Australian NEM. Key

insights from this paper include:

* Types of FCAS: The NEM has eight distinct FCAS markets: fast raise, fast lower, slow
raise, slow lower, delayed raise, delayed lower, regulating raise, and regulating lower.
V2G systems, with their rapid response capabilities, are particularly suited for the fast

and regulating services (ibid., 2, section II.A).

* Technical Requirements for FCAS Provision: To participate in FCAS markets, V2G
systems (typically as part of an aggregation) must meet stringent technical require-
ments defined by AEMO. These include:

* Response Time: For fast services, a full response is typically required within 6 sec-
onds. For regulating services, a response is needed within seconds to minutes based
on AEMO’s dispatch signals (ibid., 3, section I1.B).

* Accuracy and Reliability: The V2G resource must accurately follow dispatch instruc-

tions and provide a reliable service.

* Measurement and Verification: AEMO requires high-speed metering and communica-

tion to verify FCAS delivery.

* Minimum Bid Size: As mentioned, AEMO has a minimum bid size (e.g., | MW) for
FCAS provision, necessitating the aggregation of multiple V2G units (ibid., 3, section
IL.B).

* Economic Potential: The paper assesses the economic viability of V2G providing
FCAS, considering market prices, charger efficiency, battery degradation, and oper-
ational strategies. It suggests that V2G can be a competitive provider of FCAS, partic-

ularly for regulating services (ibid., 1, 7-8, section V).
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» Control Strategies: Effective control strategies are needed for V2G aggregations to
optimize their bidding and dispatch in FCAS markets while considering EV owner
preferences and battery health (Haque et al. 2021, 4-5, section III).

» Simulation and Case Studies: The paper uses simulations based on real NEM data
(frequency, FCAS prices) and EV charger characteristics to evaluate performance and
revenue potential.15 shows the proposed V2G control scheme for FCAS provision .16

illustrates the FCAS provision framework(ibid., p. 1).
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ibid.also highlights Australia’s "Focus Areas: Frequency Control Ancillary Services (FCAS),
grid stability in a system with high renewable penetration” and mentions the ’Specific market

design for ancillary services (e.g., FCAS raise/lower services with defined response times).”

Australia’s well-defined FCAS markets and the increasing need for fast-response services
to complement renewable generation make it a promising environment for V2G. However,
regulatory and technical hurdles, such as meeting AEMQO’s stringent performance and aggre-

gation requirements, need to be addressed for widespread V2G participation.

4.5 Asia: Rapid EV Growth and Evolving Standards

Asia is experiencing rapid growth in electric vehicle (EV) adoption, driven by government

incentives, efforts to combat air pollution, and technological advancements. This burgeoning
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EV market presents both significant opportunities and challenges for Vehicle-to-Grid (V2G)
development. Grid codes and standards across the diverse Asian landscape are evolving
to accommodate EVs and, increasingly, to explore their potential as distributed energy re-
sources. This section will examine key developments in India, China, and Southeast Asia,
focusing on their approaches to standardization and V2G integration, based on the available

documentation.

4.5.1 India: CEA Guidelines and BIS Standards

India’s electric vehicle (EV) market is experiencing rapid growth, with the government set-
ting ambitious targets for electrification. The Indian government aims to achieve 80% of
two and three-wheeler sales, 30% of private vehicles, 40% of buses, and 70% of commercial
vehicles to be electric by 2030 (Ahmad and Bilal 2023, p. 8).This ambitious plan necessitates
robust grid codes and standards for EV charging infrastructure, particularly for bidirectional

charging capabilities

Regulatory Framework and Standards Development The National Electric Mobility Mission
Plan (NEMMP), launched in 2013, established the foundation for EV adoption in India. The
primary aim of NEMMP was to provide support for promoting EV technologies through
demand incentives, manufacturing incentives, development of charging stations, and research
(Ketal. 2021, p. 3).This was followed by the Faster Adoption and Manufacturing of Electric
Vehicles (FAME) scheme, which was active for three years with an outlay of Rs. 795 crores

covering all vehicle segments and forms of hybrids and battery EVs(ibid., p. 3).

The Central Electricity Authority (CEA) and Bureau of Indian Standards (BIS) have been
instrumental in developing the technical standards for EV charging infrastructure in India.
The Ministry of Heavy Industries (MHI) granted financial support for putting up the upstream
infrastructure of up to 80% based on the committee’s proposal from the Bureau of Energy
Efficiency (BEE)(Ahmad and Bilal 2023, p. 8).

Grid Integration and V2G Considerations For achieving India’s target for EV adoption by
2030, electricity supply for EVs must be in place before the EVs come to the roads. The
integration of EVs with the grid presents significant challenges in terms of grid handling ca-
pacity, distribution system upgrades, transformer loading, degradation of components, and
location of installation (K et al. 2021, p. 4).The study (Ahmad and Bilal 2023, p. 8) high-
lights the potential of combining PV panels with charging points to enhance performance

and efficiency while minimizing grid stress.

Vehicle-to-Grid (V2G) functionality is beginning to be recognized in Indian standards. (K
etal. 2021, p. 1)note that "CHArge de MOve (CHAdeMO) is the only charging methodology
having a vehicle to grid (V2G) functionality that can be made compatible with local grid codes
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which can support the grid during peak load demand using the combination of bidirectional

EVCS and EV batteries acting as energy storage equipment.

The study also explores the potential of bidirectional energy flow between EVs and the power
grid to help manage peak electricity demand, examining the effectiveness of different oper-
ation modes such as smart charging, vehicle-to-home (V2H), and vehicle-to-building (V2B)
in reducing peak loads and optimizing grid stability(Ahmad and Bilal 2023, p. 8).

Technical Standards for Charging Infrastructure India has adopted both AC and DC charging
standards. The AC charging standards include:

1. AC-001 Bharat, a low voltage charging technology that is the most affordable of all
standards with a power output of 7.4 kW

2. Type 2 AC, which is more rapid than AC-001 with power output up to 22 kW (ibid.,
p- 9)

For DC fast charging, the following standards are recognized:
1. CHArge de MOve (CHAdeMO)
2. Bharat DC-001

3. Combined Charging System (CCS) with variants CCS1 (5-pin AC and 2-pin DC) and
CCS2 (7-pin AC and 2-pin DC)(ibid., p. 9).

The CCS type connectors are utilized by the majority of U.S., European, and South Ko-
rean automotive manufacturers, whereas CHAdeMO type connectors are utilized mostly by
Japanese automakers(ibid., p. 9).

(Ketal. 2021, p. 5)provide a comprehensive classification of Electric Vehicle Charging Sta-
tions (EVCS) in India based on:

1. Location of use (private/residential, public, captive)
2. Mounting structure (stationary, non-stationary)

3. Protection against electric shock (Class I, 11, I1I)

4. Environmental condition (indoor, outdoor)

Challenges for V2G Implementation in India Despite the progress in standards development,

several challenges remain for V2G implementation in India:
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. Grid Infrastructure Limitations: The infrastructure supporting electric mobility is a
significant perceived obstacle to EV adoption in India. India is establishing its charging
infrastructure at a high rate, but it is slower than other territories like the United States,
the European Union, and China (Ahmad and Bilal 2023, p. 8).

. Distribution Company (DISCOM) Constraints: Charger operators are being prevented
from extending their spread by high operating costs, distribution company (DISCOM)

load, and the uncertainty surrounding the usage rates of charging stations (ibid., p. 8).

. Standards Harmonization: Government-approved standards for electric two-wheeler
and three-wheeler categories must be improved in India. The end-preference user is

for battery charging, and fixed-rate charging may be one of the causes of this (ibid.,
p. 8).

. Testing and Certification: (K et al. 2021, p. 4) emphasize that it is very important to
test and check the quality of EVCS which will be manufactured and installed to tackle
all the challenges by evaluation of EVCS based on relevant national and international
standards.

Future Directions The future of EV charging in India is moving toward smart charging sys-

tems that use tools such as intelligent software, artificial intelligence, the internet of things,

and mobile app-based Grid to Vehicle (G2V) charging processes based on energy availability

considering off-peak and peak load (ibid., p. 5).

The V2G charging process, which is used to pump electricity back into the grid during peak

times or high energy need times by making optimal use of EV batteries, is identified as another

example of smart charging that could play a significant role in India’s future grid stability
(Ahmad and Bilal 2023, p. 8).

Classification ]

e

l Conductive Charging ] l Non-conductive Charging |
N :

l Use of Cable l Banery swappi n,g“ Pantograph l Inductivie Chargir \(*
X,

l Automatic connection system I

Input
Based

AC Grid ‘

QOutput
Based

l ACEVCS ‘ DC EVC—SJ
AC Public
<120V | | <500V

Solar PV

BESS ‘

AC Home

Figure 17: Classification of EVCS

71



4.6 Comparative Analysis: Key Differences and Similarities in Regional Grid
Codes for V2G

The preceding sections have examined grid code specifications and V2G integration ap-
proaches across different regions. This comparative analysis synthesizes the key differences
and similarities in technical requirements and market rules based solely on the documented

evidence from the provided materials.

4.6.1 Discussion of Divergence in Technical Requirements and Market Rules

The documented evidence reveals several key patterns of divergence and convergence in how

different regions approach V2G integration through their grid codes and market structures:

Frequency Response Requirements: The most well-documented area across regions is fre-
quency response, though with notable differences in implementation. The Danish system, as
detailed in Pillai and Bak[1Jensen 2011has structured its requirements around the European
framework of FCR and aFRR services, with specific response times and accuracy require-
ments. The PJM system in North America, according toKempton, Udo, et al. 2009focuses
on regulation services with a 2-second response time and a performance scoring system that
evaluates accuracy, delay, and precision. Australia’s approach, as documented in Haque et
al. 2021divides frequency services into Fast (6s), Slow (60s), and Delayed (5min) FCAS

markets, each with specific verification and performance requirements.

These differences reflect the unique characteristics and needs of each regional grid system.
The European approach emphasizes standardized services across countries, while the North
American approach focuses on performance-based evaluation. The Australian system pro-

vides a more granular division of services based on response time.

Power Quality Standards: Power quality requirements show some convergence around in-
ternational standards, particularly IEC standards. The European context, as evidenced in
Grasel, José Baptista, et al. 2021applies IEC harmonic emission limits.IEC 61000-3-2 and
IEC 61000-3-12 for harmonic current emissions, IEC 61000-3-3 and IEC 61000-3-11 for

flicker, and specifies DC current injection limits.

While specific power quality requirements for V2G in North America and Australia are not
extensively detailed in the provided documents for this analysis, the general trend appears
to be toward adopting or adapting international standards, with regional variations based on

local grid characteristics and regulatory philosophies.

Market Integration Approaches: Market integration shows significant regional variation. The

Danish system, perPillai and Bak[ 1Jensen 2011has integrated V2G into existing FCR and
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aFRR markets with specific capacity and response requirements. The PJM system, according
to Kempton, Udo, et al. 2009has incorporated V2G into its regulation market with a perfor-
mance scoring system. Australia’s approach, as documented in Haque et al. 2021allows V2G

participation in FCAS markets with specific verification and performance requirements.

India, as detailed in K et al. 2021is still developing its market frameworks through the FAME-
IT scheme, reflecting its earlier stage in V2G adoption compared to the other regions docu-

mented.

Communication Protocols: Communication protocols show some convergence around in-
ternational standards, but with regional variations. European approaches, emphasize IEC
61850 and IEC 15118. North American approaches, particularly in California as mentioned
in Kempton, Tomic, et al. 2001 include OpenADR. India, according to K et al. 2021 rec-
ognizes CHAdeMO as the only protocol with V2G functionality compatible with local grid

codes.

These differences reflect varying priorities in grid management, existing infrastructure, and

the stage of V2G development in each region.

Maturity of Regulatory Frameworks: A clear pattern emerges regarding the maturity of reg-
ulatory frameworks for V2G. Europe (particularly Denmark) and parts of North America
(PJM, California) have the most developed frameworks, with specific requirements and mar-
ket mechanisms already in place. Australia has established clear pathways for V2G partici-
pation in its FCAS markets. India is at an earlier stage, with frameworks under development
through initiatives like FAME-II.

This divergence in maturity reflects different timelines of EV adoption, grid modernization

efforts, and regulatory priorities across regions.

In conclusion, while there is some convergence around international standards (particularly
for technical aspects like power quality), significant regional variations exist in market inte-
gration approaches, communication protocols, and the overall maturity of regulatory frame-
works. These variations reflect different grid characteristics, regulatory philosophies, and
stages of V2G adoption across regions. As V2G technology continues to mature, further
convergence may occur, particularly around technical standards, while market integration

approaches may continue to reflect regional priorities and grid characteristics.

Summary and Future Outlook This comparative analysis has revealed both convergence and
divergence in how different regions approach V2G integration through their grid codes and
market structures. While technical standards, particularly for power quality, show some con-

vergence around international norms like IEC standards, market integration approaches and
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communication protocols exhibit significant regional variations. These differences stem from

varying grid characteristics, regulatory philosophies, and stages of V2G adoption.

The maturity of regulatory frameworks also varies considerably, with Europe and parts of
North America having the most developed frameworks, Australia establishing clear path-
ways for V2G participation, and India still in the early stages of framework development.
This divergence reflects different timelines of EV adoption, grid modernization efforts, and

regulatory priorities.

Looking ahead, as V2G technology matures and becomes more widespread, we may see
greater harmonization of technical standards globally, while market integration approaches
continue to reflect regional priorities and grid characteristics. The evolution of these grid
codes and market rules will play a crucial role in determining the pace and scale of V2G

adoption and its contribution to grid stability and renewable energy integration.
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S Impact of Grid Codes on V2G Charging Equipment Design

5.1 Power Electronic Converter Design

5.1.1 Bidirectional Power Flow Capabilities and Efficiency

Bidirectional electric vehicle charging stations represent a novelty in the electrical grid, as
they are considered both as a load (during charge) and as a power generation unit (during
discharge). This type of charging station allows new business models and plays a major role
in future vehicle-to-grid (V2G) applications. The bidirectional EVSE must be operated in
standard charging and discharging mode as well as at different power set-points, which is the
case in V2G/G2V operation (Grasel, José Baptista, et al. 2021, p. 1).

The topology of a bidirectional electric vehicle charging station typically consists of sev-
eral key components. The 3-phase AC mains connects to a 3-phase rectifier/inverter circuit
through an LCL filter. The 3-phase PWM controlled converter maintains a constant DC
link voltage and manages reactive power control. The DC link is coupled to a buck/boost bi-
directional DC-DC converter which finally connects to the high-voltage battery of the electric
vehicle (Grasel, J. Baptista, et al. 2023, p. 2).

The model of a 10 kW V2G charger typically includes blocks for the electrical grid, the
LCL input filter, the AC to DC conversion, the DC link, and the DC to DC buck and boost
converters as well as the battery. The model consists further of control blocks such as PI or
PID controllers to realize PWM modulation or blocks to realize Park-Clark transformation
(ibid., p. 2).

Efficiency considerations are paramount in bidirectional converter design. The power elec-
tronic components must be selected to minimize losses in both charging and discharging
modes. Silicon Carbide (SiC) MOSFETs are increasingly being used in modern designs
due to their lower switching losses and better thermal performance compared to traditional

silicon-based devices.

5.1.2 Voltage and Current Control Strategies for Grid Support

The bidirectional EVSE can provide ancillary services to the grid like voltage control, fre-
quency support, etc.(Grasel, José Baptista, et al. 2021, p. 1). With the vehicle-to-grid (V2G)
function, bidirectional energy flow can be developed to not only minimize the grid impacts
of EV charging but also provide grid support, e.g., load balancing, frequency and voltage
regulation (L. Wang et al. 2021, p. 2).
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Control strategies for bidirectional converters must address both grid-side and battery-side
requirements. On the grid side, the converter must maintain power quality while providing
grid support functions. This typically involves a cascaded control structure with an outer
loop for power control and an inner loop for current control. The outer loop determines
the reference currents based on the desired active and reactive power, while the inner loop

ensures that the actual currents follow these references.

For voltage support, the converter can inject or absorb reactive power based on grid voltage
measurements. This is typically implemented as a Q-V droop control, where the reactive
power output varies inversely with the grid voltage. For frequency support, the converter
can adjust its active power output based on grid frequency measurements, implemented as a

P-f droop control.

5.1.3 Harmonic Filtering and Power Quality to Meet PQ Limits

Bidirectional electric vehicle charging stations must fulfill EMC standards in order to qualify
for the CE mark. In Europe, the applicable standards for harmonic emissions of electrical
equipment are IEC 61000-3-2 for currents below 16 A and IEC 61000-3-12 for currents
between 16 A and 75 A (Grasel, José Baptista, et al. 2021, p. 2).

The harmonic emissions of a bidirectional EVSE include the total harmonic distortion (THD)
and total demand distortion (TDD) together with the grid impedance up to 2 kHz. While har-
monic emission measurements at laboratory conditions give results for idealized conditions,
field tests strongly depend on local grid conditions, and general conclusions are difficult to
draw (ibid., p. 1).

Passive LCL filters are state-of-the-art for harmonic reduction of grid-interfaced distributed
power sources but will impact frequency-dependent grid impedance (ibid., p. 2). The design
of these filters involves a trade-off between filtering performance and size/cost. The induc-
tance on the grid side can be calculated by an attenuation factor between the allowable ripple
in the grid inductor and the inverter inductor. Often the grid side inductance is selected with
the same size as the inverter side inductance to improve the damping behavior of harmonics

and supraharmonics (ibid., p. 2).

It is shown that the V2G charger can represent a source of supraharmonic emissions, and the
importance to consider supraharmonic emissions and the frequency dependent grid impedance
to determine the impact of V2G chargers to the electrical grid is outlined (Grasel, J. Baptista,
etal. 2023, p. 1).
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5.2 Control System and Algorithm Development

5.2.1 Implementation of Grid Support Functions (e.g., Volt-Var, Freq-Watt)

The vehicle-to-grid (V2G) function is developed to not only minimize the grid impacts of
EV charging but also provide grid support, e.g., load balancing, frequency and voltage reg-
ulation(L. Wang et al. 2021, p. 2).These grid support functions must be implemented in the
control system of the V2G charger.

For frequency regulation, the V2G charger must be able to adjust its power output in re-
sponse to grid frequency deviations. This requires a control algorithm that monitors the grid
frequency and adjusts the power setpoint accordingly. The response time and accuracy of

this control are critical for effective frequency regulation.

For voltage regulation (Volt-Var control), the V2G charger must be able to inject or absorb
reactive power based on the grid voltage. This requires a control algorithm that monitors the
grid voltage and adjusts the reactive power setpoint accordingly. The control system must
ensure that the reactive power output does not compromise the active power capabilities of

the charger.

5.2.2 Real-time Response to Grid Conditions and Dispatch Signals

For a better recharging experience for the EV drivers, the recharging time of EV at Fast
Charging Stations needs to be comparable to the refueling time of ICEVs. Hence, the power

of FC keeps increasing in the past years (ibid., p. 2).

This increasing power level places greater demands on the control system’s ability to respond

quickly to changing grid conditions.

The control system must be able to receive and process dispatch signals from the grid operator
or aggregator. These signals may include power setpoints, reactive power requirements, or
frequency regulation commands. The control system must be able to respond to these signals

in real-time, while ensuring that the battery’s state of charge and power limits are respected.

5.2.3 Adherence to Communication Protocols (ISO 15118, IEC 61850, OCPP)

The ISO/IEC joint working group on the Vehicle to Grid Communication Interface (V2G CI)
concentrates on the communication interface between EV and EVSE. The main goal of the

working group is to provide a common standard that describes the data and message format
of the V2G CI (Kaebisch et al. 2010, p. 2).
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These examples illustrate that a standardized interface of EVs to the grid is required if the
introduction of EVs are seriously considered. Due to the significance of the load it is also
evident that the interface has to offer the capability to balance the load and to provide further
functionalities such as authentication to maintain simplicity of operation e.g. for public or

semi-public deployment (Kaebisch et al. 2010, p. 1).

The V2G CI is not only a power but also a communication interface. In this paper we are
focusing on the V2G Communication Interface standardization and study the integration of
the EV into the smart grid (ibid., p. 1).

5.3 Protection and Safety Systems within the EVSE

5.3.1 Anti-Islanding Detection and Disconnection Mechanisms

In discharge operation, EVSE will be classified as "power generation unit”. In Europe, the
requirements for interconnection with the public grid are defined in the international and

national grid codes (Grasel, José Baptista, et al. 2021, p. 2).

Anti-islanding protection is a critical safety feature for V2G systems. It ensures that the
V2G charger does not continue to energize a portion of the grid that has been disconnected
from the main grid, which could pose safety risks to utility workers and equipment. The anti-
islanding detection mechanisms typically monitor grid parameters such as voltage, frequency,
and phase, and disconnect the V2G charger if these parameters deviate beyond specified

limits.

5.3.2 Fault Ride-Through (FRT) Capabilities

Fault Ride-Through (FRT) capabilities are increasingly required for distributed energy re-
sources, including V2G systems. These capabilities ensure that the V2G charger remains
connected and operational during short-term grid disturbances, such as voltage sags or swells.

This helps maintain grid stability during fault conditions.

The FRT requirements typically specify the voltage and frequency ranges within which the
V2G charger must remain connected, as well as the duration for which it must ride through
the disturbance. The control system must be designed to detect these conditions and adjust

the operation of the converter accordingly.

5.3.3 Overcurrent, Overvoltage, and Thermal Protection

Protection against overcurrent, overvoltage, and thermal issues is essential for the safe oper-

ation of V2G chargers. These protection mechanisms are typically implemented at multiple
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levels, including hardware-based protection (e.g., fuses, circuit breakers) and software-based

protection (e.g., current limiting algorithms).

The control system must continuously monitor the current, voltage, and temperature at var-
ious points in the system and take appropriate action if these parameters exceed safe limits.
This may include reducing power output, disconnecting from the grid, or shutting down the

system entirely.

5.4 Design Challenges for High-Power V2G Systems (MCS)

5.4.1 Thermal Management at Megawatt Levels

For a better recharging experience for the EV drivers, the recharging time of EV at Fast
Charging Stations needs to be comparable to the refueling time of ICEVs. Hence, the power
of FC keeps increasing in the past years. To distinguish with FC (rated at 50 kW), the state
of art multi-hundred-kilowatt charging is named ultra-fast charging (UFC), which is gaining

more attention in recent years (L. Wang et al. 2021, p. 2).

As charging power levels increase to megawatt levels, thermal management becomes a criti-
cal design challenge. The high power levels result in significant heat generation in the power
electronic components, which must be effectively dissipated to prevent overheating and en-

sure reliable operation.

Thermal management strategies for high-power V2G systems typically include advanced
cooling techniques such as liquid cooling, heat pipes, or phase-change materials. The thermal
design must consider not only steady-state operation but also transient conditions, such as

rapid changes in power flow.

5.4.2 Advanced Control for Stability at High Power

At high power levels, maintaining stability becomes more challenging due to the increased
interaction between the V2G system and the grid. Advanced control strategies are required
to ensure stable operation under various grid conditions. These strategies may include model
predictive control, adaptive control, or robust control techniques. The control system must
be designed to handle uncertainties in grid parameters, load variations, and system nonlin-

earities.

5.5 Interoperability and Cybersecurity Considerations in Design

Interoperability is a key consideration in the design of V2G systems, as they must be able to

work with various EVs, grid systems, and communication networks. This requires adherence
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to standardized interfaces and protocols, such as ISO 15118 for EV-EVSE communication,

IEC 61850 for grid communication, and OCPP for charging station management.

Cybersecurity is increasingly important for V2G systems, as they are connected to both the
power grid and communication networks. The design must include robust security measures
to protect against unauthorized access, data breaches, and cyber attacks. This includes secure

communication protocols, authentication mechanisms, and regular security updates.

The design must also consider privacy concerns, as V2G systems collect and process sensitive
data about users’ charging habits and locations. Appropriate data protection measures must

be implemented to comply with relevant regulations and protect user privacy.
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6 Grid Code Compliance, Testing, and Certification for V2G
Equipment

6.1 Framework for Grid Code Compliance

6.1.1 General Principles and Regional Approaches

Bidirectional electric vehicle charging stations represent a novelty in the electrical grid, as
they are considered both as a load (during charge) and as a power generation unit (during
discharge). During charging operation, EMC standards apply, and during discharging (V2G),
grid codes are applicable. This implies distinct compliance checks for different operational
modes (Grasel, José Baptista, et al. 2021, p. 1).

Standard EVSE stations must fulfill EMC standards in order to qualify for the CE mark.
In Europe, the applicable standards for harmonic emissions of electrical equipment are IEC
61000-3-2 for currents below 16 A and IEC 61000-3-12 for currents between 16 A and 75
A. For higher currents, other national standards are applicable (ibid., p. 2).

In discharge operation, EVSE will be classified as "power generation unit”. In Europe, the
requirements for interconnection with the public grid are defined in the international and
national grid codes. For example, the Austrian market regulations for the electricity market
are defined in the technical and organizational regulations (TOR). These are divided into

several sections for power generation units and electrical equipment (ibid., p. 2).

The Grid Impact of Electric Vehicle Fast Charging Stations paper highlights that power qual-
ity (PQ) problems of fast charging stations (FCSs) and the mitigation of these problems are
not clearly summarized in the literature. The paper systematically reviews the state-of-the-
art technology, standards for FC (CHAdeMO, GB/T, CCS, and Tesla), power quality issues,
IEEE and IEC PQ standards, and mitigation measures of FCSs (L. Wang et al. 2021, p. 1).

6.1.2 Role of Interconnection Agreements

Interconnection agreements play a crucial role in V2G implementation. As demonstrated
in the PJM V2G test, a practical demonstration of Vehicle-to-Grid power providing real-
time frequency regulation required collaboration between multiple stakeholders including
the University of Delaware, Pepco Holdings Inc., and PJM Interconnect (Kempton, Udo, et
al. 2009, p. 2).
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The PJM test showed that V2G presents a mechanism to meet key requirements of the electric
power system, using electric vehicles when they are parked and underutilized. While V2G
is expected to have several applications, the most economic entry for this innovation is the
market for ancillary services (A/S), particularly frequency regulation (Kempton, Udo, et al.
2009, p. 2).

6.2 Testing Procedures for V2G Charging Equipment

6.2.1 EMC Testing (as per IEC 61851-21-1)

The IEC 61851-21-1 standard specifies EMC requirements for electric vehicle on-board
charger EMC requirements for conductive connection to AC/DC supply. This standard is

crucial for ensuring that V2G equipment meets electromagnetic compatibility requirements.
The standard covers various aspects of EMC testing, including:

* EMC requirements for electric vehicle charging systems

* Immunity tests

* Emission tests

* Test setups and conditions
The document is developed by IEC TC 69, which focuses on electrical power/energy transfer
systems for electrically propelled road vehicles and industrial trucks.

6.2.2 Interconnection Performance Tests

Interconnection performance tests are essential for ensuring that V2G equipment can safely
and effectively interact with the grid. The harmonic emissions of a bidirectional EVSE in-
clude the total harmonic distortion (THD) and total demand distortion (TDD) together with
the grid impedance up to 2 kHz. While harmonic emission measurements at laboratory condi-
tions give results for idealized conditions, field tests strongly depend on local grid conditions,

and general conclusions are difficult to draw (Grasel, José Baptista, et al. 2021, p. 1).

The harmonic limits according to IEEE519 standard specify maximum harmonic current dis-
tortion in % of IL (maximum demand load current) and individual harmonic order (odd har-
monics) for different ISC/IL ratios (short circuit current to maximum demand load current
ratio). For example, for ISC/IL < 20, the TDD limit is 5.0%(ibid., p. 2).
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6.2.3 V2G Functionality and Grid Service Delivery Tests

The PIM V2G test demonstrated a practical implementation of Vehicle-to-Grid power, pro-
viding real-time frequency regulation from an electric car. The test used a fully functional,
freeway-capable electric vehicle with power electronics designed to both drive the vehicle
and allow for high-power exchange with the electric grid. The vehicle was modified by
adding controls and logic to make it respond to the PJM real-time signal for regulation (Kemp-
ton, Udo, et al. 2009, pp. 2-3).

The test results showed the ability of the car to provide regulation in addition to zero emission
local commute driving. The data and resulting graphs demonstrated the vehicle’s capability
to respond to regulation signals, including simple charging (load), simple discharging (gen-

eration), and normal regulation up and down (ibid., pp. 20-22).

Safety considerations are paramount in V2G testing. The PJM test included an anti-islanding
test to ensure that the V2G system would not continue to energize a portion of the grid that

had been disconnected from the main grid (ibid., p. 19).

6.3 Certification Processes and Requirements by Geography

6.3.1 Europe (CE Marking, National Certifications)

In Europe, CE marking is required for EVSE, signifying compliance with applicable EU
directives. Standard EVSE stations must fulfill EMC standards in order to qualify for the CE
mark. In Europe, the applicable standards for harmonic emissions of electrical equipment
are IEC 61000-3-2 for currents below 16 A and IEC 61000-3-12 for currents between 16 A
and 75 A (Grasel, José Baptista, et al. 2021, p. 2).

For discharge operation (V2G), the requirements for interconnection with the public grid are
defined in the international and national grid codes. The Austrian market regulations for the
electricity market are defined in the technical and organizational regulations (TOR), which

are divided into several sections for power generation units and electrical equipment (ibid.,
p. 2).

6.3.2 North America (NRTL Certification, e.g., UL, CSA)

In North America, the PJM V2G test demonstrated the process for integrating V2G systems
with the grid. The test involved collaboration between the University of Delaware, Pepco
Holdings Inc., and PJM Interconnect. The vehicle was successfully interconnected to the PIM
grid using a direct signal from the PJM control center to dispatch the vehicle as a regulation

resource, like traditional generators (Kempton, Udo, et al. 2009, p. 6).
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The test results showed that V2G can provide valuable grid services, including frequency
regulation. The data and resulting graphs demonstrated the vehicle’s capability to respond
to regulation signals, including simple charging (load), simple discharging (generation), and

normal regulation up and down (Kempton, Udo, et al. 2009, pp. 20-22).

6.3.3 India (BIS Standards)

In India, the standards for electric vehicle charging stations are reviewed in K et al. 2021.This
document provides an overview of the standards and regulations applicable to EV charging

infrastructure in India.

Additionally,Ahmad and Bilal 2023offers insights into the standards, policies, and challenges

related to EV charging infrastructure in India.

6.4 Challenges in Ensuring Compliance and Achieving Certification for V2G

Several challenges exist in ensuring compliance and achieving certification for V2G systems.
The PJIM V2G test identified the need for a business model development at the scale of 100 to
300 vehicles to move from a technology demonstration to commercial application(Kempton,
Udo, et al. 2009, p. 2).

The test also highlighted the importance of safety considerations, particularly anti-islanding
protection. An anti-islanding test was conducted to ensure that the V2G system would not

continue to energize a portion of the grid that had been disconnected from the main grid (ibid.,
p. 19).

Grasel, José Baptista, et al. 2021notes that while harmonic emission measurements at lab-
oratory conditions give results for idealized conditions, field tests strongly depend on local
grid conditions, and general conclusions are difficult to draw. This presents a challenge for

standardized testing and certification processes.

The bidirectional EVSE can be a main pollutant of harmonic emissions at low power set-
points, harmonic phase angle can change from inductive to capacitive behavior, and the first

resonance frequency of the grid impedance is moved to lower frequencies (ibid., p. 1).
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7 Conclusions and Future Work

7.1 Summary of Key Findings

7.1.1 Regional Variations in V2G Grid Codes

The comprehensive analysis of grid codes across different regions reveals significant varia-
tions in technical requirements, regulatory approaches, and market integration mechanisms
for V2G systems. These variations reflect differences in grid characteristics, regulatory

philosophies, and stages of V2G technology adoption.

In Europe, particularly exemplified by Denmark, grid codes emphasize frequency support
services through well-defined markets for Frequency Containment Reserve (FCR) and Au-
tomatic Frequency Restoration Reserve (aFRR). The European approach is characterized by
detailed technical specifications for harmonic emissions based on IEC standards, with spe-
cific requirements for currents below 16A (IEC 61000-3-2) and between 16A and 75A (IEC
61000-3-12) (Grasel, José¢ Baptista, et al. 2021, p. 2).The European regulatory framework
also classifies V2G systems as “power generation units” during discharge operation, sub-
jecting them to interconnection requirements defined in international and national grid codes
(ibid., p. 2).

North American grid codes, particularly exemplified by PJM Interconnection, focus on fre-
quency regulation services with specific performance requirements, including a 2-second
response time for regulation services (Kempton, Udo, et al. 2009, pp. 2-3).The PJIM V2G
test demonstrated the practical implementation of V2G technology for frequency regulation,

highlighting the importance of rapid response capabilities and anti-islanding protection (ibid.,
p. 19).

Australian grid codes, particularly for Frequency Control Ancillary Services (FCAS), de-
fine specific performance parameters for Fast (6s), Slow (60s), and Delayed (5min) FCAS
markets. The Australian approach emphasizes performance-based compliance pathways for

specific grid services.

In India, the regulatory framework for V2G is still developing, with a focus on adopting and
adapting international standards like IEC for local conditions. The Indian approach empha-
sizes the need for standardized charging infrastructure, with CHAdeMO identified as the only
V2G-capable standard with potential for grid support K et al. 2021.
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These regional variations highlight the need for V2G equipment manufacturers to design

flexible systems capable of adapting to different grid code requirements across markets.

7.1.2 Impact on V2G Charger Design

Grid codes significantly influence the design of V2G charging equipment across multiple

dimensions, from power electronics to control systems and protection mechanisms.

The bidirectional power flow capability required by V2G applications necessitates specific
converter topologies. Typically, these include a 3-phase AC/DC converter connected to the
grid through an LCL filter, coupled with a DC/DC converter for battery interface (Grasel,
J. Baptista, et al. 2023, p. 2).This bidirectional capability enables V2G systems to function
both as loads during charging and as power generation units during discharging, supporting

various grid services.

Power quality requirements in grid codes directly impact filter design. Passive LCL filters are
commonly used for harmonic reduction, with specific design considerations for the inverter-
side inductance, grid-side inductance, filter capacitor, and damping resistor (ibid., pp. 2—
3).These components must be carefully designed to ensure compliance with harmonic emis-

sion limits while maintaining system efficiency.

Control systems for V2G chargers must implement grid support functions such as voltage
regulation (Volt-Var control) and frequency regulation (Freq-Watt control). These functions
require sophisticated algorithms that monitor grid conditions and adjust power output ac-
cordingly. The control system must also be capable of receiving and responding to dispatch

signals from grid operators or aggregators in real-time.

Communication interfaces must adhere to standardized protocols such as ISO 15118 for EV-
EVSE communication, IEC 61850 for grid communication, and OCPP for charging station
management (Kaebisch et al. 2010, pp. 1-2).These protocols ensure interoperability across

different vehicles, grid systems, and management platforms.

Protection systems must include anti-islanding detection, fault ride-through capabilities, and
various safeguards against overcurrent, overvoltage, and thermal issues. These protection
mechanisms are essential for ensuring the safe operation of V2G systems under various grid

conditions.

As charging power levels increase to ultra-fast charging and potentially megawatt levels,
thermal management becomes increasingly critical. Advanced cooling techniques and ma-
terials are necessary to handle the heat generated by high-power operation (L. Wang et al.
2021, p. 2).
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7.1.3 Compliance and Testing Landscape

The compliance and testing landscape for V2G equipment varies significantly across regions,
reflecting differences in regulatory frameworks, technical standards, and certification pro-

CCSSES.

EMC testing, as specified in standards like IEC 61851-21-1, is a fundamental requirement
for V2G equipment. This includes tests for immunity to electrical fast transients, surges,
radiated RF fields, and pulses on supply lines, as well as emission tests for harmonics, voltage
fluctuations, and high-frequency disturbances (IEC 61851-21-1 ED2, page 16, section 6.3).

Interconnection performance testing based on standards like IEEE 1547 and EN 50549 in-
cludes verification of anti-islanding capabilities, voltage and frequency ride-through, power
quality parameters, and protection coordination. These tests ensure that V2G systems can

safely and effectively interact with the grid under various conditions.

Field testing in real or reconstructed grid environments is essential for understanding the ac-
tual performance of V2G systems. The PJM V2G test demonstrated the practical implemen-
tation of V2G technology for frequency regulation in a real-world setting (Kempton, Udo,
etal. 2009, p. 6). Similarly, the research on harmonic emissions of bidirectional charging sta-
tions emphasizes the importance of field tests, as laboratory conditions may not accurately

reflect real-world grid interactions (Grasel, José Baptista, et al. 2021, p. 1).

Certification processes vary by region, with CE marking required in Europe, NRTL certifi-
cation (e.g., UL, CSA) in North America, and BIS certification in India. These certification
processes ensure that V2G equipment meets the relevant safety, performance, and compati-

bility standards for each market.

The testing and certification landscape is evolving as V2G technology matures and as grid
codes adapt to accommodate increasing penetration of distributed energy resources. This
evolution presents challenges for manufacturers seeking to develop globally compliant prod-

ucts.

7.2  Answers to Research Objectives

This thesis set out to address several key research objectives related to the impact of grid
codes on V2G charging equipment design. The findings provide comprehensive answers to

these objectives:

1. Identify and analyze key grid code parameters affecting V2G equipment design across
different regions: The research has successfully identified and analyzed critical pa-

rameters including voltage and frequency stability requirements, power quality limits,
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7.3

grid protection mechanisms, interconnection procedures, and communication proto-
cols. The analysis revealed significant regional variations in these parameters, reflect-

ing different grid characteristics, regulatory approaches, and stages of V2G adoption.

Determine how these grid code specifications translate into technical design require-
ments for V2G chargers: The research has established clear connections between grid
code specifications and V2G charger design elements, including power electronic con-
verter topologies, filter designs, control algorithms, protection systems, and commu-
nication interfaces. For example, harmonic emission limits directly influence LCL
filter design, while frequency regulation requirements shape control system response

characteristics

. Evaluate the challenges of designing V2G equipment for global markets with varying

grid codes: The research has identified significant challenges including the diversity
of technical specifications across regions, the need for adaptable designs that can func-
tion in multiple regulatory environments, and the complexity of certification processes.
These challenges are particularly acute for high-power V2G systems, where thermal

management and grid stability become critical concerns.

Propose design approaches that can accommodate regional variations while maintain-
ing cost-effectiveness: The research suggests several approaches, including modular
designs with region-specific components, software-configurable control systems that
can adapt to different grid requirements, and standardized communication interfaces
that ensure interoperability across markets. These approaches can help manufacturers
balance the need for regional compliance with the economies of scale necessary for

commercial viability.

. Identify gaps in current grid codes and suggest improvements for better V2G integra-

tion: The research has identified several gaps, including insufficient harmonization of
technical standards across regions, limited consideration of bidirectional power flow
in traditional interconnection requirements, and evolving cybersecurity concerns. Sug-
gested improvements include greater international coordination on technical standards,
specific provisions for bidirectional power flow in grid codes, and comprehensive cy-

bersecurity frameworks for V2G systems.

Contributions of the Thesis

This thesis makes several significant contributions to the field of V2G technology and grid

integration:
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7.4

7.4.1

. Comprehensive Analysis of Regional Grid Codes: The thesis provides a detailed com-

parative analysis of grid code specifications across different regions, highlighting key
similarities and differences in technical requirements, regulatory approaches, and mar-
ket integration mechanisms. This analysis serves as a valuable reference for researchers,

manufacturers, and policymakers working on V2G technology.

Technical Framework for V2G Charger Design: The thesis establishes a clear techni-
cal framework connecting grid code requirements to specific design elements of V2G
charging equipment. This framework helps engineers and designers understand how
regulatory requirements translate into technical specifications for power electronics,

control systems, and protection mechanisms.

. Identification of Design Challenges and Solutions: The thesis identifies key challenges

in designing V2G equipment for global markets and proposes practical solutions to
address these challenges. These insights can guide manufacturers in developing more

adaptable and cost-effective V2G products.

. Roadmap for Regulatory Harmonization: The thesis outlines a potential roadmap for

greater harmonization of grid codes and technical standards for V2G technology. This
roadmap can inform policy discussions and international standardization efforts aimed

at facilitating the global deployment of V2G systems.

. Framework for Compliance Testing and Certification: The thesis provides a structured

framework for understanding the compliance testing and certification requirements for
V2G equipment across different regions. This framework can help manufacturers nav-

igate the complex landscape of technical standards and regulatory approvals.

Recommendations

For V2G Equipment Manufacturers

. Adopt Modular Design Approaches: Develop V2G chargers with modular architec-

tures that allow for region-specific components to be easily integrated or modified.
This approach can reduce the cost and complexity of adapting products for different

markets while maintaining core functionality.

Implement Software-Configurable Control Systems: Design control systems that can
be configured through software updates to meet different regional requirements for grid
support functions, protection settings, and communication protocols. This flexibility

can extend product lifecycles and reduce the need for hardware modifications.
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7.4.2

. Prioritize Interoperability and Standards Compliance: Ensure that V2G equipment ad-

heres to international standards for communication (e.g., ISO 15118, IEC 61850) and
electrical performance (e.g., IEC 61851). This adherence facilitates integration with

different vehicles, grid systems, and management platforms.

Invest in Advanced Testing Capabilities: Develop comprehensive testing facilities that
can simulate various grid conditions and verify compliance with different regional re-
quirements. This investment can accelerate product development cycles and reduce

certification risks.

. Engage with Regulatory Processes: Actively participate in the development and re-

vision of grid codes and technical standards for V2G technology. This engagement
can help ensure that regulatory requirements are technically feasible and economically

viable.

For Policymakers and Regulators

. Harmonize Technical Standards: Work towards greater international harmonization of

technical standards for V2G equipment, focusing on core parameters like voltage and
frequency ranges, power quality limits, and protection requirements. This harmoniza-

tion can reduce barriers to market entry and accelerate technology adoption.

Develop Specific Provisions for Bidirectional Power Flow: Update grid codes to in-
clude specific provisions for bidirectional power flow, recognizing the unique char-
acteristics and capabilities of V2G systems. These provisions should address both

technical requirements and market participation mechanisms.

Develop Specific Provisions for Bidirectional Power Flow: Update grid codes to in-
clude specific provisions for bidirectional power flow, recognizing the unique char-
acteristics and capabilities of V2G systems. These provisions should address both

technical requirements and market participation mechanisms.

. Establish Clear Certification Pathways: Create clear and streamlined certification path-

ways for V2G equipment, reducing regulatory uncertainty and compliance costs for
manufacturers. These pathways should leverage existing standards and testing proto-

cols where possible.

Support Pilot Projects and Demonstrations: Fund and facilitate pilot projects and demon-
strations of V2G technology to gather real-world data on grid impacts, performance,
and reliability. These projects can inform the development of more effective and prac-

tical regulatory frameworks.
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7.5

7.6

Address Cybersecurity and Data Privacy: Develop comprehensive frameworks for cy-
bersecurity and data privacy in V2G systems, ensuring that these critical aspects are

addressed in regulatory requirements and certification processes.

For Grid Operators and Utilities

. Develop V2G-Specific Grid Connection Processes: Create streamlined and standard-

ized processes for connecting V2G systems to the grid, recognizing their potential to
provide valuable grid services. These processes should be transparent, efficient, and

proportionate to the scale and impact of the systems.

Establish Fair Compensation Mechanisms: Develop fair and transparent mechanisms
for compensating V2G services, reflecting their true value to the grid in terms of capac-
ity, energy, and ancillary services. These mechanisms should consider both the costs

and benefits of V2G participation.

. Invest in Grid Monitoring and Control Systems: Upgrade grid monitoring and control

systems to effectively integrate and manage distributed energy resources, including
V2G systems. These investments can enhance grid visibility, control capabilities, and

overall system reliability.

Collaborate with V2G Stakeholders: Engage with V2G equipment manufacturers, ser-
vice providers, and users to better understand their needs, capabilities, and constraints.
This collaboration can lead to more effective integration strategies and market designs.

. Conduct Grid Impact Studies: Perform detailed studies on the potential impacts of

V2G deployment on local distribution networks, focusing on power quality, thermal
limits, and protection coordination. These studies can inform connection requirements

and identify necessary grid reinforcements.

Limitations of the Research

While this thesis provides a comprehensive analysis of grid codes and their impact on V2G

charger design, several limitations should be acknowledged:

1. Evolving Regulatory Landscape: Grid codes and technical standards for V2G technol-

ogy are continuously evolving, potentially limiting the long-term applicability of some
findings. The analysis represents a snapshot of the regulatory landscape at the time of

research.
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7.7

Limited Empirical Data: The research relies primarily on document analysis rather than
extensive empirical testing of V2G equipment under different grid code requirements.
This approach may not capture all practical challenges in implementing theoretical

compliance.

. Focus on Technical Aspects: The research focuses primarily on technical aspects of

grid codes and V2G design, with less emphasis on economic, social, and policy di-

mensions that may influence technology adoption and market development.

Regional Coverage: While the research covers major regions including Europe, North
America, Australia, and India, it may not fully capture the diversity of grid codes and

regulatory approaches in all global markets where V2G technology could be deployed.

. Rapidly Evolving Technology: V2G technology is rapidly evolving, with new con-

verter topologies, control strategies, and communication protocols emerging regularly.
Some technical solutions discussed may be superseded by newer approaches in the fu-

ture.

Avenues for Future Research

7.7.1 Standardization Harmonization Efforts

Future research should explore pathways for greater international harmonization of technical

standards for V2G technology. This could include:

1. Comparative Analysis of Standardization Processes: Investigate how different stan-

dardization bodies (e.g., IEC, IEEE, ISO) approach V2G technology and identify op-

portunities for greater coordination and alignment.

Economic Impact of Standardization: Assess the economic impacts of fragmented ver-
sus harmonized standards on V2G equipment costs, market development, and technol-

ogy adoption rates.

Case Studies of Successful Harmonization: Analyze examples of successful interna-
tional harmonization in related fields (e.g., telecommunications, consumer electronics)

and identify lessons applicable to V2G standardization.

. Stakeholder Perspectives on Harmonization: Gather and analyze perspectives from

different stakeholders (manufacturers, utilities, regulators, consumers) on the benefits,

challenges, and priorities for standardization harmonization.
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7.7.2 7.6.2 Advanced Control Strategies for V2G

Future research should investigate advanced control strategies that can enhance the grid sup-

port capabilities of V2G systems while ensuring compliance with diverse grid codes:

1. Model Predictive Control for V2G: Explore the application of model predictive control
techniques to optimize V2G operation under varying grid conditions and regulatory

constraints.

2. Adaptive Control Algorithms: Develop and test adaptive control algorithms that can

automatically adjust to different grid code requirements and local grid characteristics.

3. Distributed Control Architectures: Investigate distributed control architectures for co-
ordinating multiple V2G systems to provide aggregated grid services while maintain-

ing individual compliance.

4. Machine Learning Applications: Explore the potential of machine learning techniques
to optimize V2G control strategies based on historical data, grid conditions, and regu-

latory requirements.

7.7.3 Long-term Performance and Reliability of V2G Systems

Future research should investigate the long-term performance and reliability of V2G systems

under real-world operating conditions:

1. Degradation Studies: Conduct long-term studies on the degradation of V2G equipment
components (e.g., power electronics, filters, communication interfaces) under various

operating conditions and grid interactions.

2. Reliability Modeling: Develop reliability models for V2G systems that account for the

unique stresses associated with bidirectional power flow and grid service provision.

3. Field Performance Analysis: Analyze data from deployed V2G systems to assess their

actual performance, reliability, and compliance with grid codes over extended periods.

4. Life Cycle Assessment: Perform comprehensive life cycle assessments of V2G sys-
tems, considering environmental impacts, resource requirements, and end-of-life man-

agement.

In conclusion, this thesis has provided a comprehensive analysis of the impact of grid codes
on V2G charging equipment design, highlighting regional variations, technical challenges,
and potential solutions. The findings and recommendations offer valuable insights for man-

ufacturers, policymakers, and grid operators working to advance V2G technology and its
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integration into the electrical grid. Future research in the identified areas can further enhance
our understanding and implementation of this promising technology, contributing to a more

sustainable and resilient energy system.

94



REFERENCES

Ahmad, Fareed and Mohd Bilal (2023). “A Comprehensive Analysis of Electric Vehicle
Charging Infrastructure, Standards, Policies, Aggregators and Challenges for the Indian
Market”. In: Energy Sources, Part A: Recovery, Utilization, and Environmental Effects 45,
pp- 8601-8622. URL: https://api.semanticscholar.org/CorpusID:259660307.

Andersen, Poul Houman, John A. Mathews, and Morten Rask (2009). “Integrating private
transport into renewable energy policy: The strategy of creating intelligent recharging
grids for electric vehicles”. In: Energy Policy 37, pp. 2481-2486. URL: https://api.
semanticscholar.org/CorpusID:154516342.

Grasel, Bernhard, J. Baptista, et al. (2023). “The impact of a bi-directional V2G charg-
ing station to the frequency dependent grid impedance up to 500 KHZ”. In: 27th Inter-
national Conference on Electricity Distribution (CIRED 2023). URL: https://api.
semanticscholar.org/CorpusID:263199019.

Grasel, Bernhard, Jos¢ Baptista, et al. (2021). “Harmonic emissions of a bidirectional electric
vehicle charging station - a research methodology based on tests at a reconstructed smart
grid”. In: 2021 IEEE International Conference on Environment and Electrical Engineer-
ing and 2021 IEEE Industrial and Commercial Power Systems Europe (EEEIC / I&CPS
Europe), pp. 1-7. URL: https://api.semanticscholar.org/CorpusID:241592195.

Han, Sekyung, Soohee Han, and Kaoru Sezaki (2010). “Development of an Optimal Vehicle-
to-Grid Aggregator for Frequency Regulation”. In: IEEE Transactions on Smart Grid 1,
pp- 65-72. URL: https://api.semanticscholar.org/CorpusID:1558652.

Haque, Md Mejbaul et al. (2021). “Assessment of a Bidirectional EV Charger to Participate in
Frequency Regulation Markets”. In: 2021 24th International Conference on Electrical Ma-
chines and Systems (ICEMS), pp. 2032-2034. URL: https://api.semanticscholar.
org/CorpusID:245285041.

K, Jeykishan Kumar, Sudhir Kumar, and Nandakumar V.S (2021). “Standards for electric
vehicle charging stations in India: A review”. In: Energy Storage 4. URL: https://api.
semanticscholar.org/CorpusID:237723287.

Kaebisch, Sebastian et al. (2010). “Interconnections and Communications of Electric Vehi-
cles and Smart Grids”. In: 2010 First IEEE International Conference on Smart Grid Com-
munications, pp. 161-166. URL: https://api . semanticscholar. org/CorpusID:
6958406.

Kempton, Willett and Jasna Tomic (2005). “Vehicle-to-grid power implementation: From sta-
bilizing the grid to supporting large-scale renewable energy”. In: Journal of Power Sources
144, pp. 280—294. URL: https://api.semanticscholar.org/CorpusID:18693321.

95


https://api.semanticscholar.org/CorpusID:259660307
https://api.semanticscholar.org/CorpusID:154516342
https://api.semanticscholar.org/CorpusID:154516342
https://api.semanticscholar.org/CorpusID:263199019
https://api.semanticscholar.org/CorpusID:263199019
https://api.semanticscholar.org/CorpusID:241592195
https://api.semanticscholar.org/CorpusID:1558652
https://api.semanticscholar.org/CorpusID:245285041
https://api.semanticscholar.org/CorpusID:245285041
https://api.semanticscholar.org/CorpusID:237723287
https://api.semanticscholar.org/CorpusID:237723287
https://api.semanticscholar.org/CorpusID:6958406
https://api.semanticscholar.org/CorpusID:6958406
https://api.semanticscholar.org/CorpusID:18693321

Kempton, Willett, Jasna Tomic, et al. (2001). “Vehicle-to-Grid Power: Battery, Hybrid, and
Fuel Cell Vehicles as Resources for Distributed Electric Power in California”. In: URL:
https://api.semanticscholar.org/CorpusID:15315375.

Kempton, Willett, Victor E. Udo, et al. (2009). “A Test of Vehicle-to-Grid (V2G) for Energy
Storage and Frequency Regulation in the PIM”. In: URL: https://api.semanticscholar.
org/CorpusID: 155737741.

Lopes, Jodo Abel Pecas, Filipe Joel Soares, and Pedro Miguel Rocha Almeida (2011). “In-
tegration of Electric Vehicles in the Electric Power System”. In: Proceedings of the IEEE
99, pp. 168—183. URL: https://api.semanticscholar.org/CorpusID:1074576.

Pillai, Jayakrishnan Radhakrishna and Birgitte Bak[ Jensen (2011). “Integration of Vehicle-
to-Grid in the Western Danish Power System”. In: IEEE Transactions on Sustainable En-
ergy 2, pp. 12-19. URL: https://api.semanticscholar.org/CorpusID:23378043.

Quinn, Casey W., Daniel J. Zimmerle, and Thomas H. Bradley (2010). “The effect of com-
munication architecture on the availability, reliability, and economics of plug-in hybrid
electric vehicle-to-grid ancillary services”. In: Journal of Power Sources 195, pp. 1500—
1509. URL: https://api.semanticscholar.org/CorpusID:14556476.

Romaén, Tomas Gomez San et al. (2011). “Regulatory framework and business models for
charging plug-in electric vehicles: Infrastructure, agents, and commercial relationships”.
In: Energy Policy 39, pp. 6360-6375. URL: https://api . semanticscholar. org/
CorpusID:110911500.

Wang, Jianhui et al. (2011). “Impact of plug-in hybrid electric vehicles on power systems with
demand response and wind power”. In: Energy Policy 39, pp. 4016—-4021. URL: https:
//api.semanticscholar.org/CorpusID:154489516.

Wang, Lu et al. (2021). “Grid Impact of Electric Vehicle Fast Charging Stations: Trends, Stan-
dards, Issues and Mitigation Measures - An Overview”. In: IEEE Open Journal of Power
Electronics 2, pp. 56—74. URL: https ://api . semanticscholar . org/CorpusID:
232042972.

96


https://api.semanticscholar.org/CorpusID:15315375
https://api.semanticscholar.org/CorpusID:155737741
https://api.semanticscholar.org/CorpusID:155737741
https://api.semanticscholar.org/CorpusID:1074576
https://api.semanticscholar.org/CorpusID:23378043
https://api.semanticscholar.org/CorpusID:14556476
https://api.semanticscholar.org/CorpusID:110911500
https://api.semanticscholar.org/CorpusID:110911500
https://api.semanticscholar.org/CorpusID:154489516
https://api.semanticscholar.org/CorpusID:154489516
https://api.semanticscholar.org/CorpusID:232042972
https://api.semanticscholar.org/CorpusID:232042972

	ABSTRACT
	ACKNOWLEDGMENTS
	SYMBOLS AND ABBREVIATIONS
	Introduction
	Background and Motivation
	The Emergence of Electric Vehicles (EVs) and Vehicle-to-Grid (V2G) Technology
	The Unique Demands of V2G on Grid Code Frameworks
	Overview of V2G Services and Potential

	Problem Statement: Navigating the Complex Landscape of Grid Codes for V2G Charger Design
	Research Objectives and Questions
	To identify and document grid code specifications relevant to V2G charging equipment in key global regions.
	To analyze and highlight the differences in these grid codes across Europe, North America, Australia, Asia (India, China, Southeast Asia), South America, and Africa.
	To investigate the impact of these varying grid codes on the design and development of V2G compatible charging devices, with a focus on high-power systems.
	To explore and document grid code compliance rules, testing procedures, and certification requirements in each geography.

	Scope and Limitations of the Thesis
	Geographical Scope
	Technical Scope
	Limitations


	Literature Review 
	Fundamentals of Vehicle-to-Grid (V2G) Technology
	V2G System Architecture and Components
	V2G Operational Modes and Services
	Economic and Environmental Benefits of V2G
	Technical Challenges in V2G Implementation

	Grid Codes and Their Importance for Distributed Energy Resources (DER)
	Definition, Purpose, and Structure of Grid Codes
	Importance of Grid Codes for Distributed Energy Resources (DER) and V2G
	Key International Standards Development Organizations (SDOs)

	Overview of Key International Standards for EV Charging and V2G
	IEC 61851 Series: Conductive Charging Systems (including MCS)
	ISO 15118 Series: V2G Communication Interface
	OCPP (Open Charge Point Protocol)

	Existing Research on V2G Grid Integration and Charger Design
	Studies on Grid Impact of V2G (Harmonics, Stability)
	Regional V2G Policies, Pilots, and Standardization Efforts
	Communication Architectures for V2G (OCPP Perspective)

	High-Power Charging Systems (e.g., MCS) and V2G Implications
	Specific Requirements for High-Power V2G


	Research Methodology
	Research Design: Qualitative Document Analysis
	Data Sources: Analysis of Provided Technical Standards, Regulatory Documents, and Research Papers
	3.3 Data Extraction and Analysis Process
	Framework for Identifying Grid Code Specifications (Voltage, Frequency, Power Quality, Protection, Communication)
	Method for Comparative Analysis of Regional Grid Codes
	Approach to Identify Design Implications for V2G Chargers

	Structure of Regional Analysis and Presentation

	Global Grid Code Specifications and Regional Analysis for V2G
	Core Grid Code Parameters Affecting V2G Equipment
	Voltage and Frequency Stability Requirements (Ride-Through, Support Functions)
	Power Quality Mandates (Harmonic Distortion Limits (THD, TDD), Flicker, DC Injection)
	Grid Protection Requirements (Anti-Islanding, Fault Contribution, RoCoF)
	Interconnection Rules and Procedures for DERs
	Communication and Control Interface Specifications (for Grid Services)
	Specific Considerations for High-Power (Megawatt-Level) V2G Systems

	Europe: Harmonization and National Specifics
	Key EU Regulations (e.g., EN 50549) and IEC Standards Adoption
	V2G Requirements (Frequency Containment Reserve (FCR), Automatic Frequency Restoration Reserve (aFRR))
	National Examples (e.g., Denmark, Germany )

	North America: Market-Driven and State-Level Regulations
	 IEEE 1547 and its Derivatives, SAE V2G Standards (e.g., J3072)
	V2G in Ancillary Service Markets
	State-Specific Rules

	Australia: Focus on FCAS and Renewables Integration
	National Electricity Rules (NER) and AEMO Guidelines
	V2G Participation in Frequency Control Ancillary Services (FCAS)

	Asia: Rapid EV Growth and Evolving Standards
	India: CEA Guidelines and BIS Standards

	Comparative Analysis: Key Differences and Similarities in Regional Grid Codes for V2G
	Discussion of Divergence in Technical Requirements and Market Rules


	Impact of Grid Codes on V2G Charging Equipment Design
	Power Electronic Converter Design
	Bidirectional Power Flow Capabilities and Efficiency
	Voltage and Current Control Strategies for Grid Support
	Harmonic Filtering and Power Quality to Meet PQ Limits

	Control System and Algorithm Development
	Implementation of Grid Support Functions (e.g., Volt-Var, Freq-Watt)
	Real-time Response to Grid Conditions and Dispatch Signals
	Adherence to Communication Protocols (ISO 15118, IEC 61850, OCPP)

	Protection and Safety Systems within the EVSE
	Anti-Islanding Detection and Disconnection Mechanisms
	Fault Ride-Through (FRT) Capabilities
	Overcurrent, Overvoltage, and Thermal Protection

	Design Challenges for High-Power V2G Systems (MCS)
	Thermal Management at Megawatt Levels
	Advanced Control for Stability at High Power

	 Interoperability and Cybersecurity Considerations in Design

	Grid Code Compliance, Testing, and Certification for V2G Equipment
	Framework for Grid Code Compliance
	General Principles and Regional Approaches
	Role of Interconnection Agreements

	Testing Procedures for V2G Charging Equipment
	EMC Testing (as per IEC 61851-21-1)
	Interconnection Performance Tests
	V2G Functionality and Grid Service Delivery Tests

	Certification Processes and Requirements by Geography
	Europe (CE Marking, National Certifications)
	North America (NRTL Certification, e.g., UL, CSA)
	India (BIS Standards)

	Challenges in Ensuring Compliance and Achieving Certification for V2G

	Conclusions and Future Work
	Summary of Key Findings
	Regional Variations in V2G Grid Codes
	Impact on V2G Charger Design
	Compliance and Testing Landscape

	Answers to Research Objectives
	Contributions of the Thesis
	Recommendations
	For V2G Equipment Manufacturers
	For Policymakers and Regulators

	For Grid Operators and Utilities
	Limitations of the Research
	Avenues for Future Research
	Standardization Harmonization Efforts
	7.6.2 Advanced Control Strategies for V2G
	Long-term Performance and Reliability of V2G Systems


	REFERENCES

