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Abstract

The proliferation of distributed energy resources (DERs) is transforming the operation of

power systems substantially, introducing new challenges in the security of supply. A growing

environmental awareness mainly drives this situation. In an attempt to reach the ambitious

environmental targets, such as CO2 neutrality, the electrification of the transport sector is

considered a cornerstone. However, a high electric vehicle (EV) penetration rate represents

a substantive challenge to the electricity system, particularly at the distribution level. An

uncontrollable EV charging coincides, to a large extent, with the household peak load. This

results in a considerable increase of the consumption peak, particularly in the residential sector.

A sharp load increase causes various detrimental effects on the network, such as loading

issues and voltage deviations, compromising the power quality and the reliability of the system.

These problems directly concern to distribution system operators (DSOs), who have historically

dealt with them by reinforcing the grid. The unique use of this solution seems no longer the

most efficient. A more stochastic and distributed energy system entails real-time operation.

Therefore, the use of the EVs potential flexibility services is becoming of paramount importance,

in a context of extensive electrification of the transport sector. Especially, for helping DSOs

to guarantee the security of supply. This thesis investigates the potential of EV distribution

grid services from a technical and economic approach. First, the self-inductive grid impact

mitigation and the assistance to the DSO is quantified. A power modulation control which

relies on the local voltage measurement is proposed. The active charging power is modulated

by adjusting the current charging rate in accordance with the voltage signal. Additionally, the

control scheme proposed provides reactive power modulation independently of the active one.

This combined control creates the possibility of extending the EV services procurement since

reduces considerably the impact on the EV charging patterns.

However, the technical benefit from the EV flexibility assumes the stakeholders’ williness to

participate. To engage involved participants, the thesis investigates the economic assessment

of EV distribution grid services provision by benchmarking it against a common grid reinforce-

ment. The primary focus is the definition of a market framework for enabling the EV flexibility

procurement at the distribution level, considering network constraints and seeking a general

benefit derived from a smart EV integration. For this purpose, a procedure for billing the EV

charging based on two prices system is proposed, rewarding individually the exact EV support

provided. The final aim is to encourage flexible resources integration in the distribution grid to

reach a significantly more efficient and flexible system performance while enhancing the social

welfare. The methodology proposed is applied to a semi-urban Danish distribution network.
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Chapter 1
Introduction

1.1 Background and motivation

A growing environmental awareness is evident in the variety of international and national agree-

ments signed over the last decades, regarding climate change mitigation and environmental

impact. A perfect global example is the Paris Agreement , enforced in November 2016 with

the target of limiting the global average temperature rise to well below 2°C above preindustrial

levels [14, 15]. The European Union (EU) has formulated legally bringing targets for 2020

and additional goals for 2030 and 2050, as summarized in [16]. On a national level, many

European countries have set specific climate and energy plans. For instance, the Danish

government has signed the Energy Strategy 2050 [17], which establishes the target of CO2

neutrality in the energy sector by 2050. Since the transport sector currently accounts for 23%

of the global energy-related GHG emissions [3], it will also need to deliver emissions cuts

totally for countries to achieve a CO2 neutrality.

The electrification of transport sector plays a significant role in low-carbon scenarios, where its

growth goes hand-in-hand with decarbonizing the electricity sector [18, 19]. EVs are turning

to a progressively more attractive alternative, due to the unsettled and raising fossil fuel cost

together with a remarkable development and price reduction in battery technology. However,

the overall EV penetration entails additional high loads (compared with other appliances) in the

power system. The impact scale is very much dependent upon the users charging patterns.

Nowadays, EVs are mainly charged immediately after being plugged-in and on a domestic

setting (’dumb charging’), coinciding with the highest household demand. A significant amount

of EVs following this loading pattern without any control can lead to several problems in the

grid. This issue, together with the extensive integration of renewable energy sources (RES)

and their stochastic and fluctuating nature, poses significant risks to the reliability of the power

system and, hence, the security of supply, especially at the distribution level.

Nonetheless, some properties such as a quick-response storage system and a high range

of available hours [20], turn EVs into a potential opportunity for the system operation. For

this purpose, EVs must be dealt with as active resources, rather than being merely passive

loads. Even more, their synergy with the renewable energy generation, e.g. wind and solar,

can allow a faster change of the energy sector. To achieve this, EVs charging patterns must

1



2 CHAPTER 1. INTRODUCTION

be adapted to the rest of the electrical demand, mitigating their impact on the distribution grid

while exploiting their advantages to all the stakeholders. This is entirely conceivable from a

technological point of view, but it requires the social engagement. In that way, the development

of charging strategies and market incentives become necessary, keeping the EV owners’ needs

concerning transportation as a limiting factor, since it is the primary EV function.

Summarizing, there are several potential problems associated with a high uncontrolled EV

penetration, such as severe load peak increase, voltage limits violation, congestion issues

in different types of equipment and losses rise. The desire to investigate possible mitigation

strategies and to assess them technically and economically motivates this thesis.

1.2 The Parker and ACES projects

The former thesis is built on top of two ongoing Danish research and development projects

within the EV integration topic, the Parker and the ACES projects. Both projects intend to

address the EVs capability to support the power grid at different scales and ensure the role

of EVs as contributors to guaranteeing a reliable and cost-efficient power system operation

with a high share of RES. Parker and ACES are carried out as a multidisciplinary collaboration

between academic institutions, technology providers and commercial OEMs.

The Parker Project

The Parker Project aims to validate the series-produced EVs ability to support locally and

system-wide the power grid by becoming a vertically integrated resource. In this line, Parker

interfaces with the Frederiksberg Pilot, the world’s first commercial pilot of series produced

V2G cars providing system services. Furthermore, Parker seeks to pave the way for further

commercialization by dealing with existing market, technology and users barriers. Parker

represents the next technology readiness level, currently applying grid-balancing services to

an EVs fleet.

Parker project builds on two previous Danish projects, the EDISON [21] and the Nikola [22],

which have set the scene for the comprehension of the EV’s potential in balancing the Danish

grid. Parker is divided in three pillars: (1) the grid applications; (2) the grid readiness certificates,

seeking to produce a Grid Integrated Vehicle (GIV) certificate; and (3) the replicability and

scalability , across geographies, technologies and user groups. More information in [23].

The Aces Project

The recently launched ACES (Across Continent Electric Vehicle Services) project intends to

provide techno-economical investigations of the system benefits and impacts by large scale

EVs integration in the Danish island of Bornholm. Aiming to prove the EVs actually capability

for balance the system, ACES will include not only a full-scale penetration scenario of EVs

simulated at Bornholm grid but also a small-scale pilot project involving up to 50 EVs and
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V2G chargers. Even though its focus on the Danish context, ACES will be enhanced by also

comparing existing electricity market services in the United Kingdom and Japan.

"Building on the previous research efforts, ACES will scale up the technology as to understand

and quantify the full impact of the electric vehicle as a provider of flexibility and critical properties

to a power system and its markets. This implies investigating the electric vehicles potential in

relation to the needs identified in the strategy of the Danish market development, which can be

applied to markets beyond the Nordic system". More information in [24]

1.3 Thesis objectives

The present work deals with the EV integration topic, adopting a focused approach to the

challenges and opportunities for the DSO. The objective of this thesis is twofold. First, the

EV potential is investigated concerning mitigation of their impact on the normal distribution

grid operation. Then, the defined support is assessed economically in comparison with the

cost of implementing a currently used solution for dealing with the encountered network contin-

gencies. Therefore, the EV flexibility to assist the DSO is addressed from two complementary

approaches: the technical and the economic.

Overall, the research objectives of this thesis are concentrated on answering the following

question: How can the electric vehicles provide support to the DSO for ensuring proper

power quality and security of supply and what is the economic value of the EV flexibility

service?. To this end, the following sub-questions are addressed through this report trying to

cover the key issues to reach a proper respond:

• Based on the historical structure and operation mode of the electricity system, how

can be the impact of high EV integration with uncontrolled charging? What are the

estimations regarding the EV integration? It is important to have an overall idea of the

expected EV integration magnitude to identify the challenges that EVs introduce to the

power system. Additionally, knowledge about mobility and charging patterns are needed

for that aim. Assessing the extent and features of the issue is also indispensable to put in

place appropriate measures and to identify the potential opportunities of this new power

system entity. In this line, a good insight of the application environment, i.e., the electricity

system, is worthwhile.

• What are the distribution system operator concerns regarding grid operation and

how can EVs help to carry out these duties? A solid understanding of the distribution

network contingencies is essential to identify a possible EV impact on them. At the same

time, becoming acquainted with the DSO grid responsibilities is needed to define possible

EV services in a distribution network level.

• Who are the retail market stakeholders and how is the household’s electricity bill

set? Who pays what and to whom and what items define the electricity price seen
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by a typical household? The EV integration also influences the electricity market and

vice-versa. On the one hand, EVs charging are a new part of the invoice and, on the other

hand, market initiatives can play a fundamental role in achieving a smart integration. Due

to both reasons, an investigation and comprehension of the retail market dynamics, the

electricity bill structure and the price configuration are of utmost importance.

• Based on the identified EV services, how can the EV charging be controlled to pro-

vide them? What is the potential of combining active and reactive power modulation

for the provision of distribution grid support? The EV charging control strategy has

to manage with network signals and users requirements, which are key but apparently

mutually conflicting aspects. Based on the influence of the active power modulation on the

charging patterns and the reactive power control potential for providing support without

affecting active power modulation but with some limitations, it is worth an investigation of

how the power system could benefit from the capability of the EV charging technology of

combining both.

• In accordance with the retail market dynamics and the defined EV flexibility service,

who are the market stakeholders involved to a greater extent? What are the EV

services benefits for them, from a market perspective, and how can the EV users be

engaged? As mentioned, the market can play a primary role promoting the EV flexibility

use. Market incentives have to be developed in a manner that reports a general welfare. In

order to ensure that rewards are defined equitably and appropriately, an identification of the

principal concerned, their role, needs and benefits are crucial.

• To which extent can the EVs mitigate the self-inductive impact in the grid operation?

What is the economic assessment of the EV support from the society perspective?

Finally, the studies should be applied in a proper study case to acquire performance

results allowing the formulation of some conclusions, implications and future research topic

direction. In this thesis, a piece of a Danish residential low-voltage (LV) grid is used for

that purpose. Due to the similarity of the used network topology to many of European

LV systems and the European market common features, methodology and results can be

extrapolated to other countries across the continent.

1.4 Scope and limitation

In line with the research questions presented above, this thesis investigation is focused on

the distribution grid level . Therefore, the impact of uncontrolled EV integration is measured

in terms of distribution network contingencies and the EV services investigated are defined

in accordance with the DSO responsibilities and needs. Direct impact and ancillary services

provision within transmission system operator (TSO) competencies is outside the scope of this

thesis.
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Regarding the market side, the scope is set to the retail market due to the relevancy with

the previously mentioned research focus (i.e., a distribution grid level). Hence, the market

incentives are designed at this level, not considering participation in the wholesale market. It

is worth mentioning that no commercial intervention in the electricity market is viewed from

the EV users side. That means, the incentives evaluated in this thesis are based on contracts

agreement between the EV user and the relevant market agent but not on, for instance, in

wholesale market bids.

Finally, it should be pointed out that the control strategy defined has not into account vehicle-

to-grid (V2G) capability. This technology is currently in a more experimental set-up phase and,

thus, only decentralized power modulation control is considered. Notice that the reactive power

control discussed is still not implemented; however, it requires only limited modifications to the

current technology. This is the reason for considering it in the present work. The controller

responds only to local voltage signals, not receiving any global loading input from the grid

equipments. However, both voltage and loading issues are investigated since the EV charging

power modulation influences also the equipment loading profile.

1.5 Thesis outline

This thesis is structured along the aforementioned twofold objective. The report is organized

into 8 chapters, starting with the state of art of the overall electricity system to progressively

focus more on the research objectives. The most relevant topics in that regard are analyzed

deeper before presenting of the methodology proposed. Finally, the results are discussed, and

some conclusion and future works are defined. Each chapter content is summarized below:

Chapter 2 reviews the state of art of the electricity system, which is divided into two part, in

accordance with the twofold aim of this thesis. First, it elaborates on the electricity grid issue,

providing an overview of the role and primary responsibilities of TSOs and DSOs as network

owners. Then, the focus is put on the electricity market topic, offering a brief comprehensive

view of the current wholesale and retail markets dynamics. Finally, an analysis of the EV

integration projections and the challenges and opportunities of smart integration is included.

Chapter 3 and Chapter 4 comprised a deeper analysis of, to date, DSOs responsibilities

regarding grid operation technical issues and DSOs role in the retail market, respectively. The

market information is mainly focused on the Danish case but with many aspects applicable to

the rest of European countries. Both chapters are of paramount importance for the definition

and comprehension of the particular methodology addressed in following chapters.

Chapter 5 and Chapter 6 cover the design and implementation of the methodology proposed.

Chapter 5 focuses on the technical investigation of the DSO-based services provision from

the EVs, including the description of the control strategy used, load flow simulation and the

technical limits evaluation. In Chapter 6, the focus is moved to the economic assessment

of the mentioned services, defining a framework for enabling the EV flexibility procurement

and engaging both EV user and DSO to participate on that actively. The services provision
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is recognized and compensated in the electricity bill throughout a two-price system, and it is

economically evaluated by benchmarking it against a conventional grid reinforcement solutions.

In Chapter 7, the results from both the technical investigation and the economic evaluation

are reported and discussed, including a summary of each part. These results are obtained

by applying the proposed methodology to a Danish study case, described in Chapter 5 (the

electricity grid) and in Chapter 6 (the electricity market, invoice and price). Finally, Chapter 8

concludes the research objectives covered throughout the thesis and adds a preview of future

work.



Chapter 2
The Electricity System

The electricity system consists of a physical infrastructure and an electricity market. The

physical grid or power system comprises the flow of electricity , allocating the generation and

the transport system. The electricity market, on the other hand, accounts for the movement of

money and it is formed by different agents, such as transmission system operators (TSOs),

distribution system operators (DSOs), electricity suppliers, consumers, and regulators. Figure

2.1 shows an schematic overview of the contemporary electricity system structure [25].

As aforementioned, the power system is undergoing significant changes in the transition

towards a low-carbon scenario. Realities such as the growing share of RES and the transport

electrification require not only the adaptation of the technical infrastructures but also markets

and regulations redefinition. To handle the increased demand and stochasticity of the system,

it is necessary to give consumers a more meaningful role, encouraging the active demand

management , the self-consumption generation and the injection of the production excess into

the grid. Investments in a stable and adaptable network are also required.

In this line, together with the objective of assessing technologically and economically the

DSO-based services from EVs, an overview of the current conditions and framework of the

electricity system is provided in this chapter. The first section addresses the technical part

through an overview of the power grid and its operation. The economic issue is tackled in the

second part, via an analysis of the electricity markets. The study is focused on Denmark, even

though most of the technical aspects presented can be extrapolated to the European level. For

the economical part, the method proposed must be adapted to the specific implementation

case retail market and electricity bill structure.

2.1 The power system

The electricity grid mainly consists of two parts: the electricity generators and the transport

systems, which is divided in transmission (over long distances) and distribution (to residential

and industrial consumers) levels, as can be observed on Figure 2.1. Hence, it connects

generators and consumers through transmission and distribution networks. Historically, electric

power systems have been developed and operated within a rigorously regulated monopoly,

with almost all the actions handled by vertically integrated utilities. This centrally planned

7
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The Electricity System
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Figure 2.1: Simple, schematic overview of the electricity system structure, including the
main infrastructures and stakeholders involved and the electricity (physical grid) and money
(electricity market) flows.

activity concept lasted until the early 1990s when a growing liberalization trend reached it. By

introducing competition, liberalization has led to a more efficient use of the assets, bringing

real, long-term benefits to the customers [26]. Regardless of the liberalization approach, the

development and operation of the power system require active government involvement. Some

of the entities within the energy market, such as TSOs and DSOs, remained strictly public and

regulated due to the centralized nature of the scheme.

It is worth mentioning that electricity has two fundamental technical properties, which also

impact the market: (1) Supply and demand must always be balanced , (2) The flow of electricity

cannot be controlled and has to fulfill specific power quality requirements. As already men-

tioned, there is a variety of environmental targets, which lead to an extensive DERs’ integration

in the electrical system. On a technical level, this situation will challenge more the compliance

of both properties, increasing the requirements for ancillary services. Here, the term ancillary

services refer to grid support services required by TSOs and DSOs to maintain the integrity,

stability and quality of supply. Typically, these services embrace from frequency regulation and

active power reserves to voltage and reactive power control.

Therefore, TSO’s and DSO’s roles are gaining further importance during the recent years.

They all have responsibilities on the system operation, for their networks, and on the market,

providing non-discriminatory access to their grids. Hence, the new framework makes the

revision of the way TSO and DSO interact and their specific roles necessary. A brief overview

of their current leading functions and services provided is presented below, regarding their

responsibilities on operating the system.

2.1.1 TSO role and services

Following the definition of the European Commission art.2 n.4 Dir.2009/72/EC, a TSO in the

electric power system is an entity entrusted with transmitting electrical power from generation
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plants over the electricity grid to regional or local distribution operators. Due to the cost of

establishing the transmission infrastructure, TSO entity is usually a natural monopoly . Safety

and reliability are critical issues for TSO, which is responsible for keeping the generation/-

consumption balance. TSOs are interconnected to minimize the probability of grid instability

and failure. Besides, for balancing reasons, they must procure ancillary services when any

mismatch between demand and generation happens. In general, the frequency ancillary

services are divided in primary, secondary and tertiary reserves, even though their definition

differs from country to country.

In the Danish case, the TSO is Energinet.dk, an independent public enterprise owned by the

Danish state as represented by the Minister of Energy, Utilities and Climate. Energinet.dk

owns, operate and construct the HV grid, having as a primary task to maintain the overall

short-term and long-term security of supply, which includes buying the ancillary services

needed. The Danish power system has the peculiarity of belonging to two synchronous

regions, called DK1 and DK2, connected through an HVDC link, the Great Bell. DK1 is wired

to the continental Europe, whereas DK2 is connected to the Nordic region. That makes the

definition of ancillary services slightly different in both areas of supply. Their requirements are

regulated by ENTSO-E RG Continental Europe Operational Handbook [27] (for DK1), by Joint

Nordic System Operation Agreement [28] (for DK2) and by Energinet.dk regulation for grid

connection [12]. Table 2.1 summarizes the services in both regions.

Table 2.1: Ancillary Services to be delivered in DK1 and DK2. Data source: [12].

Area Service

DK1

Primary reserves
Secondary reserves, LFC (Load Frequency Control)

Manual reserves
Short-circuit power, reactive reserves and voltage control

DK2

Frequency-controlled disturbance reserve
Frequency-controlled normal operation reserve

Manual reserves
Short-circuit power, reactive reserves and voltage control

2.1.2 DSO role and services

The DSO, according to art.2 n.6 Dir. 2007/72/EC [29], is the entity concerned for operating,

maintaining and, if necessary, developing the distribution system in a given area and, when

applicable, its interconnections with other systems. It is also responsible for ensuring the

long-term ability of the system to meet reasonable demands for the electricity distribution. The

term distribution embraces the transport of electricity on medium- and low-voltage (MV, and

LV) systems intending to delivery to customers, but excluding supply. DSO must guarantee as

well the requested power quality, according to the relevant regulation.

In Europe, TSOs and DSOs operate under natural monopolies due to the essence of the

system. Distribution networks belong to a wide diversity of DSOs, unlikely the transmission
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system which usually belongs to a single TSO on a national level. The number of DSOs

changes from country to country, with different control areas magnitudes. However, they have

almost the same responsibilities in term of system operation around the EU. DSOs activities

are mainly focused on long-term planning and design. This is related to the fact that they have

historically operated unidirectional and radial networks, where grid contingencies could be

dealt with adequate network planning [30].

DSOs’ tasks include finding the most efficient and affordable way for delivering the electricity

to consumers while ensuring the quality of service, which comprises continuity of supply and

power quality . They have to meet different technical performance requirements, laid out in

national and international laws, standards and grid codes [30]. To achieve a proper distribution

grid operation, DSOs have to solve network contingencies as congestion and voltage issues [1]

(Figure 2.2). More details about specific requirements in this regard are presented in following

chapters and used in the technical investigation for addressing EVs impact and services

quantification.

Distribution Grid 
Contingencies

Loading Issues Voltage Issues

Transformer 
Overloading

Cable 
Overloading

Voltage 
Magnitude

Voltage 
Unbalances

HarmonicsSystem Losses

Figure 2.2: Distribution Grid Contingencies to be solved by DSO. Adapted from [1].

There used to be 110 DSOs in Denmark [31], but there has been a substantial consolidation

due to political reforms and changes the last years. At the end of 2012, the number of DSOs in

Denmark was reduced until 75, whereas only 61 remained in 2016 [32]. Their obligations are

defined by the Danish Electricity Act No.1329/2013 (DES) in directive 713/2009 art.26, passed

by the Danish Parliament, together with the executive order No.980 of 2011. These legal acts

clarify a group of obligations the DSOs have to meet to verify that they operate without being

influenced by any commercial interest of other vertically integrated companies. Therefore,

DSOs have been, by law, independent organizations.

2.2 Electricity Markets

The electricity markets in Europe operate at various levels, involving different actors (Figure

2.1). Generators compete in the wholesale market to sell the power to the suppliers and large

consumers. On the other hand, suppliers compete in the retail market to sell electricity to

the final consumers (households or industrials). For the Danish case, the scope of agents’

activities is based partly on the provision of the Danish Energy Electricity Supply Act [33] and

partly on the ones that Energinet.dk lays down (’Market Regulations’) [34].
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Due to the relevance for the economic assessment objective of this thesis, an overview of

the electricity market in Europe, and especially in Denmark, is presented below. Particular

emphasis is placed on the retail market since it is the one that involves most directly the

end-users. To assess the EV potential for providing DSO based services, it is of primary

importance to obtain a good understanding of the market in which they will be integrated.

In Chapter 4, the retail market topic is further developed, with an insight into the residential

electricity sector and the billing process in Denmark.

2.2.1 The Wholesale Market

Regarding the time scale, the wholesale market ranges from long-term contracts to real-

time balancing, being organized in different markets (Figure 2.3). Usually, it operates on a

transnational level throughout interconnections, as in the case of the Central West European

region or the Nordic region. Operating under a market coupling way , the use of power plants

and resources are optimized. This is due to the possibility of exploiting lower price electricity

available in one country to cover demand in another country with a higher electricity price.

Ideally, this leads to price equalization through the coupled markets. However, the situation is

sometimes different because of physical constraints. When the cross-border demand exceeds

the interconnection capacity, various prices across the combined regions occurs, as a reflection

of the congestion.

Figure 2.3: The wholesale electricity market. Source: [2].

Currently, seven European Power Exchanges are involving in the Price Coupling of Regions

(PCR) project, which aims to develop a single price coupling algorithm (EUPHEMIA) to be used

for calculating energy allocation, net positions and electricity prices across Europe, increasing

the transparency of price determination and maximizing welfare [35]. One of the parties of this

project is the Nord Pool, the Nordic Power Exchange owned by Energinet.dk and the other

Nordic TSOs. Nord Pool is the entity through which the trade on the wholesale market is

conducted in Denmark, since the Danish electricity market is part of the free Nordic one.

Together with Europeans, Danish authorities have supported liberalization to stimulate compe-

tition in generation and trade. As mentioned, the full liberalization of the electricity markets in
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Europe took place in 1999 with the EU directive publication. Since then many political changes

have happened. More changes are expected in the future, to produce more market-based

solutions and increase the integration of the Nordic electricity market into the EU market.

This is crucial to promote higher DERs integration. DERs are small power sources (typically

RES)1 and storages that enable gathering energy from many different sources and potentially

the reduction the environmental impact. As the electricity system continues to modernize,

DERs may facilitate the transition to a smarter system, improving the security of supply and

operational efficiency.

2.2.2 The Retail Market

Contrary to the wholesale market, the retail market is operated locally. It caters to consumers

who, together with the suppliers, are the core actors in this market. The suppliers offer

electricity contracts to the customers. These contracts have to be previously approved by the

relevant regulator. Suppliers differentiate their offers based on price and origin of the electricity.

On the other hand, the consumer has the right to choose their supplier freely. In Denmark,

the electricity invoices sent by suppliers include the prices charged for the electrical energy

delivered , the transmission and distribution transports, the taxes and the levies.

The retail market was fully liberalized in 2003, aiming to increase competition and establish

a well-functioning market where consumers can benefit by choosing a different supplier,

products, etc. The electricity prices charged in the retail market vary from consumer to

consumer, depending on the type of customer and the type of services and price they have

agreed with the supplier. For instance, households get higher prices than industrial consumers.

Despite the liberalization, some studies and surveys conducted at a European level found

malfunctioning in the retail electricity market, regarding end-users knowledge and right use.

The European Commission carried out a follow-up study in 2010 [36] aiming to assess whether

consumers benefit from a well-functioning market for choice, quality and price and how easy

it was for them to understand the market possibilities. Among others, it concluded that 62%

of users found a cheaper tariff, but 41% do not know whether they have the cheapest. Only

7 Member States have switching rates above 10%, demonstrating a lack of information from

consumers and that they are not taking advantage of opportunities for cheaper tariffs. Some

studies also conclude the existence of common misconceptions around the retail market in the

consumer’s side [37]. It is of primary importance to bring some light on this issues to make it

more accessible, comfortable and attractive for them to participate more actively in the market,

based on its significance for the future of the electricity system.

In Denmark, some barriers still exist regarding effective competition. The Authorities are

focused on correcting this issue and on increasing the competition. An example is the Supplier

Centric Model (SCM) implemented from April 2016 [32], as discussed in Chapter 6.

1Notices the different between DER and RES. The term DER refers to a variety of small, grid-connected
devices that generate or storage distributed energy. On the other hand, the term RES concerns natural resources
of energy, including small hydro, solar power and wind power. DER typically use RES
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2.3 Challenges and opportunities in the electricity system

Nowadays, the transformation of the energy system to a distributed one is more than a reality.

Large-scale centralized power plants, mostly run by fossil fuels, have been and are being

decommissioned or replaced by combined heat and power plant (CHP), wind farms, solar

installations (photovoltaic and thermal), etc., that is, DERs. In the case of Denmark, wind

power production represented 42% of the total electricity consumption in 2015. Solar power

capacity installed is still small but it is growing fast. According to Energinet.dk’s projections, the

installed capacity of photovoltaic cells is estimated to be 2,115 MW in 2025, which doubles its

current values and comprises the 5% of the expected electricity consumption in Denmark.

The increasing integration of RES jeopardizes both the reliability of the power system and its

economical operation. Characteristics as stochasticity, intermittency and bi-directionality of

these sources, impose additional constraints and challenges on achieving balance and power

quality. To give an example, the wind share in Denmark fell from the higher historical value

in 2015 (42% of the total Danish consumption) to the lowest in the last three years in 2016

(37.6%) for almost the same installed capacity due to the lower wind speeds [38].

One way to afford these new challenges is by providing ancillary services, as aforementioned.

An alternative approach is offered by demand response solutions, which involves reducing

electricity consumption in a time of scarcity while increasing it when there is a surplus. Another

mean of solving grid problems and balancing the system is the energy storages. Even though

battery storage is still an expensive emerging technology, other possibilities are coming into

the system. The smart integration of EVs represents a potential storage and demand response

service to the grid, instead of a mere increase in electricity demand.

2.3.1 Electric Vehicles Integration

The uptake of EVs has been growing since 2010. Whereas in 2005 the number of EVs on the

road were measured in hundreds, the global EV stock surpassed 2 million cars in 2016 after

crossing the 1 million thresholds in 2015 according to IEA Global EV Outlook 2016 and 2017

[3, 39]. Even more, these outlooks bring deployment scenarios for the stock of EVs to 2030

(Figure 2.4), where it is shown that EV stock will range between 9 million and 20 million by

2020 and between 40 million and 70 million by 2025 [3].

Focusing on the Danish case, a moderate scenario in [4] contains approximately 47,000 EVs

in 2020 and 234,000 in 2030 (Figure 2.5). According to Dansk Elbil Alliance (Danish Electric

Vehicle Alliance), the transport sector in Denmark has increased 17% since 1990, accounting

approximately for 90% of oil consumption. Special characteristics, such as quick-response,

attached battery , and bi-directional power flow capability , together with large idle times (around

90% of the year) [20], make EVs attractive agents to be considered.

On the other hand, one can not ignore the potential problems that a high degree of EV

penetration could bring. Following the calculations in [1], connecting an EV at a charging
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Figure 2.4: Deployment scenarios for the stock of EVs to 2030. Source: [3].

rate of 3.7 kW would result in around five times the average Danish household peak load

(around 1kW). Hence, the load that an EV represents to the distribution grid is equivalent to the

consumption of four houses. Since distribution networks are long-term planning, the system

components are currently not sized accordingly. Therefore, EVs integration challenges the

distribution grid operation, leading to several issues such as under-voltage and overloading.

 

Figure 2.5: Scenarios for rolling out EVs in Denmark. Source: [4].

Danish research projects Nikola [22], Parker [23] and ACES [24] have been established aiming

both to address the disturbances mentioned above and to systematically investigate and

validate the potential of EVs providing services to the power system. The former was focus on

investigating the four main categories of EV integration: (1) System-wide services for TSO, (2)

Distribution grid services for DSO, (3) User value-added services, and (4) Enabling technology ,

considering a domestic AC charge as the predominant choice [40]. The two latter are described

in Chapter 1 (Section 1.2). The work presented here is related to them.
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2.3.2 Restructuring the electricity system

Flexible demand and energy storage can easily be encouraged by electricity markets via, for

instance, time-variant pricing, or scarcity prices. Markets need to be redesigned in such a

way to promote investment in low-carbon technologies and the use of system flexibility while

safeguarding security and quality of supply at affordable prices for consumers [25]. To boost

that, the EU legislation is focused on liberalizing the internal electricity market and, based on

the Target Design Model [41], on achieving increasingly interconnected electricity markets with

convergent prices. Even more, the European legislation contemplates the Renewable Energy

Directive [42], which obligates the Member States not only to open their networks to RES but

also give them the priority in the market.

These issues are also addressed in the European Parliament’s resolution of 13 September

2016, Towards a new energy market design [43]. Throughout the document, it is noticed that

a combination of both long-term price and short-term markets signals are required for the

integration of a growing share of DERs and prosumers. It also deals with the need of promoting

the demand response and energy storage. The resolution highlights the role of DSOs in the

new electricity system design, since the fact that the vast majority of emerging DERs are

directly connected to the distribution level. Even more, resources like PV, EVs and heat pumps

are usually single-phase connected. That, together with the DSO lack of knowledge of their

location and phase of connection, will make their penetration to be limited by emerging voltage

unbalance if no further actions are taken.

In this regards, reference [44] introduces an investigation of issues that can arise in distribution

networks as a consequence of the electrical load increase. A description of the flexible services

at the distribution level is also included in [45], where the authors analyze as well the technical

and economic requirements for the efficient provision of flexibility services from EVs. Based on

this analysis, some market recommendations are provided both from a technical and policy

perspective. Additionally, demand response is regarded as an essential tool to reach the goals

concerning renewable energy share and energy savings improvement by 2030, within the 2030

European framework . The critical step towards this and the widespread consumer engagement

was the inclusion of demand response in the Network Codes and Guidelines, especially in the

Network Code on Demand Connection (NC-DC) [46].

In the recent years, some projects and associations are flourishing at this regard in the EU.

The first example is the FP7 collaborative project evolvDSO, Development of methodologies

and tools for new and evolving DSO roles for efficient DRES integration in distribution networks

[47]. The project aimed to drive the implementation of the European Electricity Grid Initiative

(EEGI), as well as to provide a significant impetus for reaching EU climate targets. Another

good example is the INCREASE project [48], which focus is on managing DERs in MV and

LV networks, and the provision of reserve and voltage control ancillary services. It is worth

mentioning also the association of 34 European DSO for Smart Grids under the name EDSO

for Smart Grid [49], aiming to bring smart grids from vision to reality in Europe.
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Summarizing, the coordination of RES and emerging technologies, together with their associ-

ated services, requires control systems and strategies, new market actors, efficient system

and market signals and regulations. All in all, to avoid as far as possible network reinforcement,

to improve system performance and to ensure the security of supply.



Chapter 3
Distribution System Operator:

Grid Services

This chapter analyzes the EV integration framework regarding technical distribution network

issues, to properly define the impact investigation and the EV charging control strategy. For this

purpose, the operational conditions and grid contingencies concerning DSOs are discussed.

Then, the EV distribution network services on which the thesis is focus are defined, and their

potential provision is assessed. Therefore, the analysis presented in this chapter set the stage

for the methodology proposed in Chapter 5.

3.1 Reliable Operation of the Distribution Grid

To ensure a reliable operation of the power system, the DSO roles include solving grid

contingencies as congestion and voltage issues (Figure 2.2) at the distribution level.

3.1.1 Congestion issues

Congestion is mostly related to equipment overloading, particularly to cables and transformers.

Based on manufacturing characteristics, grid components are defined for a given rated value

(such as nominal power or current). Overloading is caused when this value is overcome,

resulting in their deterioration and a reduction of their bearing lifetime. The shorter lifetime

of the components may be translated to a considerable cost increase, due to the need for

replacing them. Bearing in mind that the new operational environment includes a substantial

load increase especially in local DSOs’ grids (each EV represents a consumption equal to four

houses as described in Chapter 2) and the expected number of EVs on the roads in the close

future, congestion might arise in those grids.

However, each distribution network has a different history and, therefore, different congestion

issues. In some cases, congestions are first expected to emerge in the MV grid, while in other

the LV level is considered to be more critical. This may be accentuated by EVs integration

since they are a variable load both in quantity and location of charging. That is an important

point to consider when designing solutions to the problem. Overloading leads to collapse and,

therefore, to load shedding. Currently, the solutions to avoid this are grid upgrading. Cables

17
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and transformers are a highly expensive replacement part, not only due to their cost but also

due to the expenses associated with the replacement per se. For instance, the wages and

other ’non-cable’ costs linked to the cable renewal may grow much faster than the expense

of the physical wire. Hence, this solution is likely to become increasingly unappealing to all

affected parts.

3.1.2 Voltage issues

A high penetration of DERs, and their consequences already mentioned, complicates the

DSOs task of guaranteeing the power quality in their networks, according to the relevant

regulation. By electric power, quality is meant to keeping bus voltages and currents at a rated

magnitude and frequency, near to sinusoidal waveform [50]. Based on the household peak

load increase caused by EVs charging, the stock expected and their single-phase connection

characteristic, distribution networks will have to cope with overall voltage degradation, especially

in unbalanced systems.

As a matter of fact, in Denmark, the three-phase connection is available for both industrial and

residential consumers. Moreover, there is a lack of regulation for per phase load connection.

Due to that, the single-phase connection of the different devices is unknown for the DSO.

Uncontrollable EV charging in such a frame may involve significant voltage unbalances and

neutral-to-ground voltage increase. All this would lead to violation of technical constraints and

power quality deterioration, causing severe equipment damage and higher losses. Therefore,

voltage regulation service is of utter importance.

European DSOs must conform with the European standard EN 50160 [13], in which diverse

requirements concerning voltage quality are specified. According to the conditions for Voltage

Characteristics in Public Distribution Systems, the Root Mean Square (RMS) phase-to-neutral

voltage magnitude limits at the LV grid level must be maintained within ± 10% of the nominal

voltage value for at least 95% of the week, measured in 10 minutes RMS intervals. A larger

voltage deviation band of ± 15% of the nominal power is only accepted for less than 5% of all

weekly 10 minutes RMS intervals. Table 3.1 outlines the voltage limitation most relevant for

this thesis investigation.

Table 3.1: Relavent requirements conserning volyage quality, according to [13].

Parameter Requirement

Voltage magnitude variations
0.9 Unom ≤ | Upn | ≤ 1.1 Unom

for 95% of the week (10 min RMS values)

Voltage magnitude variations
0.85 Unom ≤ | Upn | ≤ 1.15 Unom

for'100% of the week (10 min RMS values)

Voltage unbalance factor
VUF ≤ 2%

for 95% of the week (10 min RMS values)
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Unbalance condition indicators

As listed in Table 3.1, there are also legal requirements regarding Voltage Unbalance Factor

(VUF), which has to be lower or equal to 2%. That means the negative phase sequence

component of the bus voltage must be maintained between 0% and 2% of the positive phase

sequence component. This ratio between the positive and negative voltage sequence is

recognized as a definition for the VUF by the International Electrotechnical Commission (IEC)

[50]. Under some circumstances, an extreme value of VUF equal to 3% is accepted [51].

Among the different voltage unbalanced definitions, the so-called True Definition is used here:

VUF[%] =
| U− |
| U+ |

· 100% (3.1)

The modern three-phase distribution systems are almost permanently in unbalanced conditions,

due to the unsymmetrical production and consumption. This disturbance leads to greater

power losses, grid component degradation and interference with the protection system. Indeed,

the unbalanced condition may result in a such as a disproportional rise of the voltage value in

one phase that the limit is exceeded. For the three-phase electrical power systems analysis,

symmetrical components are commonly used. The voltage or current of a three-phase system

can be decomposed into three symmetrical elements of the voltage or current: the positive, the

negative and the zero sequence, according to Stokvis-Fortescue descomposition [52]. Figure

3.1 illustrates a representation of the symmetrical components theory. The relation between

the asymmetrical system and the symmetrical sequence systems is defined as:

Ua

Ub

Uc

 =

1 1 1
1 α2 α

1 α α2

 ·
U0

U+

U−


Where Ua, Ub and Uc are the phase-to-phase voltage phasors, and U0, U+ and U− are the

zero, positive and negative sequence components, respectively. α is the rotation operator,

being α = ej120◦ . Their relationship is defined as:

U0

U+

U−

 =
1
3
·

1 1 1
1 α α2

1 α2 α

 ·
Ua

Ub

Uc



3.2 DSO-Based Services Provision by EVs

Whereas the solution chosen by DSOs to address the congestion issues is to upgrade the

overloaded grid components, to address voltage issues they often install new transformer

equipped with on-load tap adjustment or reactive power compensation devices. In the new

operational environment, grid reinforcements are likely to be common if no change on the
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Figure 3.1: Schematic representation of the symmetrical components theory.

traditional operation way is applied. These undesirable situations will be less predominant

using the growing flexibility in the network, such as controlling EV charging.

For that purpose, some EV flexibility services are defined here to be technically investigated

as an alternative solution. One should bear in mind that the EV services classification used in

this thesis is one of the multiple existing examples, derived from the literature and related (e.g.

Nikola Project [40]). Moreover, it is based on the currently flourishing DSO’s needs, compared

with the core operational responsibilities already mentioned (Figure 2.2).

Following that and focused only on technical objectives, EV services can be divided into two

groups, depending on the targeted grid constraint: (1) Services for solving loading issues and

(2) Services for addressing voltage issues, which are further split as depicted in Figure 3.2.

Hence, this thesis investigates how EVs can contribute to congestion prevention and voltage

magnitude regulation, analyzing as well the impact of power losses and voltage unbalance.

DSO-based services 
from EVs

Loading Services Voltage Services

Congestion 
Prevention

Voltage Magnitude 
Regulation

Voltage Unbalances 
Regulation

Losses Reduction

Figure 3.2: Classification of EV distribution grid based services analyzed in this work. Adapted
from [1].

To enable these EV flexibility services, EV charging strategies have to be defined. The control

applied may consider different objectives and has to be a compendium between the grid

operator needs and the EV owners williness to contribute. In relation to local congestion issues,

reference [53] discusses the application of multi-agent technology for congestion management

in distribution network considering EV integration. The study presents a market framework

for minimizing the charging cost based on direct control and price-based coordination. Fo-

cused on the supervision of an eco-district transformer overloading, results in [54] show a

significant improvement in transformer operation conditions after the implementation of an
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Energy Management System (EMS) using EVs as flexible resources. Regarding voltage

control issues, reference [55] investigates a decentralized optimization methodology to provide

voltage regulation by coordinating EVs, both using active and reactive power control. In [56],

instead, a charging cost-minimization problem is proposed, in which the voltage deviation

limitations are introduced as constraints of the optimization algorithm. A multiple ancillary

services procurement from EVs is validated in [57], where authors test three ancillary services:

congestion management, local voltage support and frequency-controlled normal operating

reserve, using a droop control logic.

As stated in (Section 1.4), only power modulation control strategies are considered. On the

one hand, it is examined how the power affects voltage profiles and how this influences grid

equipment loading profiles. On the other hand, it is also investigated how the modulation of the

EV charging power affects the charging process, which allows an evaluation of users’ comfort

reduction. This is further used to define the compensation.

3.2.1 EV control for loading management and voltage support services

Plugging a comparatively large, variable and no controlled loads, as EVs, may cause unde-

sirable voltage deviation at the connection point. To illustrate the physical explanation of this

voltage deviation and get insight of addressing the damage caused by EVs in this regards, a

simple LV feeder is used (Figure 3.3). In this feeder, each consumption bus has two loads,

residential and EV, and a PV panel injection, as the study case used later on in this thesis.

Figure 3.3: LV feeder with high local DERs penetration. Adopted from [1].

In Figure 3.3, PL
i and QL

i represent the active and reactive power of the residential load,

whereas PEV
i and QEV

i is the active and reactive power of the EV, respectively. The PV active

and reactive power injection at bus i are given by PPV
i and QPV

i , respectively. Considering that

and PEV
i > PPV

i , the voltage drop across the feeder can be expressed as follows:

∆U = (R + jX) ·
(

Si
Ui

)∗
= (R + jX) · (Pi + jQi)

∗

U∗i
=

RPi + XQi

U∗i
+ j

XPi − RQi

U∗i
(3.2)

Where R, X are the cable resistance and reactance, Ui is the substation bus voltage, and

Pi, Qi are:

Pi = PPV
i − PL

i − PEV
i (3.3)

Qi = QPV
i −QL

i −QEV
i (3.4)
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Using these expressions and disregarding the imaginary part in Equation 3.2, since the angle

between both nodes is quite small, the voltage drop can be approximated as:

∆U '
R(PPV

i − PL
i − PEV

i ) + X(QPV
i −QL

i −QEV
i )

Ui
(3.5)

Equation 3.5 shows how EV active power rise causes a voltage drop increase, proving the

voltage deviations associated with the EV charging issues. On the other hand, this also shows

how the modulation of EV active power can directly impact the voltage magnitude profile.

Driven by this fact, the adverse effects of EV charging on the voltage can be controlled by

modulating their charging power rate. However, the impact of the active power modulation

on the charging duration has to be considered, due to the negative impact on the users’

comfort and/or needs. From Equation 3.5, EV reactive power arises as another possibility

for local voltage support, without affecting EV charging, assuming properly sized equipment.

Naturally, reactive power control has to be carefully addressed due to the potential limitations

and disadvantages, especially when operating in unbalanced conditions.

In the case of loading management , congestion prevention and loss reduction can be achieved

by modulating EV active power . A simple but effective way to alleviate the congestion is

by modifying the EV charging power pattern. Based on that, some of the energy requested

during the peak period may be shifted to off-peak times. Figure 3.4 illustrates this congestion

alleviation strategy. It is easily observable how EV charging increases considerably the

load, which may lead to local congestion problems and increased losses. Contrasting, the

consumption plummets during the early morning and later night. Thus, this is the perfect timing

to allocate the mentioned load excess.

Po
w

er

Time

EV Load

Residen�al Load

Po
w

er

Time

EV Load

Residen�al Load

Power limit Power limit

Figure 3.4: Possible congestion management strategy for EV smart charging.

Motivated by these facts and the literature reviewed, the investigated EV control is based on

modulating both the active and the reactive power. Thus, it is assumed that EV owners will allow

the modification of the charging patterns, due to the active power control. This assumption is

supported by the fact that they can reduce charging costs through the compensation applied.

In the market framework proposed for this regard, the DSO and the state interest are also

considered, as explained later on.



Chapter 4
Distribution System Operator:

Market Role

Several references have already been made to the importance of motivating demand response

and an active consumers participation. However, no studies, suggestions or legislation to

drive the DSOs to operate their distribution grids more flexible will make any difference if

the customers do not participate. It is of paramount importance to find means of engaging

consumers to be part of the electricity system operation while maintaining a general welfare.

There are plenty of options, beginning with economic incentives, through new legislation up to

re-education and awareness.

In this line, a core part of the economic assessment proposed in this thesis is to build a market

framework for obtaining the maximum benefit to the parties concerned. To this end, a broad

investigation of the market players roles, the billing process and the prices settlement within

the retail market, in particular for the residential sector, is explained in this chapter1. This seeks

to pave the way for the methodology established in Chapter 6, to boost the commitment of

concerned stakeholders and to economically assess the EV distribution grid services.

4.1 Evaluation of a possible incentive framework

Following the real trend regarding consumers engagement, economic incentives are the most

likely at an early stage. Nevertheless, varying hourly prices or fixed bilateral agreements for

a set compensation are required. At first sight, one may think that a price/tariff variation on

the same end-product (e.g., the bought kWh) could not be fair. However, it should be seen

as a reflection of different network conditions along the day, or even at the same time but for

different grid pieces, since issues differ from time to time and place to place.

Indeed, nowadays, there are already differences in the tariffs charged to consumers according

to the type of customer and the place where they consume. Step forward, in Denmark,

1Notice that the information included in the present chapter is derived from a broad Danish case investigation.
Even though some features are applicable to the European level, the methodology designed is founded on the
Danish retail market dynamics and some of its specific aspects (SCM, DataHub, bill structure). However, one can
see the easy adaptation application to other cases if the bill structure and some basic market dynamics are known.

23
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since March 2016, flex-pricing is scheduled to be gradually rolled out thereby exposing end-

consumers to individual hourly prices [58]. It is already applied to customers with a demand

above 100 MWh per year. From 2020, smaller consumers in Denmark will be hourly settled .

This hourly settlement may be the first step for integrating varying prices, for which an hourly

meter read from smart meters is a prerequisite.

Looking at the current status regarding smart meters installations, that seems not a big

drawback. As of July 2016, two-thirds of Danish consumers have a smart meter installed, and

DSOs are obligated to install these devices to all users by the end of 2020 [10]. According to

Energinet.dk projections, the hourly settlement on the retail market and price signals from the

wholesale market will increase consumer incentive to adjust consumption accordingly to the

real cost of the energy.

The motivation of the demand-side, the stimulation of competition and the encouragement of

innovation, comprise the purpose of the remarkable transformation that the Danish electricity

retail market has been going through since 2010.

4.2 Electricity Retail Market

The retail side of the electricity market involves the final sale of power to the end-user con-

sumers from the electricity providers. The services inside are range from large manufacturing

facilities to small businesses and individual households. Figure 4.1 shows the share of the

power consumption across the different sectors in Denmark for the year 2014. Table 4.1

resume the trend of the mentioned consumption for the same year, together with the number

of connections registered in each of the sectors.

According to Dansk Energi (Danish Energy Association) statistics, the total electricity con-

sumption in Denmark fell by 2.3% from 2013 to 2014. The residential demand has followed the

same trend, being 8.8% lower than in 2005. The decline in residential electricity consumption

correlates with the significant increase in the number of solar systems. These, as small plants

(below 6 kW), are not recorded as power generation, but counted as ’energy savings’. Further

information on this regard can be found in [5] 2

Table 4.1: Consumption across the different sectors in Denmark. Data source: [5]

Sector
2005

[GWh]
2012

[GWh]
2013

[GWh]
2014

[GWh]
Share
2014

Measurement points
2014 [num (1000)]

Residential 9,838 9,324 9,263 8,975 29% 2,840
Agriculture, Gardening 2,513 2,343 2,394 2,335 8% 129
Manufacturing industry 9,767 8,243 8,089 7,949 26% 34
Commerce, Services 10,609 10,735 10,602 10,444 34% 299
Others 875 849 864 808 3% 26
Total 33,602 31,494 31,215 30,511 100% 3,328

2The literate reviewed here (information and data) is all publicly available, though most of it is only in Danish.
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Residen�al
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Figure 4.1: The share of electricity consumption across the different sectors in Denmark, 2014.
Data cource: [5].

As already mentioned, the retail electricity market was liberalized in 2003, allowing all the

consumers to choose their electricity supplier freely. However, the use and operation of the

power grid are not part of the free market. The liberalization introduced competition only on

the generation and retail. Producers, consumers, suppliers and balance responsible parties

(BRP) are commercial market players. On the other hand, TSOs and DSOs operate as natural

monopolists acting as neutral, non-discriminatory market facilitators.

4.2.1 Roles and responsibilities of the retail market stakeholders

Although the wholesale market is very much integrated, both in the EU and in the Nordic region,

the retail markets remain to a large extent national. A new model to align market design is

in development, in which roles and responsibilities of the market actors are likely to undergo

modifications. Herein, an overview of the current main players in the retail market is given:

• The TSO supports the well-functioning of the electricity market and the provision of Ancillary

Services. The TSO has to ensure the best possible conditions for competition, and also to

manage and operate the system data.

• The BRPs are economically responsible for the hourly balance portfolio. All production and

consumption have to be declared with a BRP, who must submit scheduling plans for the

expected production and consumption during the following 24 hours, to the TSO.

• The DSOs own the grid corresponding to a voltage level up to 60 kV and down to 0.4 kV,

which links transmission and consumers. Each one has the exclusive rights to transport
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electricity in the owned grid. Neutrality of the DSO is mandated through legal unbundling

and separation of financial accounts. Among other liabilities, the DSOs have to collect the

measured consumption and generation data needed to bill their customers.

• The electricity suppliers trade electricity, at Nord Pool through a BRP or directly from

producers, and sell it to the end-users. Some of the suppliers delivering electricity to

residential consumers have also the supply obligation, which is in the process of abolishment

in Denmark. Some companies operate at a national level, whereas others are only regional

or local suppliers.

• The consumers buy the electricity from their supplier and pay for the consumed energy, the

network use and the taxes and levies. As mentioned, they can freely choose their supplier,

although in 2015 only 7.2% of Danish consumers switched. The obligation task and the

regulated prices expired on 1 October 2014, in an attempt to motivate an active supplier

choice from customers. 3

There are also some energy regulator bodies, from which in Denmark the Danish Energy

Regulatory Authority (DERA) (Energitilsynet) and the Danish Energy Agency (DEA) (Ener-

gistyrelsen) are notable. Whereas DERA is an independent body, separated from the Energy

Ministry and the Parliament, DEA is a governmental agency under the Danish Ministry of

Climate, Energy and Building and parliamentary control. DERA is responsible for monitoring

the activities of the energy companies, and for reviewing and approving the regulated tariff

which corresponding retail market stakeholders charge to the consumers. The regulatory

power of DEA is on network project licensing and TSO transmission investment regulation.

4.2.2 The Supplier Centric Model and the DataHub

In the Danish case, a new market design was introduced in April 2016, together with a

regulation of the consumer electricity prices. The so-called the Supplier Centric Model (SCM)is

focused on increasing competition and transparency in the retail market. It is also supposed

to promote the development of new consumer products and services. After its launch, the

electricity bill was merged into one single bill sent from the supplier to the customer.Therefore,

the supplier is the primary contact of the Danish consumers to the electricity market and the

responsible for the customer’s payment of taxes and levies, which are then allocated to the

different entities.

In Denmark, all the data required to enable the operation of the electricity supplier in the market

is exchanged through the DataHub. Its first version was launched in 2013, with the purpose

of standardizing and simplify the communications between the market players, according to

Energinet.dk [10]. In 2016, it was adapted to the new model, i.e., SCM. Nowadays, everyone

3After the mentioned change in regulation, all users were moved to a product from the competitive market by
their former supplier. Thanks to that, in 2015 only 10% of them were supplied at prices regulated by the Danish
Energy Regulatory Authority (DERA).
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communicates throughout this IT platform, owned and operated by the TSO. The DataHub

contains wholesale master data (such as tariff, fees, etc.), consumer master data (such as

address, user category, etc.) and metering point master data (such as measuring point ID, grid

area number, etc.). These three types of data are the most in need for the settlement, and it is

a responsibility of DSOs, suppliers, and TSO to submit them to the DataHub.

Through this IT platform, there is a data flow between the DSO –who sent the data from the

meters installed on consumers side to the DataHub–, the electricity supplier –who read data

from this platform to elaborate the customers’ bill– and the consumer , –who can check the

own meter data via eloverblik.dk website or the corresponding supplier web-portal. This data

flow is illustrated in Figure 4.5. Subjected to the consumer approval, third party participants

have access to the consumer data, which allows them to design more personal product offers.

Each of those entities has to formally apply for access to the TSO, which has drafted some

regulations and requirements around the DataHub platform. These are contained in a series

of 14 (from A to I) independent rules with associated appendices, called ’Market Regulations’

[34]. Regulations A-G mainly address wholesale market, whereas regulation H1, H2, H3 and I

target the retail market. Specific rules for the communication with the DataHub can be found in

Regulation F1 [59].

4.2.3 The billing process and tariff setting

The aforementioned data flow is crucial for setting the consumer electricity bill. Both TSO

and DSO upload their tariffs and information about price elements to the DataHub. These

are stored and managed, together with the metered data, for each metering point with the

respective personal identifiable information. The electricity supplier takes the information and

generates each consumer invoice. After subtracting its share, the supplier transfers the invoice

income to the DSO and TSO. The DSO is in charge of passing the tax payments to the Tax

Authority. Six broad categories of the retail tariff are identified on the billing statement [60]:

1. The supply tariff gathers the electricity production cost and related services and is charged

by the electricity supplier.

2. The distribution grid tariff collects the access and services in the distribution network, and

is charged by the DSO.

3. The transmission grid tariff gathers the access and services in the high voltage system, as

well as the ancillary services provision, and it is charged by the TSO.

4. The public service obligation or PSO element accrues from payments under the Public

Service Obligation Act, for the support of new technologies and developments in the energy

sector. It is also charged by the TSO.

5. The energy taxes collect a range of electricity particular taxes and are levied by the state.

6. The Value Added Tax or VAT , which is imposed on all elements of the bill.
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The already mentioned free choice of supplier affects only the purchase of electricity itself,

that is the supply tariff. The other five components are applied to the consumer regardless

of the supplier. While acknowledging that each DSO charges a different tariff, the consumer

ultimately has no choice due to the natural monopoly. In either case, DERA reviews and has to

approve the suppliers, DSOs and TSO methodology for the tariffs calculation in advance.

The tariff principles and structures settled by DERA are a trade-off between fairness and cost

orientation. Based on a principle of equity, each customer hold expenses of the network used

to deliver electricity to them (including transformer substations and administrative issues). This

is the so-called ’Waterfall Principle’. To apply it, the customers are divided into types according

to the voltage level to which they are connected [8]. There are three main type of customers, in

accordance with the three voltage levels in distribution networks, as listed in Table 4.2.

Group of customer Voltage level of connection

A-Customer 60-30 kV
B-Customer 20-10 kV
C-Customer 0.4 kV

Table 4.2: Group of customers and voltage level in the electricity sector, according to [8].

Thus, based on the ’Waterfall Principle’, the distribution grid tariff charged to each consumer

depends not only on the company network but also on the voltage level of connection. In

contrast, the transmission network tariff is the same for all customers connected to the system,

with some differences for the self-consumers (who are out of this thesis scope). Additionally

to the different tariffs, the consumers have a wide diversity of electricity products to choose.

These options can be divided into (1) Fixed price product , (2) Variable or spot price product ,

and (3) Product from renewable sources. Each Danish consumer can check the type of product

and the suppliers charges through elpris.dk website.

To ensure a fair price to the consumers, DERA sets annual income limit for each distribution

company. The allowed income is restricted by either a revenue cap or a maximum return on

grid assets. Hence, the DSOs are free to fix their tariffs, using the approved methodology for

the calculation, as long as they adjust their revenues by the income limit [32]. Moreover, since

2007, DERA defines for each of those companies a specific benchmark of economic efficiency ,

depending on each company historical performance data. At this juncture, the overall efficiency

requirement implicated a reduction around 92 million DKK in the revenue cap in 2015. Since

2008, an assessment of the quality of supply is also included in the mentioned benchmark,

referring to the duration and frequency of interruptions.

However, in the fast-evolving distribution utility environment, characterized by a continued de-

velopment of emerging technologies and new network management techniques, the mentioned

benchmarking methods may not longer accurately estimate the efficient frontier. They should

not be completely based on past utility performance, but also include the new possibilities in

the grid (e.g., the increasing flexibility). Notice the relevance of these points for elaborating the
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incentive framework model , to engage the users to collaborate in DSO-based services as well

as the DSOs to be aware of the EVs opportunities, as presented in Chapter 6.

4.3 The residential sector in the retail market

Residential consumption is a comparatively significant part of the Danish electricity consump-

tion, accounting for about 30% (Figure 4.1). Even more significant is the number of grid

connection points, adding a total of 2.84 million of residential customers in 2014 [5] (Table

4.1). According to the statistics, there is an increased growth of solar and electric heating

installations in this sector. Additionally, the number of households switching to electric trans-

portation is an upward trend . All together may considerably change the historical household

consumption patterns and increase demand peaks. Once again, this states the importance to

engage the active participation of households consumers and supports the goal of design a

market framework focused on the residential sector of this thesis.

The household’s electricity bill and electricity price

According to Eurostat statistics, the highest electricity prices during the first semester of 2016

for medium size household consumers were in Denmark and Germany [6]. Danish residential

customers paid, on average, 0.309 EUR/kWh (2.31 DKK/kWh) in this period, including VAT and

other taxes. That is well noted in Figure 4.2, where the significant share of the price that taxes

represent in the Danish case stands out as well. In fact, Denmark has the highest electricity

taxation through all Europe, with around 59% of the electricity invoice going to the state. From

this amount, almost 39% are energy taxes and the remaining 20% corresponds to the VAT

share (depicted in Figure 4.3).

Figure 4.2: Electricity prices for medium size household consumers electricity price in Europe,
first semester 2016. Source: [6].

At this stage, the difference between the electricity price (.-/kWh) and the electricity bill should be

noted. Figure 4.4 illustrates the composition the electricity invoice and the price, for a standard
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household (at 4000 kWh/y) in Denmark. On the left, a typical electricity bill from April 2016 is

presented. Due to the variability over time and among different suppliers and DSOs, the values

are expressed as a percentage of the total electricity bill quantity. Notice the differentiation

between the consumption-based terms and the fixed charges for the corresponding billing

period. On the right, the composition of the residential electricity price is summarized, in

DKK/kWh and percentage of the price to get an idea of the weight of each term in the total

price. These shares of price are determined by the consumption-based charges set in the

electricity invoice, including VAT. A proper incentive framework should involve only the direct

related bill items or stakeholders with the EV support benefit reached. For this purpose, a

good understanding and identification of the electricity invoice and electricity price terms and

to whom they are bounded are of paramount importance and aim here.

Continuing with the breakdown of the households electricity invoice, apart from almost 59%

going to the state, only 12% of the total bill is paid for the electricity consumed . This amount is

charged by the electricity supplier, together with a supply subscription fee which represents

1.4%. The transport tariff comprises 12.2%, which includes both the distribution and the

transmission transport tariffs. From this percentage, the DSO takes around 9.1% and the TSO

the other 3.1%. Adding to this 3.1% the PSO (9.8%), in total 12.9% of the invoice goes to

the TSO. On the other hand, the DSO receives another 5.9% as a network subscription fee

in addition to 9.1% of the transport tariff. Finally, the DSO is responsible for transferring the

tax payments to the state, that is the remaining 48.7%. Figure 4.3 shows the composition of

the electricity bill for a household customer in Denmark in 2016, in agreement with the values

published by the Danish Energy Association [7]. Figure 4.5 illustrates the flows of money and

data more in detail.

Electricity Supply
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Supply Fee
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Network Fee
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Transport Tariffs 
12,20%

PSO Element
9,80%

Energy Taxes
38,70%

VAT
20,00%

Supplier
13%

DSO
15%

TSO
13%

State
59%

Figure 4.3: Composition of the household customer electricity bill, Denmark 2016. Data source:
[7].



ELECTRICITY BILL ELECTRICITY PRICE

CHARGE BASED ON CONSUMPTION   (-/kWh) Electricity Supply (Forbrug)
Electricity Supply (Forbrug) Electricity Supply (BasisEnergi) 13.20 % of El price (***) 0.305 DKK/kWh

Electricity Supply (BasisEnergi) 12.00 % of El Bill (*) 15.00 % of El Bill

Electricity Transport
Electricity Transport Transport 13.43 % of El price (***) 0.310 DKK/kWh

Distribution Grid Tariff 9.10 % of El Bill (*) 11.38 % of El Bill   DSO Part 10.01 % of El price (***) 0.231 DKK/kWh
Transmmission Grid Tariff & System Tariff 3.10 % of El Bill (*) 3.88 % of El Bill   TSO Part 3.41 % of El price (***) 0.079 DKK/kWh

Public Service Obligation Public Service Obligation
PSO 9.80 % of El Bill (*) 12.25 % of El Bill PSO 10.78 % of El price (***) 0.249 DKK/kWh

Taxes to the state (Afgift til staten) Taxes to the state (Afgift til staten)
Electricity Taxes (Elafgift) 38.70 % of El Bill (*) 48.38 % of El Bill Electricity Taxes (Elafgift) 42.59 % of El price (***) 0.984 DKK/kWh

FIXED CHARGE   (-/billing period)
Subcription (Abonnement) VAT (MOMS)

Electricity Supply Subscription (Elabonnement) 1.40 % of El Bill (*) 1.75 % of El Bill VAT 20.00 % of El price (***) 0.462 DKK/kWh
Grid Subscription (Netabonnement) 5.90 % of El Bill (*) 7.38 % of El Bill

VAT (MOMS) TOTAL ELECTRICITY NORMAL PRICE 2.31 DKK/kWh
VAT 20.00 % of El Bill - % of El Bill

TOTAL ELECTRICITY BILL 100.00 % of El Bill 100.00 % of El Bill

VAT (MOMS)
VAT charged to each part 25.00%

(*) Source: Dansk Energi, data updated on April 2016 http://www.danskenergi.dk/AndreSider/Forbrugeren/PixiDinElguide.aspx
(**)     Real Electricity Bill from SEAS-NVE
(***)   Approximated calculation based on Dansk Energi Data(*) and Electricity Bill Data(**)

NORMAL PRICE

Exc. VAT
(Ekskl. MOMS)

Inc. VAT
(Inkl. MOMS)

Figure 4.4: Composition of the residential electricity bill and electrity price [DKK/kWh] for the Danish case in 2016. Data sources are attached in the
Figure.
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.



Chapter 5
Design and Implementation:

Technical Investigation of EV services

This chapter is focused on the technical perspective of the potential EV distribution grid services

provision, by controlling the charging process. First, the emphasis is put on describing the

general methodology set-up for that purpose. This begins with the explanation of the control

strategy implemented, followed by a brief outline of the grid operation analysis deployed. Then,

the operational approach performance is assessed regarding reliable operation conditions,

which is used to measure the potential EV grid backing. Finally, a detailed description of the

modeled distribution network used as study case is provided, together with an explanation of

the modeling process. The output of the mentioned simulations, i.e., the delivered services

quantification, represents the input used for the economic assessment presented in Chapter 6.

5.1 The EV charging control strategy

A primary goal of the present thesis is to demonstrate a feasible and economic alternative

to grid reinforcement by drawing on EVs flexibility. In order to reach that, the definition of

the control strategy applied to their charging processes is a cornerstone. Among the vast

diversity explored, this assessment uses a combined charging schedule which parts have

already been used in [61–63]. Chapter 3 explains the reasoning upon which the implemented

strategy is based. There, Equation 3.5 shows the relation between both active (P) and reactive

(Q) power with voltage deviation. Hence, voltage quality issues can be solved, to some extent,

by controlling P and Q injected to or consumed from the grid. To investigate the potential of

that ’PQ control’ in alleviating DSOs loading concerns is also a goal of this thesis.

5.1.1 Active power modulation

For the active power control portion, a droop controller with current control mode (CCM) is

implemented. That allows investigating decentralized EVs response to local voltage signals by

modulating their charging current, with the resulting influence on the power. This control has

been chosen due to its simplicity. It suppresses the use of costly communication infrastructure

and the needs of grid upgrades for its implementation, whereas alleviates the EV self-inductive

33
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voltage violations. Thus, the control scheme proposed is readily applicable to the existing

power network.

Droop controllers are widely used in energy systems for distributing regulation services among

multiple machines operating in parallel. The most conventional ones mainly work by varying

the delivered active power according to frequency variation, increasing the injection into the

system when the grid frequency drops and vice-versa. Others are used for voltage support

by controlling the reactive power, heeding the voltage signals. However, those are mainly for

HV applications, which it is not the case in the present thesis. The differences in this regard

and the chosen droop performance are described hereupon. A simple line representation

(Figure 5.1) is used to explain the rationality behind the behavior of the droop control . From

that illustration, the power flow equations are deduced as follows:

P =
VA[VA −VBcos(δ)]cos(θ) + VAVBsin(δ)sin(θ)

Z

Q =
VA[VA −VBcos(δ)]sin(θ)−VAVBsin(δ)cos(θ)

Z
(5.1)

Figure 5.1: Equivalent circuit and phasor diagram of a simple line. Source: [11]

As can be appreciated in those expressions, P and Q flow highly depends on the impedance

(Z). In electrical networks, this characteristic changes relying upon the voltage level, as

depicted in Table 5.1. Therefore, different approaches to the controller’s performance on high

or low voltage are needed. In LV line, the reactance can be neglected (Z = R), since the

resistive characteristic is far greater than the inductive one (R >> X) (Table 5.1).

Table 5.1: Typical line parameters, depending of the voltage level. Source: [11]

Line type R[Ω/km] X[Ω/km] R/X
Low Voltage 0.642 0.083 7.7
Medium Voltage 0.161 0.190 0.85
High Voltage 0.06 0.191 0.31

Thus, the impedance angle is θ=0 and the power flow equations can be simplified as:
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P =
VA[VA −VBcos(δ)]

R
Q =

−VAVBsin(δ)
R

(5.2)

Even more, the load angle can be assumed small, so that cos(δ) ' 1 and sin(δ) ' δ. This

approach enables the following further simplification, once rewritten:

VA −VB '
RP
VA

δ ' − QR
VAVB

(5.3)

From the expressions in 5.3, it is possible to establish the control approach concerning to

active power . Those expressions reveal that, when referring to LV grids, the voltage difference

at the common connection point is more correlated to the active power. On the other hand,

the power angle variations are more related to the reactive power. Based on that concept, a

voltage drop in the socket’s connection node indicates to the EVSE that more active power is

needed in the grid, being necessary to reduce the EV charging power. That is represented in

Equation 5.4, where kp is the slope coefficient for the droop, i.e., the portion of variation at the

measurement point that leads to a 100% change in the controlled parameter.

VA −VA,0 = −kp(P− P0) → kp =
∆V/Vnom

∆P/Pnom
[%] (5.4)

Therefore, this portion of the control strategy involves alleviation of local voltage magnitude by

modulating active power charging rate. For a fix value of voltage (the signal), the active power

is modulated by varying the charging current . The implemented droop controller is adjusted to

the application needs by setting a pair of thresholds in line with the regulated voltage limits

(Table 3.1). That is made according to the results displayed in [61], where three different pairs

of thresholds and two slopes values have been tested. Thus, the upper threshold is set to

0.95Unom, above which EVs charge at the maximum current Imax=16 A 1. The lower threshold

is set to 0.9Unom, below which EVs charge at the minimum current Imin=6 A (Figure 5.2).

Following the definition attached in the IEC 61851, the current controller goes from a maximum

current of 16 A to a minimum current of 6 A in steps of 1 A, i.e., no linearly. This issue, together

with the chosen charging rate of 3.7 kW, leads to a droop controller with a total of 10 current

steps equally distributed between the voltage range of 0.9-0.95Unom, as represented in Figure

5.2. Using these values, the available range of regulating power is 2.3 kW, which is selected

as EV nominal power for the calculation of the droop coefficient.

Hence, the droop control is characterized as follows:

∆U = (0.95− 0.9) · 230 = 11.5V ; Unom = 230V
∆P = (16− 6) · 230 · 10e−03 = 2.3 ; Pnom = 2.3kW

}
kp =

∆U/Unom

∆P/Pnom
=

11.5/230
2.3/2.3

= 5%

1The maximum charging current is given by the EVSE rated current (10A, 16A, 32A, etc.). In this work, it is
chosen 16A since it is the most common one in the studied environment, a domestic one.
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Figure 5.2: Implemented droop control, kp=5%. Bus voltage and EV charging current.

This controller calculates the current values at which the EV charges evaluating the phase-to-

neutral voltage measured at the bus where the EV is plugged, under the following rationale

[61]:

IEV =


Imin, Idroop < Imin

Idroop, Imin ≤ Idroop ≤ Imax

Imax, Idroop > Imax

(5.5)

where:

Idroop =
(Ubus −Unom) · (Imax − Imin)

(Unom · kp)
+ Ibase (5.6)

Being Ibase the EV charging current for which the voltage is at the nominal value.

5.1.2 Reactive power modulation

Even though for LV networks the ratio R/X is much higher than for the HV grids, the potential

contribution to voltage variation by modulating the reactive power should not be neglected,

as already set under Nikola research in [1]. Following that, for the reactive power control

portion of the present charging strategy, the EVs’ chargers are assumed to be equipped with

a reactive power control (RPC) which nature is explained below. Only autonomous reactive

power modulation is considered, simplifying the communication infrastructure required and

aligning with the current technology to the greatest possible extent.

Whereas the primary objective of the RPC in a PV inverter would be to reduce the over-voltage

causes during the high PV production period by injecting reactive power into the system

whenever there is production, the RPC in an EV charger would provide both inductive and

capacitive reactive support depending on the local voltage signal. In general, an EV charger is

equipped with an AC/DC converter, in which the reactive power bounds are determined by the

EV active power and the EV converter size, as explained in [1]. By including a phase-to-neutral

dependency, the available range of reactive power control can be incremented, improving the
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Figure 5.3: Operational range of a AC/DC 4-quadrant converter. Source: [1].

potential of this type of control for voltage support issues. Figure 5.3 shows the mentioned

converter operation rate.

The purpose of the charging control scheme used is to draw on both active and reactive power

capabilities for the voltage support independently . That is, it should be possible a reactive

power modulation attending to a local voltage signal, while the maximum active power charging

rate is available. To implement that, an oversizing of the converter is needed. As in the case of

the active power, for the reactive power support, a droop control is applied. Once again, this

controller responds to phase-to-neutral local voltage signals. However, now, it accounts the EV

active power as well. This particular droop control characteristic is illustrated in Figure 5.4.
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Figure 5.4: RPC implemented for the PV inverters and EV chargers.
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Figure 5.4 shows that the maximum inductive and capacitive reactive capability support is

Qmax=0.5pu and Qmin=-0.5pu, respectively. The former occurs at the lower voltage limit

0.9Unom, while the latter at the upper one 1.1Unom, following the EN 50160 standard. It can

also be appreciated that a power factor of cosφ=0.9 (inductive and capacitive) is respected

since the highest inductive Q support is provided additionally to the EV active charging rate

of P=1 pu. The greatest capacitive Q support coincides with a P=0 pu value. There is also

a dead-band , between 0.99Unom and 1.01Unom, where there is not RPC regardless the P
values.

5.2 Time-domain simulation in DIgSILENT PowerFactory

Additionally to the control strategy design, verification of the network operation is essential. A

successful power system operation is guaranteed when the generation in the system supplies

the demand plus the losses, and the bus voltage magnitude remains within the specified limits.

Furthermore, the operational limits of the power system equipment have to be respected.

The latter includes that the generators have to be run within the operational range, which is

set by the lower and upper active and reactive power capacity. To ensure compliance with

these conditions, the analysis of power flows is an essential procedure. A load flow study

becomes crucial not only along the planning and design stages but also when evaluating

changes introduced to an existing system. Its performance allows to calculate:

• The voltage magnitude and angle at each bus.

• The voltage drop on each feeder.

• The active and reactive power flows through all the branches and feeders.

• The power losses.

Thus, the results reflect whether the system voltages remain within the specified limits (detect-

ing normal or emergency operating conditions regarding voltage concerns) and the equipment

loading rate (detecting overloading in the grid components, such as transformers or conduc-

tors). All of this, together with the conditions described above, justify the importance and the

use of this type of analysis for the technical investigation carried out in the present work.

The mentioned steady-state operating characteristics are calculated through a computational

procedure, i.e., a system of nonlinear algebraic equations. Due to its nature, it has to be solved

using iterative techniques, among which the Newton-Raphson method is a quite robust one.

This is precisely the one used by DIgSILENT PowerFactory, software utilized in this thesis.

PowerFactory offers three different simulation functions. For the purpose here, the function

chosen is a three-phase one using a steady-state (RMS) network model under unbalanced

network conditions.

Notice that, whereas the load flow analysis provides a ’picture’ of the power system considered,

a time-domain simulation (such as RMS) represents its dynamic behavior. In that way, a further
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insight of how the system conditions change over the time, as well as into the interactions

between the components is obtained. This is the justification for applying a long-term RMS

time-domain simulation for the present technical analysis.

Therefore, through the form of an unbalanced RMS procedure, a stability analysis is completed

in PowerFactory comprising a multitude of power flows over a year-long term. Before the

simulation starts, a logical load flow is carried out in the tool to determine the initial conditions

for all the elements included in the modeled grid. The initial conditions depict the steady-state

operating point at which the derivate of all state variables are zero (the ’initial picture’). Defined

by the simulation step size, in this project a power flow is calculated at intervals of 600 seconds

(10 minutes) for a total of 31,536,000 seconds (1 year).

DIgSILENT PowerFactory integrates script and graphical programming methods, all under a

strictly hierarchical system modeling structure. Within this structure, the basic levels are the

DIgSILENT Simulation Language (DSL) blocks definition, the build-in models and common

models set-up and the composite model configuration, which are based on the composite

frames. All the components of the desired simulated networks have to be defined for the

performance of the present thesis by following this modeling philosophy. The schema of the

grid modeling for the present work in PowerFactory is attached in section 5.4.2. Due to space

limitation and according to the main research topic, only the composite frame of the EVs, with

the proposed charging control strategy, is described in this report.

5.3 Quantification of Voltage support and congestion manage-

ment services from EVs

In Chapter 3, an analysis of current DSOs’ concerns regarding grid operation issues and the

regulation to be met is included. Base on that, some services that the EVs can potentially

provide to them are defined in Figure 3.2. In previous sections of the present chapter, it is

covered (1) the simulation design (by explaining the changing control strategy, section 5.1), and

(2) the simulation operational performance (by describing the load flow analysis, section 5.2) of

the provision of those services. Now, the EV integration impact on the reliable operation of the

grid is measured, to quantify the capability of the charging control . On this note, the explained

time-domain simulation is carried out before and after the control approach activation, and for

a base case without EVs.

The EV support associated with the proposed strategy is evaluated by analyzing the results

reported by the RMS simulation with respect to loading and voltage existing limitations (section

3.1), using the two other scenarios as a benchmark. The analysis is carried out in Matlab

(matrix laboratory), a multi-paradigm numerical computing environment and fourth-generation

programming language. Table 5.2 listed the relevant variables exported from DIgSILENT

PowerFactory and analyzed deeper in Matlab. The results of the selected parameters are

discussed in Chapter 7.
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For the voltage concerns, the study is focused only in the most critical buses of the system.

After investigating their voltage profiles, the most critical one is identified, and further analyzed

by looking at the voltage unbalance and the neutral-to-ground values. The voltage unbalance

factor (VUF) is calculated following the procedure explained in Section 3.1.2 (Equation 3.1).

Table 5.2: Summary of the variables evaluated in the technical investigation.

Technical investigation: Studied Variables
Loading Services Voltage Services
Congestion Analysis Voltage Magnitude Analysis

- Cable loading - Phase-to-neutral voltage
- Transformer loading

Power Losses Analysis Voltage Unbalance Analysis
- Total active power consumed - Positive sequence
- Total active power injected - Negative sequence

For the loading portion, only results of the most critical components are selected. The active

power flows absorbed from and injected to the detailed feeder are also part of this investigation,

since the power losses are computed as a power balance instead of using PowerFactory

estimations. Thus, the system power losses are calculated using Equation 5.7.

Plosses = Pinj − Pabs = |PPV |+ PHVside
tr − Phouses − PEV (5.7)

However, a quantification of total losses might not provide much clear information, since that

quantity depends on different variables of the study case (e.g. the size, the total energy, etc.)

and can not be directly compared with other systems. Thus, the losses in the system are

also expressed as a proportion of the total injected power, by calculating the Power Loss

Ratio (PLR) (Equation 5.8). It must be borne in mind that the calculation of the total power

injected (Pinj) depends on the sign of the active power at the transformer HV side (PHVside
tr ).

Since the system has PV installations and their peak of production match with the off-peak of

consumption, an injection from the LV to the MV grid might happen, changing the mentioned

sign and counting PHVside
tr as power absorbed (Pabs) instead of injected (Pinj).

%PLR =
Plosses

Pinj
· 100 (5.8)

Table 5.3 summarizes the technical and legal limitations under which all the variables included

in this technical investigation are evaluated.

The methodology explained before is tested and evaluated on a particular study case. The

remainder of the chapter is focusing purely on driving a description of that. More details

regarding simulated scenarios, analyzed parameters and other specific aspects are described

in the following sections of the present chapter, when presenting the study case, and in Chapter

7, when reporting the results obtained.
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Table 5.3: Summary of the limitations under the variables are analyzed in the technical
investigation.

Technical investigation: Studied Limitations
Loading Issues Voltage Issues
Congestion Limits Voltage Magnitude Limits

- Cable: 100% loading - Vln: 10%Vnom

- Transformer : 100% loading - Vln: 15%Vnom

Power Losses Limits Voltage Unbalance Limits
- - Unbalance: 2%

5.4 Technical investigation of DSO based services from EVs: Study

case application

The time-domain simulations are run for a piece of a typical Danish LV grid based on a real

network located in the Danish town of Borup, Zealand. The specific components, together

with the consumption and production data incorporated into the simulation model have been

provided by SEAS-NVE, company owner of the mentioned real distribution grid.

5.4.1 Topology of the simulated distribution grid

The analyzed network is a radially run, semi-urban LV grid (Unom=400 V), wired to the MV

one (Unom=10 kV) through a 10.5/0.42 kV 400 kVA distribution transformer , and supplied by

ungrounded cables divided into 13 segments with a total line length of 681 meters (the cables

technical characteristics are attached in Table 5.4). The grid consists of 4 feeders in total , with

approximately 120 consumers distributed among them. The consumption and PV production

data is available on hourly basis for one-year period, as individual household’s data for one

feeder and as aggregated load data for the remains three. Hence, only one feeder is modeled

in detail, as represented in Figure 5.5.

The implemented model consists of 43 household consumers split in 14 nodes, an aggregated

load, and an aggregated PV injection. As mentioned, all this is wired to an external grid

via a MV/LV transformer and a common neutral conductor grounded on the LV side of the

transformer. In Figure 5.5, it is observed that the 43 households are placed in two zones:

• Zone A, where there are 17 houses of ’Hørmarken’ street , with district heating.

• Zone B, where there are 26 houses of ’Græsmarken’ street , which are equipped with heat

pumps. This zone includes also a street light connection point (in node 608).

All the houses in zone B have PV installations, whereas only one house in zone A has it.
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Figure 5.5: Topology of the LV Borup Grid. Source: [1].

Table 5.4: Cables parameters of the LV Borup Grid.

Connection to nodes Connection node-house
Type 4x150 Al PEX 4x16 Al PEX 4x10 Cu PEX
Rated Voltage, [V] 400 400 400
Rated Current, [A] 335 10 6
Cross-section, [mm2] 150 16 10
R, [Ω/km] 0.27 1.91 1.83
X, [Ω/km] 0.078 0.078 0.082
Phases A-B-C-N A-B-C-N A-B-C-N

5.4.2 Simulation model of the distribution grid

The previously described network is implemented in DIgSILENT PowerFactory, to carry out the

load flow analysis explained in section 5.3. This software is commonly used for the analysis

of power systems. Figure 5.6 shows a schematic representation of the Borup distribution

grid modeled in DIgSILENT PowerFactory, where one can see the network’s characteristics

described above.

The 43 houses are divided in group of 3 to 5 per node, each of them modeled as a three-phase

connection. In the case of PV installation, a separately single-phase connection is added to

the three-phase one. The heat pumps are not modeled separately. For the thesis purpose,

it is assumed that each household in the observed feeder has 1 EV, simulating a 100% EV

penetration level in the feeder. Figure 5.7 illustrates the household, PV and EV connections

to the respective node, using node 613 as an example. A similar structure is applied in the

remaining 13 nodes. At each EV place, three loads can be identified, but only one is activated

and added to the house consumption at a time.
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Figure 5.6: LV Borup Grid topology modeled in DigSILENT PowerFactory.
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Figure 5.7: Node 613 topology within the LV Borup Grid modeled in DigSILENT PowerFactory.
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Household consumption and production profile

The real measurement data for consumption and production provided by SEAS-NVE and

relevant for the present assessment are available from March 2012 to February 2013 on

hourly basis. The data files consist of an aggregated load and an aggregated PV injection for

three feeders, together with an individual household consumption and PV production profile

for the 43 houses in the fourth feeder. The aggregated and individual feeders consumption

and production patterns are observed in Figure 5.8, together with the share of total annual

consumption that each part comprises. The figure illustrates a representative daily profile for

each month of the studied year.
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Figure 5.8: Consumption and production profiles in Borup grid from March 2012 to February
2013. Data Source: SEAS-NVE

Further, Figure 5.9 shows the annual consumption and production profiles in both zones of

the detailed feeder , with a notable difference in the electricity consumption during the winter

period between them. The reason behind is the different heatings means since heat pumps in

zone B are modeled as consumption added to the rest of the household appliances. Another

detail to underline is the remarkably higher electricity demand and the negligible PV production

in winter. The seasonal distribution is addressed in Chapter 7, where the results are reported

and discussed in accordance with that.

Based on the DSO experience, it is assumed that the studied grid is unbalanced . Phase a is

approximately loaded double than b and c. This issue is considered in the simulation by setting

50% of each of the three-phase load measured in phase a, a 25% in phase b and another 25%

in phase c. The described approach is applied due to the lack of insight into individual phases

share, since the measured data is given as three-phase power.

Each house demand is modeled as three single loads in the simulation model to reflect the three-

phase nature of the connections and this unbalance.Each phase is assigned a different scaling

factor, which follows the mentioned 50-25-25 values rationale. The described configuration is

better appreciated in Figure 5.7. The measured aggregated load and aggregated PV production

are also modeled as three-phase with the mentioned scaling factor (Figure 5.6).
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Figure 5.9: Consumption and production profile in zone A and zone B in Borup grid from March
2012 to February 2013. Data Source: SEAS-NVE

The real measured data provided by SEAS-NVE contains only the active power consumption,

while the reactive power is unknown. To include the reactive power flow in the analysis, an

inductive power factor of 0.95 is assumed. This value is regulated by Energinet.dk [64].

Photovoltaic installations

In the used distribution network, there is a total of 27 PV installations (26 in zone B and 1 in

zone A). Out of these, there are three facilities of 4.07 kW power peak and 24 installations of

2.96 kW. All of them with a single-phase inverter connection of 5.4 kW and 3.6 kW, respectively.

The inverters are assumed to have an additional reactive power control (RPC) capability, similar

to the one explained in section 5.1.2.

The phase to which each PV installation is connected is unknown. Assuming an equitable

production, the PV connection phase in the model has been assigned subsequently [62]. As

can be appreciated in Figure 5.8, the PV production is high during the spring-summer period

and almost negligible during in winter.

Electric vehicles

The EVs are included in the simulation model under the assumption that each single household

owns one EV. On a gross basis, from the detailed grid area point of view, this assumption

leads to a 100% EV penetration rate scenario. However, on a net basis, from the transformer

point of view, the penetration rate is in a range of 35-37%. The explanation lies in the number

of houses and feeders, and in the shapes of consumption. There are around 120 houses in

the used portion of Borup grid, from which 43 are modeled owning an EV. On the other hand,

in accordance with the shapes of consumption indicated in Figure 5.8, the detailed feeder

represents around the 37% of the total consumption in the simulated system.

The mentioned penetration rate is chosen based on the results reported under the Nikola

research project in [1]. From here, it is deduced that this amount of EVs, in the considered

system, is enough challenging from the grid impact investigation perspective.
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The EV integration impact on the electricity demand profile is largely dependent upon the

users’ driving and charging behavior . The definition of these patterns is not straightforward

and relies on many aspects, such as the type of day, the geopolitical location, the user, etc.

Fortunately, nowadays, several studies are dealing with this issue and aiming to model the EV

users’ performance. The charging pattern applied to the EVs modeled in the present thesis is

in accordance with the Danish project called Test-an-EV , which results are closely similar to

the ones from the European project Green eMotion. Over the three-years period of the former

project, charging and driving data were collected from 184 EVs distributed to 1600 Danish

families. By using the data, [65] identifies the plug-in period averages, including start/stop

times and stage-of-charge (SOC) levels, together with the charging and plug-in durations.

These outcomes and an adverse ’dumb charging’ scheme, under which EVs are charged

as soon as they arrive home and are plugged-in, are considered for the definition of the EV

load profile used in this thesis. All the EVs added to the observed feeder are assumed to

be Peugeot iOn, with a 16 kWh Lithium-ion battery . They are single-phase connectedwith a

maximum charging rate of Pn=3.7 kW, corresponding to 16 A at 230 V. This fits with the typical

residential charging and can be identified as charging Mode 2 (AC with a particular in-cable

EVSE), following the IEC 61851-1 standard, and level 2, according the SAE J1772 standard 2.

As a result, the implemented charging events in the pattern starts at 18:00 and ends at 22:00,

coinciding with the households peak consumption, with the most strain on the system. Over

these 4 hours, the charging rate profile varies as follows: the first hour EVs are charged at a

rate of 3.0 kW, increased to 3.7 kW for the following two and a half hours and ending at a level

of 0.2 kW for the last half an hour (illustrated in Figure 5.10). The daily charge consumption

amounts to a total of 12.35 kWh. Hence, a 100% SOC is reached by assuming the cars arrive

home with around a 25% of their battery capacity. Such SOC level represents an entirely

conservative situation since on average EVs arrive their destination with around 49% SOC [65].

Once again, assumptions and dimensioning are based on a Danish case.
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Figure 5.10: Active power profile of the implemented EV charging patterns, ’Dumb Charging’.

Additionally, the EVs’ chargers are assumed to have reactive power control (RPC), as explained

in section 5.1.2. Connection points are taken sequentially, distributing the load as equal as

2Whereas the charging mode is focused on safety issues, such as the description of the communication
protocol between the EV and the charging station or the EV supply equipment (EVSE), the charging level set the
power rate of the charging outlet.
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possible similarly to the PV installation connections. However, an EV and a PV installation are

never connected to the same phase in the simulated model. It is worth mentioning that due to

a data failure, only 42 households and 42 EVs are finally active in the simulation.

EV composite frame implementation

The composite frame consists of slots and signals connecting the modeled diagram blocks. It

enables the use of the composite model basic structure several times. Figure 5.11 illustrates the

composite frame implemented in DIgSILENT PowerFactory to model the EV charging control

scheme used in this thesis. As can be appreciate, it includes the slots and the connections

needed for the modeling of the active and reactive power controllers. The frame is composed

by the measurement slots (StaVmea* and ElmFile*), the voltage selector (ElmVol*), the droop

for the active power control (ElmDro*), the power reference slot (ElmPre*), the power selector

(ElmPse*), the reactive power control (ElmQct*) and the load slot (ElmLod*).
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Figure 5.11: EV Composite Frame with PQ controller modeling in DIgSILENT PowerFactory.

Inputs of the frame are phase-to-neutral voltage measurements (StaVmea*) and active power

requested by the EV according to the ’dumb charging’ strategy illustrated in 5.10 (ElmFile*).

Even though EVs are single-phase connected, three slots are implemented for the voltage

measurements, representing the three-phases of the system. That is because each single-

phase EV connection has been related to the same frame-block, reusing the composite frame

illustrated in Figure 5.11. By contrast, each EV has its own common and composite models in

which the particular connection phase is simulated by using a flag.

Each ’Vmeas’ slot has as output its corresponding phase-to-neutral voltage, measured in the

bus in which the analyzed EV is connected. The three values are the inputs for the ’V_selector’

slot, which is in charge of filtering them, sending as output only the needed one. The voltage

selection is made by using the flag parameter, stored in the particular DSL block assigned to

the composite model corresponding to the analyzed EV through the frame.

The right voltage signal is sent to the ’V_droop’ slot, which used it as input to determine a

current reference set point. The mentioned current is the linear approximation of the function

defined by the droop characteristic (’droop_array’) for the voltage signal input. The ’droop_array’
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is a parameter of the ’V_droop’ slot, defined in the corresponding DSL block following the

description detailed in Section 5.1.1 and illustrated in Figure 5.2.

This current reference value and the right voltage signal are the inputS of the ’P_reference’

slot, which calculates the active power reference set point for the charging rate. This Pref value

is compared to the real requested active power (Pfile), corresponding with the ’dumb charging’

scheme (Figure 5.10), in the ’P_selector’ slot. This slot guarantee that the charging rate (Pext)

do not excess the power set point that the system permit at thE point. Thus, the ’P_selector’

follows the rationale expressed below:

Pext =

Pf ile, Pf ile < Pre f

Pre f , Pf ile > Pre f

(5.9)

The mentioned Pext is used to set the active power load value in the ’EV’ slot, which also

receives the reactive power load value. Qext is the output of the ’Q_control’ slot, where the

reactive power rate is set in conjunction with the Pext and u signal throughout the reactive power

controller rationality explained in Section 5.1.2. The relation between these three parameters

is illustrated in Figure 5.4. The ’EV’ slot define the EV load profile characterized by the real

time depending absorbed quantities, by using Pext and Qext values. The described frame is

applied only in the ’PQ control’ simulation scenario. The Pfile is the only possible input for the

’EV’ slot for simulating the EV integration before the charging scheme activation. Recalling,

Pfile corresponds with the ’dumb charging’ scheme (Figure 5.10).



Chapter 6
Design and Implementation:

Economic Assessment of EV services

This chapter tackles the economic component of the EV distribution services supply with a

twofold focus. First, a market framework for the EV support provision is designed, supporting

the grid services addressed in Chapter 5 and with the emphasis put on achieving general

benefit derived from the smart EV integration. In this regards, the relevant facts, arguments,

and objectives upon which the design is based are also detailed, together with the application

method proposed. Then the focus is moved to the definition of a benchmark model for the

economic assessment of the EV services provision. The purpose is to provide a method for

comparing the new support suggested with a traditional solution used for dealing with the same

grid issues. Finally, the whole methodology is applied to the Danish study case described in

Chapter 5, reaching the EVs services economic assessment.

6.1 A market framework for enabling EV flexibility procurement

at the distribution level considering grid constraints

This section starts summarizing the context in which the economic assessment is conducted,

followed by the presentation of the market-oriented incentive framework propose, comprising

the billing process for the controlled EV charging and the price setting.

6.1.1 Potential global benefit of controlling the EV charging

It is well known that a sharp load increase in the electricity system causes severe grid issues,

jeopardizing the security of supply and the economic system performance. A passive EV

integration may result in an undesirable demand growth, compromising the reliable system

operation. This would constitute a detriment of the social well-being that must be settled.

System operators have the responsibility to guarantee the system stability and security of

supply. Nowadays, the first solution applied by DSOs to overcome demand rises is to reinforce

the grid by, for instance, upgrading transformers or laying down more cables. However, the

distribution network strengthening is not always the most efficient solution to respond to these

challenges [66]. Different aspect for that affirmation has been identifying here, such as:

49



50
CHAPTER 6. DESIGN AND IMPLEMENTATION: ECONOMIC ASSESSMENT OF EV

SERVICES

• The cost effectiveness. Cables and transformers are highly expensive replacement parts,

not only due to their cost per se but also due to the replacement expenses (Chapter 3).

• A possible time constraint . In order to be accredited to reinforce the grid, the DSOs

have to economically justify the investment to the relevant authority or energy regulator

(Energitilsynet in the Danish case). Then, the regulator has to approve the investment

and, ultimately, the electricity consumers will bear the cost of grid development. The global

process would be prolonged since the deadline for permission is not specified [67].

• The environmental impact . Every reinforcement has an environmental footprint. A core

element of new grid infrastructure needs is the considerable and rapid increase in RES

and new appliances, as heat pumps and EVs. These changes aim to reach a low-carbon

scenario and mitigate the climate change. Thus, a not environmentally friendly solution

may not be seen as the most appropriate or consistent one.

• The social perspective. The tariffs increase, the long time to wait and the environmental

impact issues would lead to a social unrest and strong public opposition, with implications

for the system operators and the state.

This context suggests that further solutions are necessary, where the use of flexibility services

becomes an important alternative. Based on a more efficient and smart use of the available

resource, flexible procurement would result in higher welfare for all parties involved in the

electricity system, DSOs and state included. Therefore, there is a need to reach a common

understanding of the use of system flexibility as a critical solution to maintain the electricity

service quality and the security of supply, and to set-up a level playing field for new cost-efficient

services in a secure and transparent way, as stated by EDSO in [66] and which is part of the

motivation of this thesis. As EDSO, different initiatives working in this regard are booming.

A proved global benefit of using the flexibility services endorses the transformation of the

electricity grids into so-called smart grids. This transition will have associated reforms in the

regulatory framework . Since the system operators business models are based on regulatory

mechanisms to cover the cost, those reforms suggest that they will be fostered to fulfill their

task more efficiently. A sound current example can be found in the DSO market role analysis

presented in Chapter 4 (Section 4.2.3). This is the benchmark of economic efficiency defined

by DERA for each of those companies in Denmark since 2007. This implies reductions on

their revenue cap and, even more, includes an assessment of the quality of supply referring

to the duration and frequency of interruptions. Another good instance is the new ’Tarifmodel

3.0’ (Tariff Model 3.0) [68], a paradigm shift to reward all flexible customers and offer new

opportunities for energy companies and other suppliers to create new business models around

the flexibility services use.

On the other hand, by adopting ambitious set of targets and policies to foster a largely

decarbonised power sector by 2050, almost all nations around the world have paved the way

for a considerable increase in RES and transport sector electrification. All of this has triggered
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a change in the entire energy value and has grown the need for flexibility [66]. However, this

flexibility benefit assumes the participants’ williness to engage in demand-response activities.

This aspect will require incentives and technologies, as analyzed in Chapter 4.

These set of facts, arguments and objectives justify the study of ways to incentive the different

stakeholders to participate in this more collaborative and interactive electricity system operation

mode. In this chapter, the economic incentive is addressed through the definition of a market

framework, introducing a design for EV charging billing process base don two-price model, to

incorporate EV services procurement. It worths mentioning that in this thesis, the flexibility

concept is narrowed down to be aligned with the scope of application. Hence, in the following,

flexibility is referred as the modification of EV charging patterns responding to a voltage signal

in order to provide a service within the distribution grid to which it is connected . Therefore, the

market framework presented is focused on EV issues, even though the methodology could be

easily adapted to others appliances.

6.1.2 The billing process within the market framework for the EV charging

As mentioned, a core element of the economic assessment is pricing the EV services provision

to the benefit for all those concerned. That means, the method should compensate the EV

support while bringing the DSO a cost-efficient way to maintain the quality and the security

of supply. Therefore, a central part of the market framework presented is the billing method

applies to EV charging events. In this line and according to the analysis made, three principal

actors are identified as the most relevant for the matter:

• The EV users, who have to accept the participation on grid support by allowing the

modification of their charging patterns. In contrast, they will receive some compensation.

• The DSOs, who have to participate in the incentives for demand-side respond consolidation

in exchange for having access to a direct and fast grid support opportunity. In this way,

they would avoid the application process for the accreditation, together with the installation

and/or construction processes, which could be time-consuming and, hence, costly.

• The State, who would have to assume a leading part on the users’ engagement and the

definition of the legal framework for the new service provision. On the other hand, it would

benefit from a more sustainable use of available resource and a greater chance to reach

the environmental targets, together with a higher general welfare.

Once the actors have been identified, the other critical building-block is the control approach

performance. As explained in Chapter 5, an active and reactive power modulation is applied

in the EV control frame. Since there is still not commercial market defined for reactive power

support, the economic incentive is focused on the active power modulation. The rationale of

the billing design proposed consists of, first, identifying the amount of the energy provided on
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schedule and the amount of energy shifted to a more desirable timing, to secondly economically

quantify both terms by charging them at a different price.

The final objective of the economic assessment is to provide a valuation of the EV services

provision, together with a potential EV users savings. Both quantities are calculated as a ratio

between the respective economic value of the EV uncontrolled charging scenario and the

corresponding economic value of the same charging 1 process after the control activation. The

calculation procedure is clarify in section 6.3.2, on the study case application.

Figure 6.1 illustrates an overview of the market framework proposed, including the billing

process method , through a block diagram. There are two differentiated parts, the ’RMS

simulation’ (developed in DIgSILENT PowerFactory) and the ’calculation’ (developed in Matlab).

As explained in Chapter 5, an RMS simulation is run for three scenarios. Here, the explanation

is focused on the EV integration with controlled charging, i.e. Scenario 3. After concluding the

one-year period RMS simulation, the results of EV charging power are exported. Notice that

two parameters are obtained in this regard, the power requested by the EV to the grid at each

time step and the actual power received by the EV at that time, due to the ’PQ control’.

Then, the power values are converted to energy values, since it is the ’sales quantity unit’. The

difference between both exported terms represents the energy shifted to a more desirable

timing, regarding the grid operational conditions. Hence, the ’Energy Requested ’ is the

predefined EV charging pattern (Figure 5.10), the ’Energy Provided ’ is the output of the EV

control frame implemented and the ’Energy Shifted ’ is the difference between the other two.

The latter represents the modification on charging patterns that the EV users assume by

participating in the grid support, and for which they should be compensated.

From that, the economic value of each amount of energy is quantified by applying the corre-

sponding electricity price. Whereas the ’Energy Requested’ and the ’Energy Provided’ are

charged at the agreed normal electricity price, a discounted price is applied to the ’Energy

Shifted’. This is the proposed way to compensate the EV user for providing grid support. The

prices calculation procedure is set out in section 6.3.1. The billed ’Energy Requested’ is the EV

user charging cost when no providing grid services. The sum of the billed ’Energy Provided’

and the billed ’Energy Shifted’ is the EV user charging cost when allowing the charging control .

The difference between both comprises the potential EV user savings.

To determine the DSO and State part of the total market income, the respective market share is

extracted from these total billed quantities ’According to the billing process’, which depends on

the retail market in which the model is used (Figure 4.5 illustrates the Danish case in 2016). An

example of application is included in Section 6.3.2, using the Danish case. It is of the utmost

importance the quantification of the controlled and uncontrolled scenarios incomes since the

difference is the EV services provision valuation from the society perspective. That is, it is the

quantity to be compared with the reinforcement solution cost, which completes the economic

assessment of the DSO based services from the EVs.
1The expression same charging refers to the same amount of charging events and energy charged over the

considered simulation time.
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To condense, the methodology proposed for billing the EV charging is in line with the controller

operating mode. Recalling, the management EV charging scheme presented in Chapter

5 operates in a standalone mode, responding to specific bus voltage signals. This results

in different degrees of support, depending on the connection point. Aiming to be fair to all

the stakeholders, the method presented here balances out the EV flexibility procurement

considering the mentioned autonomous fashion. To do so, the service delivery is economically

settled throughout a two-price system, applying discount only over the amount of energy shifted

to alleviate the grid. In the case of no control needed, no economic compensation is used.

From the user perspective, this method may incentive a higher engagement since the greater

the participation, the more they would save in electricity costs. From the DSO perspective, this

EV flexibility procurement enables grid support only when needed , in contrast with the perma-

nent, constant feature of the grid reinforcement support. This is a benefit since the network

contingencies are mainly focused on few months through the year, set by the consumptions

profile dynamics. Another advantage of EVs support is the real-time feature, which seems to

be crucial in the coming years due to the less predictable energy flows.

6.1.3 The two electricity prices system procedure

As aforementioned, an EV user compensation for participating in grid support is included in the

proposed billing method through a dual price setting. The rationale behind the two rates system

is similar to the varying electricity prices one. The peak and off-peak consumption period

are reflected in higher and lower electricity prices, respectively. Following the direct relation

between demand peaks and grid issues in a distribution network level, the supply is assumed

more expensive in such a situation. Naturally, the discussion works in two ways, applying

on the opposite to the off-peaks. On this basis, the energy shifted from the peak (when the

grid issue is detected) to later hours (when the normal operational stage is recovered) can be

assumed cheaper for the system. Therefore, an abatement on that seems quite reasonable.

According to the scope of the project, only a domestic EV charging is considered in the billing

process. Therefore, the two-price and the respective discount design are defined based on

the household retail market dynamics. From the analysis included in Chapter 4, the electricity

invoice items are already known. It worths recalling the separation between charges based on

consumption (.-/kWh) and fixed charges (.-/billing period) (Figure 4.4). Due to their respective

nature and the methodology proposed here, reductions are assumed logic only on the charges

based on consumption. The reasoning behind is that the items included in that invoice section

set the final electricity price per kWh that the consumer pays. Discount on the connection and

supply fees (i.e., the fixed charges) are not considered as EV users are connected to the grid

as households, even they have no EV to charge.

In the breakdown made in Section 4.3 (Figure 4.4), all stakeholders and their corresponding

share of the total price are detailed for the Danish case (2016 data). For the discount design,

the focus is put on those items belonging to the DSO and the State, as these are two of the
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STATE

Receive: Global welfare and Taxes to the state Taxes to the state 
environmental target achievement STATE Electricity Taxes Electricity Taxes
Provide: VAT discount

Value Added Tax Value Added Tax
STATE VAT Discounted VAT 

X %
0.00%

0.00%

0.00%

Y %

DISCOUNT
 LEVEL (%)

0.00%

Figure 6.2: Methodology for the two price system calculation. The items correspond to the
charges based on consumption, based on the Danish retail market dynamics.

three agents identified in the previous section as directly involved with the matter. The third

agent, the EV user, is involved in the process through the electricity price to be paid.

Figure 6.2 summarizes the methodology proposed for the two-price model drawing up. First,

the relation of the mentioned stakeholders with the electricity price setting is identified. Then,

this is used to select the items to which the discount applies. Specifically, this method considers

a reduction in the distribution transport tariff and on the VAT charged . While the first one is

due to the direct benefit in the distribution grid operation from the EV support, the second

is a way to boost the EV flexibility procurement. Since the States have the responsibility of

ensuring the global welfare and of reaching the environmental targets, their leading role on

the compensations is assumed rational, by the positive strides of the smart EV integration

towards sustainable development. Finally, the reason for choosing the VAT term instead of the

electricity taxes one is mainly the higher simplicity and understanding of the former.

6.2 A benchmark model for the EV service valuation

This section addresses the definition of a typical DSO solution to overcome the grid contingen-

cies caused by a sharp load increase. This is used as a reference point against with assess

the economic feasibility of the EV services implementation in a residential distribution network.

Based on the analysis summarized in Figure 3.2, loading and voltage issues are identified

as the primary grid contingencies concerning to DSO and, thus, comprise the focus in this

thesis. Nowadays, a typical solution for tracking with the congestion problems is to replace the

affected components. On the other hand, to deal with the voltage problem, there is a broad

variety of options, such as on-load tap changing transformers or power factor control. The grid

contingencies remedy is designed owing to such a situation.

To define a proper solution and to ensure that the problems are solved efficiently, different

approaches are simulated in DIgSILENT PowerFactor for the study case described in Chapter
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5 (before ’PQ control’ activation). Section 6.3.3 includes a numerical example of grid reinforce-

ment, including both technical and economical quantifications. For the purpose, the voltage

drops are addressed previously. The reason is that when improving the voltage profile, the

overall system performance improves and further upgrading may be less or even not necessary.

6.2.1 Reactive power compensation for voltage support

The voltage constraints experience by distribution networks with high and uncontrolled EV

penetration rate are periodical, seasonal under-voltage issues. Due to this nature and an

economic reason, the reactive power compensation is chosen as voltage support in this

solution design.

From the commonly available solution for Q compensation, a shunt capacitor bank is selected

since it is by far cheaper than a static VAR compensator (SVC) and a static synchronous

compensator (STATCOM) and enough for the present purpose. This device supports the

reactive power to avoid under-voltage issues during the heavy load conditions, i.e., EVs are

charging in a period with high household consumption.

The switched shunt capacitors in the distribution grids can operate as a centralized voltage

controlled , installed at the transformer and providing voltage support to remote buses. Alterna-

tively, they can also perform as decentralized controlled, with local voltage controllability by

locating them at critical points, e.g. at the end of the feeder [69]. For the design proposed,

the switched shunt capacitor is installed at the transformer LV side since the higher cost and

difficulty of connecting it to the underground lines.

The required adjustment parameters to be defined in DIgSILENT PowerFactory for the device

simulation are set through an iterative process, considering also its performance working

together with other solutions implemented. A more optimal size of the capacitor bank may

be selected if, for instance, the transformer is upgrading, which seems to be needed in this

case. The size is a critical parameter for quantifying the total investment cost, together with the

device lifetime.

6.2.2 Transformer and cable upgrading for congestion management

The transformer and the distribution line are the most sensitive components to loading problem

in the context addressed in this thesis. Firstly, the transformer upgrading is considered. This

process consists on the replacing the existed transformer by another MV/LV transformer with

higher nominal current and, hence, apparent power. Then, the new transformer has to be

established in the place, which sometimes needs substation infrastructure adaptation such as

space, ventilation, and connection. In this thesis, the same substation infrastructure regarding

these aspects is assumed to be valid for the new transformer.

Once the new transformer is simulated in DIgSILENT PowerFactory together with the shunt

capacitor, a cable upgrading is considered in the case of needed or a more optimal solution can

be implemented. Similarly to the transformer, a new cable rated for higher nominal current is
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selected. A higher nominal current is linked to a higher cable section. In urban and semi-urban

distribution grid, mostly underground lines are used. These issues increase the replacement

cost considerably due to infrastructure aspects, which comprise the vast majority of the cost.

For the economic quantification of the described reinforcement solution, only the Capital

Expenditure (CAPEX) term is included. Neither for the transformer, not the cable case, the

Operating Expense (OPEX) term is accounting, since the operation and maintenance costs

are assumed to remain the same for the new equipment. Contrary, both CAPEX and OPEX

terms are considered in the capacitor bank case. The calculation procedure for the CAPEX

and OPEX is detailed in Figure 6.5.

6.3 Economic assessment of DSO-based services from EVs: Study

case application

The previously proposed methodology is applied to the Danish Borup grid explained in Chapter

5 (Section 5.4.1 and 5.4.2), as a way to clarify the described calculation and as an example of

implementation. The results obtained in this study case simulation are attached and discussed

in Chapter 7, Section 7.2. First, the two prices calculation is presented since these numbers

are used in the billing process, which is introduced right after. Finally, the sizing and cost of the

grid reinforcement are included.

6.3.1 The two-price system setting

By following the methodology proposed in Section 6.1.3, the two-price model used to billing the

EV users in Borup grid is defined. Figure 6.3 illustrates both values (normal and discounted),

together with the calculation short of reaching them. The price per kWh charged for each

item is deducted from a percentage of the price associated with the relevant item. This makes

the method easily extrapolated to any other case just by switching the stakeholders share, as

long as the same category of data is known. Notice that the stated rates are guideline values

that may vary for different location and year. These are set based on data provided by Dansk

Energi for 2016 [7] contrasted with several real electricity invoices of the same supplier and

customer type for different billing periods 2.

The ’Discount ’ column (gray) in Figure 6.3 outlines the deduction applied to each item. The first

column (’Discount apply ’) lists the global markdown level regarding the specific item, whereas

the second one (’Reduction of %’) provides its translation to electricity price share basis. That

is, the real percentage of the price reduced. In practice here, a 25% discount level is applied

on the distribution grid transport tariff . Since a 10.01% of the 13.43% of total transport tariff

corresponds to the DSO part, a 25% deduction over 10.01% results in a 2.5% of real reduction

2The author has had access to several electricity invoices of a supplier that operates in the area of the study
case used in the present thesis. All of them correspond to a typical household (at 4,000 kWh/y) customer, i.e. type
C with the same type of property. Notice that the kind of assets is of no relevance since only charges based on
consumption are analyzed.
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on the electricity price (2.31 DKK in the studied case). Additionally, the energy shifted is

considered tax-free, which means that there is not VAT charge over that amount of energy. This

implies a 100% discount on the VAT item, translated to a 20% reduction of real price share.

On the right of the mentioned figure, i.e.,’Discounted price’ column, the resulting price is

detailed. Thus, the EV users would pay in total a 22.5% less per kWh of energy shifted in

timing. A summary of the discounting method is attached in the box below, in Figure 6.3.

Whereas a reduced discount rate is applied to the DSO invoice item, the bulk of the concession

is over the State element in the form of VAT suppression. The reason behind the former is

in the current retail market regulation regarding system operator’s cost coverage. The DSO

pays for the losses and, indirectly, the efficiency on the part of grid owned, but not the total

reinforcement in case of need it. The small amount of 2.5% may be seen as an improvement

investment for a better system performance, more efficient and flexible, which are crucial

aspects of the future energy system. The latter is chosen as an endorsement to enabling

the EV flexibility procurement , due to its potential in pivotal aspects such as reaching the

environmental targets, a sustainable development and the use of available resources and the

enhancement the social welfare.

6.3.2 The market framework establishment

The model implemented in Matlab for the present purpose bills each EV charging event

separately, by identifying the amount of energy in each of the three groups (’Energy Requested ’,

’Energy Provided ’ and ’Energy Shifted ’) each time step, over the process duration. Then, the

daily and annual charging cost are computed per EV as well as per fleet (i.e., the 42 EVs in

the observed feeder). The final aim is to provide the EV user saving and the EV grid services

provision valuation. For the former, the most interesting data from the EV user perspective is

the personal saving. Therefore, the daily and annual saving estimation are reported through

the mean and standard deviation values of all the EV charging costs computed per EV. On the

other hand, the exceptional value to assess the economic feasibility of the EVs support is the

total cumulative value of the fleet. The final results are listed in Chapter 7 (Section 7.2).

Figure 6.4 illustrates the calculation procedure for one EV upon completion of its charging

process. Firstly, the procedure is divided by the corresponding time frame and, then, the EV

user cost and the DSO/State share of income are calculated separately for each of the three

groups of energy. Finally, the ’Energy Provided’ and ’Energy Shifted’ quantities are grouped (as

explained in Section 6.1.2) and calculation are divided in No services provision and services

provision to reach the desired results. A comprehensive breakdown of the prices used is

summarized in the right bottom box. The billing calculations are detailed in yellow blocks.

Notice that the market framework methodology proposed in this thesis does not require

additional contract between user and DSO. Instead, the EV charging cost is seen as part of the

household bill and can be calculated by given to the supplier the extra information regarding

discounted price and ’Energy provided’ and ’Energy shifted’ quantities. The reasoning behind

is to minimize the changes needed to integrate this new entity and its market framework.



ELECTRICITY PRICE

DISCOUNT 
APPLY

Electricity Supply (Forbrug)
Electricity Supply (BasisEnergi) 13.20 % of El price (***) 0.305 DKK/kWh 0.00% 0.00 % 13.20 % of Disc El price 0.305 DKK/kWh

Electricity Transport
Transport 13.43 % of El price (***) 0.310 DKK/kWh 18.65% (note) 2.50 % 10.92 % of Disc El price 0.252 DKK/kWh
  Distribution Tariff 10.01 % of El price (**) 0.231 DKK/kWh 25.00% 2.50 % 7.51 % of Disc El price 0.173 DKK/kWh
  Transmission Tariff 3.41 % of El price (**) 0.079 DKK/kWh 0.00% 0.00 % 3.41 % of Disc El price 0.079 DKK/kWh

Public Service Obligation
PSO 10.78 % of El price (***) 0.249 DKK/kWh 0.00% 0.00 % 10.78 % of Disc El price 0.249 DKK/kWh

Taxes to the state (Afgift til staten)
Electricity Taxes (Elafgift) 42.59 % of El price (***) 0.984 DKK/kWh 0.00% 0.00 % 42.59 % of Disc El price 0.984 DKK/kWh

Value Added Tax 20.00 % of El price (***) 0.462 DKK/kWh 100.00% 20.00 % 0.00 % of Disc El price 0.000 DKK/kWh
VAT (MOMS)

TOTAL ELECTRICITY NORMAL PRICE 2.310 DKK/kWh TOTAL ELECT DISCOUNTED PRICE 1.790 DKK/kWh
(***)

DISCOUNTS SUMMARY

Electricity Supply   (of the %paid for electricity supply)  
Distribution Grid Tariff (Transport) 25.00%   (of the %paid for transport on distribution side)
Transmission Grid Tariff 0.00%   (of the %paid for transport on transmission side)
PSO 0.00%   (of the %paid for PSO)
Electircity taxes 0.00%   (of the %paid forelectricity taxes)
VAT 100.00%   (of the VAT apply to every item)

TOTAL DISCOUNT 0.520 DKK/kWh 100.00%
  DSO Share 0.058 DKK/kWh 11.12%
  State share 0.462 DKK/kWh 88.88%

(*)       Source: Dansk Energi, data updated on April 2016 http://www.danskenergi.dk/AndreSider/Forbrugeren/PixiDinElguide.aspx
(**)     Real Electricity Bill from SEAS-NVE
(***)   Approximated calculation based on Dansk Energi Data(*) and Electricity Bill Data(**)

0.00%
0.00%

20.00%

22.50%
2.50%

20.00%

Level of discount Real Discount
0.00% 0.00%

2.50%
0.00%

(note) It is the 20% of the 74.59% that 
DSO part represents of the total transport item

NORMAL PRICE DISCOUNT DISCOUNTED PRICE

REDUCTION
 OF %

Figure 6.3: Methodology for the two price system settlement. On the right, there is the normal price unbundling. Then, the percentages reduced form
of the discounted electricity price, from the normal electricity price to be apply in the billing process proposed. The items attached correspond to the
charges based on consumption, including the VAT as an independent item instead of a charge in each of the rest terms. The data used are from
Denmark, 2016. Data sources included in the figure.
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6.3.3 Grid reinforcement calculation

In line with the methodology laid down in Section 6.2, several solutions are implemented

and tested in the study case modeled in DIgSILENT PowerFactory for the uncontrolled EV

integration (i.e. before the ’PQ control’ activation). The operating parameters have been

selected through an iterative process, ensuring a reliable grid operation, even during the load

peaks, in cost-efficiency way . The final solution selected includes the installation of a switched

shunt capacitor bank and the upgrading of the existing MV/LV transformer and distribution line,

which wires the transformer (bus 301) and the observed feeder (bus 601).

Table 6.1: Defined parameters of the components for the grid reinforcement solution proposed.

Shunt Capacitor

Technology 3PH-’YN’

Shunt type C

Nominal Voltage 0.4 kVAC

Rated Reactive Power, C 100 kVAr

Controller

Max.No.of Steps 10

Act.No.of Steps 1

Control mode Voltage

Setpoint Local

Upper Voltage Limit 1.05pu

Lower Voltage Limit 1.03 pu

Controller time constant 0.5s

Controller sensitivity 0.05pu/%

MV/LV Transformer

Technology 3PH

Rated power 630 kVA

Nominal frequency 50 Hz

Rated voltage, HV 10.5 kV

Rated voltage, LV 0.4 kV

Connection Dyn11

Line 301-601

Technology 3PH-N

Cross section 240 mm2

Rated voltage 0.4 kV

Rated current 400 A (in gorund)

Resistance 0.126 Ω/km

Reactance 0.069 Ω /km

Table 6.1 summarized the parameters set for the mentioned components, after the implemen-

tation and test in DIgSILENT PowerFactory. The reliable grid operation is proved through the

technical results attached in Chapter 7. The economic quantification of the proposed solution

is summarized in Figure 6.5. The values are expressed as total CAPEX and OPEX cost per

component and as a total annual cost of the proposed solution, assuming a project lifetime

of 30 years. Since the lifetime of the installed shunt capacitor is only 10 years, three shunt

capacitors are considered over the 30-years period.



Energy Requested Energy Provided Energy Shifted

EV User Cost

X kWh

DSO/State Income

X * 2.31 X *(0.231+0.984+0.462)

EV User Cost

Y kWh

DSO/State Income

Y * 2.31 Y *(0.231+0.984+0.462)

EV User Cost

Z = X-Y kWh

DSO/State Income

Z * 1.79 Z *(0.173+0.984+0.00)

EVs Providing
DSO services

EVs NO Providing
DSO services

EV User Cost DSO/State Income

X * 2.31

EV User Cost DSO/State Income

(Y * 2.31) + 
(Z*1.79)

Y *(0.231+0.984+0.462)+ 
Z *(0.173+0.984+0.00)

-

EV User
Savings

EV services 
economic value

- Normal Electricity Price [DKK/kWh]            Discounted Electiricty Price [DKK/kWh]
        
DSO Transport Tariff = 0.231                       DSO Transport Tariff = 0.173 DKK/kWh   (*)
Energy Tax = 0.984                                         Energy Tax = 0.984             
Value Added Tax = 0.462                              Value Added Tax = 0.000 DKK/kWh   (*)
Total normal price = 2.310                           Total discounted price = 1.790 DKK/kWh
(*) DSO:    Discount Level applied:25%.   Real discount: 2.5% 
     STATE: Discount Level applied:100%  Real discount: 20% 
  More infor. Table  Two prices calculation 

X *(0.231+0.984+0.462)

Time Frame:
      –       hours

Time Frame:
From 22:00 for 0.5hrs 

extra, on average

Figure 6.4: Application of the methodology incentive framework to the Danish study case. Details of the EV charging billing process (calculations in
yellow boxes), the two prices system (box below) and the final economic valuation of the EV distribution grid services provision (dashed line frame) are
included.



Capacitor bank installation characteristics

Lifetime 10 years
Capacitor bank size required 100 kVAr

CAPEX input
Cost of capacitor (EUR per Var) 0.10 EUR / Var
Cost of capacitor (DKK per Var) 0.74 DKK / VAr
Total cost of capacitor bank (EUR) 10,000 EUR
Total cost of capacitor bank (DKK) 74,400 DKK

Intallation cost 10,517 DKK

CAPEX 84,917 DKK

OPEX input
O&M Cost Rate % of CAPEX/year
O&M Cost 5,609 DKK/year

OPEX 5,609 DKK/year

Transformer installation characteristics

Lifetime 30 years

CAPEX input
Replacing the transformer from 400kVA to 630kVA

Materials 65,000 DKK
Wages 14,500 DKK
Total cost of the replacement 79,500 DKK

Establishment of the new transformer (630kVA)
Materials 170,000 DKK
Wages 70,000 DKK
Total cost of the replacement 240,000 DKK

CAPEX 319,500 DKK

OPEX input
O&M Cost Rate 3.50% % of CAPEX/year
O&M Cost 11,183 DKK/year

OPEX 11,183 DKK/year

Cable installation characteristics

Lifetime 30 years
Cable length 1000 meters

CAPEX input
Cost of the cable AL PEX 4x240mm

Materials 41,500 DKK / 500m
Wages 285,000 DKK / 500m
Total cost of the cable reinforcement 326,500 DKK / 500
Total cost of the cable reinforcement (per meter) 653 DKK 

CAPEX 653,000 DKK

OPEX input
O&M Cost Rate 3.50% % of CAPEX/year
O&M Cost 22,855 DKK/year

OPEX 22,855 DKK/year

Summary of annual cost, from 30 years project 

Annual OPEX of the capacitor bank 5,609.0 DKK/year
Annual cost of the capacito bank 8,491.7 DKK/year
Total annual cost of the capacitor bank 14,100.7 DKK/year

Annual cost of the transformer 10,650.0 DKK/year
Total annual cost of the transformer 10,650.0 DKK/year

Annual cost of the cable 21,766.7 DKK/year
Total annual cost of the cable 21,766.7 DKK/year

Total annual cost 46,517.4 DKK/year

Figure 6.5: Techno-economic quantification of the grid reinforcement designed for the study case analyzed in this thesis. The technical parameters
included results from the iterative process carried out in DIgSILENT PowerFactory. The economic inputs have been obtained mainly from The Nikola
Project information.



Chapter 7
Results and Sensitivity analysis

In this chapter, the main results concerning the research topic of EV distribution grid services

are reported and discussed. The first part of the chapter deals with the results of the technical

investigation, which methodology is explained in Chapter 5. After a quantification of the

potential of these services from a DSO based approach, they are evaluated following the

procedure described in Chapter 6. These facilities are economically assessed using as a

benchmark a grid reinforcement solution, designed in Section 6.3.3. Most of the numerical

results summarized in tables are accompanied by boxplots 1, to illustrate the variability over

the one-year simulation time of some of the presented setting.

7.1 Technical investigation results

In this section, some relevant technical parameters are compared for three distinctive scenarios.

The focused parameters are chosen according to the grid services covered in this thesis and

defined in Figure 3.2, mainly divided in loading and voltage issues. The scenarios implemented

represent the situations listed below:

• Scenario 1: No EVs. This is used as a base case to set up the operational status of the

studied grid before any EV is integrated. It also serves to get a measurement of the EV

load impact in the system.

• Scenario 2: No control. For this simulation scenario, a 100% EV integration (from the

feeder perspective) is implemented. EVs are being dealt with as passive loads with a fix

charging pattern, already explained in Chapter 5 and illustrated in Figure 5.10.

• Scenario 3: PQ control . On the basis of the foregoing, the EV frame represented in Figure

5.11 is included in the model to allocate both the P and Q control explained in section 5.1.

It is worth recalling that the PV installations are also equipped with RPC, which allows the

injection of inductive reactive power whenever they are producing electricity. This capability

is always activated in the three scenarios, in an attempt to represent a more realistic future

situation and since the primary research focus is on the EV support.

1A boxplot graph is a standardized way of displaying the distribution of data and the degree of dispersion based
on five statistic variables: minimum, first quartile, median, third quartile, and maximum (from bottom to top).
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The simulations are made for a whole one year term, over which the household consumption

and production profiles showed substantial differences, as can be appreciated in Figure 5.8

and Figure 5.9. These are mainly seasonal differences, even more, pronounced in the zone

B houses (Græmarken) case, due to the heat pumps. Based on that, both a seasonal and a

general analysis are carried out. For the seasonal one, a merge of Spring-Summer (Spr-Sum)

and of Autumn-Winter (Aut-Win) seasons 2 is chosen. General results for the whole year are

also provided, since their relevance for the economic assessment.

Loading services: congestion and losses analysis

According to the analysis included in Chapter 3, the most critical component of a distribution

grid regarding congestion issues are the transformer and the distribution cables. For this

particular network, the most affected cable segment is the one wiring the transformer LV side

(node 301) and the beginning of the detailed feeder (node 601A).

Hence, the parameters selected for congestion investigation are the loading profile of the Cable

301-601 and the loading profile of the MV/LV transformer . In this regards, Table 7.1 and Table

7.2 report the maximum loading values reached by the cable and the transformer, respectively.

Together with those, a quantification of the time that each component is overloaded , in hours

and percentage of the year, is provided. The ’∆’ column contains the improvement ratio

between the uncontrollable and controllable EV charging scenarios.

Table 7.1: Seasonal and annual Cable 301-601 loading profile and overloading time for the
conducted scenarios. Percentage of reduction by activating the ’PQ control’ also attached.

Scenario
Max.Loading Overloading time over a year ∆

Spr-Sum Aut-Win Spr-Sum Aut-Win Year Year
[%Load] [%Load] [h] [%year] [h] [%year] [h] [%year] [%]

No EVs 60.37 68.14 0.00 0.00 0.00 0.00 0.00 0.00 -
No control 105.03 124.65 5.00 0.06 160.67 1.83 165.67 1.89 -
PQ control 101.35 107.29 0.17 0.002 10.50 0.12 10.67 0.12 93.56

Table 7.2: Seasonal and annual MV/LV transformer loading profile and overloading time for the
conducted scenarios. Percentage of reduction by activating the ’PQ control’ also attached.

Scenario
Max.Loading Overloading time over a year ∆

Spr-Sum Aut-Win Spr-Sum Aut-Win Year Year
[%Load] [%Load] [h] [%year] [h] [%year] [h] [%year] [%]

No EVs 70.58 96.82 0.00 0.00 0.00 0.00 0.00 0.00 -
No control 107.17 129.53 10.67 0.12 322.33 3.68 333.00 3.80 -
PQ control 99.00 116.22 0.00 0.00 147.84 1.68 147.84 1.68 50.60

From the presented results, it is manifest the considerable impact of adding EVs as a passive

load in a distribution network concerning to components loading level. Values above the
2The Northern Meteorological Seasons date definition is used. According to that, the year is divided into 4

periods of 3 months each: Spring -from March 1 to May 1-, Summer -from June 1 to August 31-, Autumn -from
September 1 to November 30- and Winter -from December 1 to February 28-
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equipment’ technical limit are reached several times over the Autumn-Winter period. A larger

peak value is notably in the cable case (’No control’ scenario), practically doubling the amount

posted in the ’No EVs’ scenario. Notice that almost no overloading cases occur during the

spring-summer season. A deeper analysis also reported that the vast majority of these

overloading issues are held in winter.

On the other hand, it is remarkable the positive impact of the proposed EV control approach on

the congestion issues, reducing the cable overloading time by more than 93% concerning the

uncontrollable charging scenario and solving its problems. Despite the on-going overloading,

the transformer congestion problems could be reduced more than halved by controlling the

EV charging. It worths notice that the transformer presents peak loading values close to the

technical limit even when there are not EVs integrated (’No EVs’ scenario).

To characterize more precisely the remaining transformer overloading, a detailed analysis of

the ’PQ control’ situation is made. This study reports that the overloading period lasts 1.5

hours on average, with a maximum of 2.5 hours, and occurs for 90 days. The values are

achieved by considering as overloading limit a 100% loading value. Instead, a loading level 5%

higher than the technical limit (i.e. 105%) is reached only 40 days with an average duration of

0.5 hours. The loading level is expressed as a percentage of the component’s rated current.

The relatively high value of load in the transformer after the activation of the control can be

explained by the nature of the controller. The implemented controller increases the Q flow in

the system responding to voltage signals, leading to a potentially high growth of current values

and energy losses. Bearing that in mind, maximum current and power values are also analyzed

as part of the congestion issues assessment. Table 7.3 lists the maximum currents per phase

for the three scenarios, which shows that the EV charging control not only not increase the

current maximum values but also impact positively by reducing the unbalance between phases.

Table 7.3: Seasonal and annual maximum currents values for the conducted scenarios.

Scenario
Imax

a [A] Imax
b [A] Imax

c [A] Imax
n [A]

Spr-Sum Aut-Win Spr-Sum Aut-Win Spr-Sum Aut-Win Spr-Sum Aut-Win
No EVs 388 532 200 278 200 277 185 250
No control 589 712 403 473 391 461 189 250
PQ control 585 704 407 474 389 458 198 257

The results regarding active losses in the system are included in Table 7.4. To quantify the

losses in term of the system, relative active losses values for the three scenarios are also

provided. From these values, it can be observed the negative impact of the control activation

in the system losses, which is even higher during the Autumn-Winter period. The rationality

behind is on the significant increment of the reactive power flow. This is ratified by the ratio

between active losses and the total apparent energy in the system, where the difference

between ’No control’ and ’PQ control’ scenarios is minimal. That is because of the greater

apparent energy in the system for the ’PQ control’ case, due to the mentioned Q flow.
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Table 7.4: Seasonal and annual active energy losses for the conducted scenarios.

Scenario
Total active losses Ratio active losses - Ratio active losses -

[MWh] active energy [%] apparent energy [%]
Spr-Sum Aut-Win Year Spr-Sum Aut-Win Year Spr-Sum Aut-Win Year

No EVs 5.16 7.88 13.04 1.68 1.76 1.73 1.58 1.52 1.62
No control 9.64 13.34 22.98 2.43 2.50 2.47 2.36 2.31 2.40
PQ control 10.42 14.21 24.64 2.61 2.64 2.63 2.42 2.39 2.45

Voltage services: voltage magnitude and voltage unbalance analysis

In this section, the results regarding voltage support are discussed. In the following, the results

are presented only for the most critical buses of the observed feeder, i.e., the ones with higher

voltage deviations from the nominal value, to narrow the scope of the analysis. Figure 7.1a

illustrates the voltage magnitudes for all the buses in the observed feeder for the ’No control’

scenario, representing bus 301 the beginning of the implemented grid and bus 613 the furthest

from the transformer. As expected, the buses corresponding to Area B are the most critical,

especially the ones on the second branch. The reason is double, on the one hand, due to the

higher distance from the point of common connection. On the other hand, area B households

consume more due to the heat pumps.

On account of the unbalanced conditions in which the studied grid operates, attention should

be drawn to the three phases. In this regards, the voltage magnitudes for each phase for the

selected junction points are shown in Figure 7.1b. From there, phase a is identified as the only

one that could raise problems. Therefore, all the parameters regarding voltage issues analysis

are presented for the buses 609, 610, 611, 612 and 613, only attending to phase a values.
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Figure 7.1: Voltage magnitudes (a) for different buses of the observed feeder, (b) of each
individual phase for the selected buses. Results of one year simulation (’No control’).

In particular, the phase-to-neutral, and the positive and negative sequence voltages are the

variables exported from PowerFactory for the calculations within this topic. The voltage issues

are addressed, then, by quantifying how much time the phase-to-neutral voltages of the

mentioned buses are out the acceptable range, and the voltage unbalances level. The former
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is evaluated for different limits, by the voltage quality relevant requirements listed in Table 3.1.

The latter is assessed by using the VUF (Equation 3.1) limit of 2%..

Table 7.5 summarize the under-voltage time, in hours and percentage of the year, assuming

0.90Unom as limit, while Table 7.6 provides the results obtained by considering 0.85Unom as

limit. Finally, Table 7.7 quantifies the number of weeks in which the phase-to-neutral voltage is

not within the 0.90Unom limit for at least the 95% of the week time. The percentage of the year

that the specific number of week represents is also provided.

Table 7.5: Undervoltage time, in hours and % of the year, assuming the 0.90Unom limitation.

Scenario
Undervoltage Uln ≤ 0.90Un time

Bus 609 Bus 610 Bus 611 Bus 612 Bus 613 ∆

[h] [%] [h] [%] [h] [%] [h] [%] [h] [%] [%]
No EVs 0.17 0.002 9.17 0.10 14.00 0.16 33.00 0.38 38.50 0.44 -
No control 170.33 1.94 281.67 3.21 375.50 4.29 439.67 5.02 477.33 5.45 -
PQ control 5.17 0.06 18.17 0.21 47.83 0.55 60.17 0.69 71.83 0.82 88.35

Table 7.6: Undervoltage time, in hours and % of the year, assuming the 0.85Unom limitation.

Scenario
Undervoltage Uln ≤ 0.85Un time

Bus 609 Bus 610 Bus 611 Bus 612 Bus 613 ∆

[h] [%] [h] [%] [h] [%] [h] [%] [h] [%] [%]
No EVs 00.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
No control 00.00 0.00 0.00 0.00 0.00 0.00 1.67 0.02 3.50 0.04 -
PQ control 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100

Table 7.7: Number of weeks, and % of year, in which Uln is not within the 0.90Unom 95% week.

Scenario
Undervoltage 95% week Uln ≤ 0.9Un violated

Bus 609 Bus 610 Bus 611 Bus 612 Bus 613 ∆

[Wk] [%] [Wk] [%] [Wk] [%] [Wk] [%] [Wk] [%] [%]
No EVs 0 0.00 0 0.00 0 0.00 2 3.85 2 3.85 -
No control 9 17.31 13 25.00 18 34.61 19 36.54 22 42.31
PQ control 0 0.00 0 0.00 2 3.85 3 5.77 3 5.77 90.12

Once again, both the significant negative impact of the passive EV integration and the consider-

able improvement achieved by the proposed control activation is demonstrated with the results

reported by the specific parameters. The ’∆’ column in each of the three tables represents the

total rate of improvement from the ’No control’ situation by applying the ’PQ control’, for the

five nodes over the year of simulation. Another positiveness impact of the ’PQ control’ is the

higher improvement reflected by ’∆’ column in Table 7.7 than in Table 7.5.

However, there is a considerable seasonal disparity regarding the consumption and production

profiles, as aforementioned. Therefore, it worths exploring the bus voltage magnitudes for

different periods of the year separately. Figure 7.2 shows the phase-to-neutral voltage for

the selected junction points during the Spring-Summer, on the left, and the Autumn-Winter,
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on the right, before and after the control. While there are slightly voltage improvements for

unde-voltage issues at the Spring-Summer scenarios, EVs support seems to be necessary to

maintain the values within the required range of ±0.1Unom at the Autumn-Winter time. The

reduced amount of outlines at lower values confirms the enhancement. It has also been proven

that even though the voltages are within the quality requirement, the voltage dispersion is

reduced after the control activation (shown by the lower outlines in both seasons).
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Figure 7.2: Analysis of different phases for the same bus. Most critical bus (613) selected.

The European standard EN50160 sets also a voltage quality requirement for the VUF, measured

as a ratio between the negative and the positive voltage sequence (section 3.1.2). A level of

2% is the acceptable limit for the VUF–. Since EVs have been integrated into the simulated

grid sequentially, trying to maintain an equitable distribution, no remarkable worsening on

the voltage unbalance is expected for the ’No control’ scenario. However, it is convenient to

evaluate the overall impact on the voltage unbalance after the control activation. Due to the

autonomous nature of the control strategy , the EV support provided depends on connection

points, and it is different for each of the phases impacting the VUF negatively.

Scenario

Voltage Unbalance Factor

Max.VUF VUF>2%

[%] [h] [%year]

No EVs 1.63 0.00 0.000

No control 1.78 0.00 0.000

PQ control 2.20 3.00 0.003

Table 7.8: Maximum VUF and time of VUF>2%.
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Figure 7.3: Seasonal VUF difference.

Table 7.8 summarizes the VUF– values for the three scenarios, together with a limit overtaking

time in hours and percentage of the year. The results listed in the table confirm the previous

affirmation, i.e., no deterioration of VUF due to passive EV integration but with the control

activation. In Figure 7.3, the boxplot representation discriminates between seasons, clarifying

that higher levels of VUF are reached again over the Autumn-Winter period. Figure 7.3 also

points out the negative effect of the ’PQ control’ in both seasons, since greater deviation

between percentiles is observed. The mentioned increase is due to a drop of the direct voltage

component while the inverse one remains almost unchanged.
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7.1.1 Summary of the technical investigation results

In the light of the results obtained, EVs ability to provide real-time voltage support and general

congestion alleviation is a recognized fact. The assistance is given regardless the location of

the EV connection and without significantly affecting the user mobility patterns (section 7.2).

Even though there is a slight rise in the VUF values up to the limit, the voltage support provided

attends to the specific needs of each node resulting in a smoother under-voltage reduction.

Regarding the overloading periods, the cable problems are sorted out while the transformer

ones are halved, merely turning out in a moderate increase in the losses.

Hence, EVs charging control can allow to remain the reliable grid operation and to avoid

infrastructure investments, by alleviating the self-inductive grid impact. Considering the easier

implementation and the reduced cost, EVs flexibility services seems advantageous for the

system operation. The DSO may benefit from a real-time support possibility, whereas the

users’ comfort is affected. On this basis, a compensation scheme is justified.

7.2 Economic assessment results

As mentioned, the application of the proposed ’PQ control’ generates a change in the EV

charging patterns. For the economic assessment, the new EV total charging energy profile

is divided into three parts: requested, provided and shifted, as explained in Chapter 6 and

illustrated in Figure 7.8. The amount of energy in the last two groups varies from car to car

depending on the EV plug-in point and the operational situation of the grid . In Figure 7.7a, one

can observe the mentioned disparities according to the connection node, while in Figure 7.7b,

the difference due to the grid conditions is found through the representation of the profile for

different phases of the same bus. Therefore, whereas all EVs in the model requested a total of

12.35 kWh per day over the year (section 5.4.2), the energy provided by the grid at the time

depends on bus signals and control outputs.

Table 7.9 summarizes the amount of energy requested, provided and shifted after the ’PQ
control’ application, by the mean and standard deviation values per season for one-year

simulation. From the results, it is clear that a greater support is provided over the Autumn-

Winter months than over the Spring-Summer. The explanation of that is in the consumption

patterns, much more higher during the winter, and especially in Græmarker houses due to

the heat pumps, and the almost null PV production profile. The latter has associated another

important fact; the PV RPC control can only be activated when their production is non-zero.

Thus, PVs almost do not help EVs during the Autumn-Winter period.

Notice that an approximation of the autonomy range3, in km, associated with the energy

charged in each case is also provided. From the results reported by ’Green eMotion’ project,

private EV users drive, on average, 34.4 km per day. Comparing this with the autonomy range

listed in Table 7.9, a full driving needs coverage is guaranteed.

3The autonomy range is calculated assuming a consumption of 15.06 kWh/100km
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Type

EV Charging Energy [kWh]

Spr-Sum Aut-Win

Mean StdDev Mean StdDev

Requested 12.35 (82km) 0.00 12.35 (82km) 0.00

Provided 12.08 (80km) 0.54 11.38 (76km) 1.43

Shifted 0.27 ( 2km) 0.54 0.97 ( 6km) 1.43

Table 7.9: Energy required, provided and

shifted in [kWh] per charging event.
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Figure 7.4: Seasonal difference, en-

ergy provided and shifted in [kWh].

Bearing in mind the different control outputs, the incentive framework is designed to offset users

according to the explicit support provided, following the methodology explained in Chapter

6. Hence, the cost that the user pays for charging the EV also differs over the year and from

user to user. Table 7.11 contains the mean EV charging cost per user per charging event ,

together with the standard deviation value, to get an idea of the results dispersion. That

becomes even clearer by looking at the boxplot representation, which stresses the difference

between the medium (which is close to the third percentile) and the first percentile value for the

Autumn-Winter scenario. From this fact, one can deduce the existence of some cases of EVs

providing a considerable high support to the grid .

Scenario

EV Charging Cost [DKK/day]

Spr-Sum Aut-Win

Mean StdDev Mean StdDev

No control 28.53 0.00 28.53 0.00

PQ control 28.39 0.28 28.02 0.74

Table 7.10: EV user daily charging cost.
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Figure 7.5: Energy provided and shifted

The costs expressed in Table 7.10 are calculated using the prices in Figure 6.3. That is, a

regular price of 2.31 DKK/kWh for the energy provided on time, and a discounted price of 1.79

DKK/kWh for the energy shifted, as explained in Section 6.3.1. A more comprehensive view

of the amount paid by the EV user, on average, for charging the car is given in Table 7.11,

discerning between whether DSO-based services are provided or not. Thus, an individual EV

user can potentially save 32 øre per charging event on average, which amounts to 117 DKK

per year. Notice that a single home charging per day per EV is considered in the calculations,

assuming that every EV charges every day.

Table 7.11: Daily and annual EV charging cost from the user perspective when not providing
and providing DSO-based services.

Scenario
EV Charging Cost Summary [DKK]

Per day Per year ∆Cost
Mean StdDev Mean StdDev Per day Per year

No control 28.53 0.00 10,413 0 - -
PQ control 28.20 0.28 10,296 160 0.32 117
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For a total amount of 42 EVs in the modeled grid and 365 days of simulation, the Market income

from the EVs charging sums up 437,365 DKK . By controlling them, the income is confined,

on average, to 432,383 DKK . However, this way of quantifying the revenue is meaningless

in the retail electricity market, since there are many players involved with different revenue

distribution (Figure 4.3 and Figure 4.5). Based on their specific responsibilities and the nature

of the research topic, a distribution level grid support, only the DSO and State share of income

is considered as parameter here. Table 7.12 summarizes the particular income per day and

year that the group DSO/State receives from each EV charging process and for the fleet. The

results included are for the ’No control’ and the ’PQ control’ scenarios. Column ’∆Income’

expresses the subtraction of both cases per fleet, and can be interpreted as the EV DSO-based

grid services provision valuation.

Table 7.12: Daily and annual EV charging income from the DSO and State perspective, for the
individual vehicle and for all the vehicles plugged into the system.

Scenario
DSO/State EV Charging Income [DKK]

Per day Per year ∆Income
Per EV All EVs Per EV All EVs Per day Per year

No control 20.71 870 7,559 317,484 - -
PQ control 20.39 856 7,442 312,581 13 4,905

The previous technical investigation proves that EVs integration compromises the reliable grid

operation, creating a need for an extra congestion management and active real-time voltage

support. If EVs inherent flexibility is omitted, a network strengthen becomes essential. As

explained in Section 6.2 and Section 6.3.3, in this thesis a reinforcement step is designed. To do

so, different solutions are added to the ’No control’ scenario modeled in DIgSilent PowerFactory

and sized through an iterative process, until a reliable network operation is achieved. Some of

the same parameters analyzed previously (Section 7.1) are reported in Table 7.13 and Table

7.14, comparing the technical performance of the EVs support and the strengthening.

Table 7.13: Loading issues comparison between ’PQ control’ and ’Reinforcement scenario.

Scenario
Max.Loading Overloading time

Spr-Sum Aut-Win Spr-Sum Aut-Win Year
[%Load] [%Load] [h] [%year] [h] [%year] [h] [%year]

Cable
PQ control 101.35 107.29 0.17 0.002 10.50 0.12 10.67 0.12
Reinforcement 90.82 108.34 0.00 0.000 4.83 0.05 4.83 0.05

Trafo
PQ control 99.00 116.22 0.00 0.00 147.84 1.68 147.84 1.68
Reinforcement 68.10 82.20 0.00 0.00 0.00 0.00 0.00 0.00

The attached results confirm that the reinforcement step designed solves the grid issues, even

though there are still some limit violations since a compromise between the technical and

the economical aspect should be considered. Having demonstrated the technical feasibility,

a resume of the economic quantification of the grid reinforcement is provided in Table 7.15.

It is worst recalling two aspects here. First, the transformer and cable OPEX values are not
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Table 7.14: Voltage issues comparison between ’PQ control’ and ’Reinforcement’ scenario.

Scenario Bus 609 Bus 610 Bus 611 Bus 612 Bus 613
Uln ≤ 0.9Un [h] [%] [h] [%] [h] [%] [h] [%] [h] [%]
PQ control 5.17 0.06 18.17 0.21 47.83 0.55 60.17 0.69 71.83 0.82
Reinforcement 0.33 0.01 9.00 0.10 23.83 0.27 50.83 0.58 75.83 0.87

95% week [Wk] [%] [Wk] [%] [Wk] [%] [Wk] [%] [Wk] [%]
PQ control 0 0.00 0 0.00 2 3.85 3 5.77 3 5.77
Reinforcement 0 0.00 0 0.00 1 1.92 4 7.69 4 7.697

considered, as they are assumed to be the same than the existing ones. Second, the costs

summarized are the annual equivalent of the total investment, considering the lifetime of the

different equipment, to facilitate the benchmarking. An overview of the procedure followed to

arrive at these results is illustrated in Figure 6.5.

Table 7.15: Annual equivalent of the total reinforcement investment (of 30 years long) needed
to solve the grid issues caused by the EV integration.

Summary of the annual reinforcement cost
Capacitor bank

- Annual OPEX 5,609 DKK/year
- Annual CAPEX 8,492 DKK/year

Total annual capacitor bank cost 14,101 DKK/year
MV/LV Transformer

- Annual OPEX - DKK/year
- Annual CAPEX 10,650 DKK/year

Total annual transformer cost 10,650 DKK/year
Distribution cable

- Annual OPEX - DKK/year
- Annual CAPEX 21,767 DKK/year

Total annual cable cost 21,767 DKK/year
Total annual grid reinforcement cost 46,518 DKK/year

Finally, Table 7.16 summarizes the socio-economic assessment carried out to compare the

EV network services provision versus the grid reinforcement situation from a purely economic

perspective. The results reveal the potential economic benefit of using EVs capability to

respond to grid issues. It is noteworthy that, in the present thesis, drawing on the new DERs

flexibility is seen as a sustainable way of using the available resources. That is the reason for

defining the difference between the reinforcement investment and the EV user compensation

as total annual social benefit .

Based on the on-going overloading in the transformer side for the ’PQ control’ scenario, two

situations are considered when making the economic analysis. In the event of upgrading the

transformer, the total social benefit amounts 30,963 DKK/year . However, there is a possibility to

maintain the current transformer. Bearing in mind the nature of the controller proposed and the

causes of the remaining overloading, a greater alleviation of the transformer congestion may

be achieved by adjusting the reactive power control parameters. In that case, the total social
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Table 7.16: Socio-economic analysis of DSO services using the grid reinforcement situation as
a benchmark case.

Social Economic Analysis of DSO Services Provision from EVs
Grid Reinforcement Cost

- Capacitor bank 14,101 DKK/year
- Cable 21,767 DKK/year
- Transformer 10,650 DKK/year

Total equipment cost 46,518 DKK/year
EV Users Compensation

- Electricity price reduction for energy shifted 0.52 DKK/kWh
- Charging cost reduction 4,905 DKK/year

Total charging cost reduction 4,905 DKK/year
Total social benefit, no new transformer needed 41,613 DKK/year
Total social benefit, new transformer needed 30,963 DKK/year

benefit would amount to 41,613 DKK/year . Figure 7.6 provides a more visual interpretation of

the economic assessment presented here.
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Figure 7.6: Graphical representation of the EV distribution grid services provision economic
assessment by benchmarking amongst a typical grid reinforcement solution.

.

7.2.1 Summary of the economic assessment results

From the technical comparison of both grid operation solutions presented in Table 7.13 and

Table 7.14, it is observable that EVs support offers a more balanced way to deal with the

network problems analyzed. This fact demonstrates that the cars can provide a dynamic,

adaptive and real-time backup to the distribution system. Indeed, the transformer overloading

problems get completely resolved by upgrading it. It should be borne in mind, however, that

the proposed strategy is based on a simple droop controller, which can be further adapted

improving its performance based on more experimental results.

Looking at the economic evaluation results, a clear significant potential benefit is seen. Much

of the perceived benefit arises because of the low EV distribution grid services valuation,

which depends directly on the amount of energy shifted. Through the combined use of active

and reactive power modulation according to the same input signal, a large grid operation

improvement is achieved without significantly altering the EV charging power , i.e., the active

power, reflected in low economic values of EV services procurement.
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7.3 Sensitivity analysis

Reactive power control characteristic modification

The advantage of using a PQ modulation as EVs charging control has been proved throughout

this report. It allows a higher degree of support without significantly impacting EV users comfort.

However, the Q flow has some drawback and limitation. In section 7.1, the results show how

energy losses slightly increase due to higher Q flow. There is also some remaining overloading

in the transformer after the ’PQ control’ activation, which can yield to the need of upgrading it.

Based on this, a small sensitivity analysis is carried out to investigate a possible improvement

by adjusting the Q modulation. For this purpose, the power factor of cosφ=0.9 assumed

is increased to cosφ=0.95 (inductive and capacitive), adjusting accordingly the Q control

characteristic (illustrated in Figure 5.4). Therefore, the new maximum inductive and capacitive

reactive capability support is reduced while the voltage range remains unchanged.

Table 7.17 summarizes the results obtained with the new power factor and Q control char-

acteristic regarding cable and transformer loading profile. A reduction in both the maximum

loading value and the overloading time are reduced, proving the positive impact of increasing

the power factor and, thus, reducing the Q flow through the system. Column ’∆’ reports the

improvement rate of both ’PQ control’ scenarios concerning the ’No control’ scenario, which

verifies the mentioned enhancement. This is even clearer in Table 7.18, where the total and

relative energy losses are listed for both, 0.9 and 0.95 power factor cases.

Table 7.17: Loading issues comparison between ’PQ control’ with 0.90 and 0.95 power factor.

Scenario
Max.Loading Overloading time ∆

Spr-Sum Aut-Win Spr-Sum Aut-Win Year Year
[%Load] [%Load] [h] [%year] [h] [%year] [h] [%year] [%]

Cable
PQ, PF=0.90 101.35 107.29 0.17 0.002 10.50 0.12 10.67 0.12 93.56
PQ, PF=0.95 97.77 100.64 0.00 0.00 0.33 0.004 0.33 0.004 99.80

Trafo
PQ, PF=0.90 99.00 116.22 0.00 0.00 147.84 1.68 147.84 1.68 50.60
PQ, PF=0.95 98.45 115.56 0.00 0.00 129.00 1.47 129.00 1.47 61.26

Table 7.18: Seasonal and annual active energy losses comparison between ’PQ control’ with
0.90 and 0.95 power factor.

Scenario
Total active losses Ratio active losses - Ratio active losses -

[MWh] active energy [%] apparent energy [%]
Spr-Sum Aut-Win Year Spr-Sum Aut-Win Year Spr-Sum Aut-Win Year

PQ, PF=0.90 10.42 14.21 24.64 2.61 2.64 2.63 2.42 2.39 2.45
PQ, PF=0.95 9.85 13.04 22.88 2.49 2.46 2.47 2.32 2.32 2.32

A slight improvement is also reached in voltage profile, especially for the further and more

critical buses. As expected, the positive impact regarding phase-to-neutral voltage is lower

than regarding loading and losses. Even so, the VUF value is also reduced below the 2% limit.
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Table 7.19: Undervoltage time, in hours and % of the year, assuming the 0.90Unom limitation.
’PQ control’ with 0.90 and 0.95 power factor.

Scenario
Undervoltage Uln ≤ 0.90Un time

Bus 609 Bus 610 Bus 611 Bus 612 Bus 613 ∆

[h] [%] [h] [%] [h] [%] [h] [%] [h] [%] [%]
PQ, PF=0.90 5.17 0.06 18.17 0.21 47.83 0.55 60.17 0.69 71.83 0.82 88.35
PQ, PF=0.95 5.00 0.06 13.33 0.15 41.50 0.47 55.33 0.63 65.50 0.75 89.65

The modification of the power factor and the Q modulation impact the P modulation. Since the

voltage signal and the required range of support remains unchanged, the controller provides

higher P support. Therefore, the amount of energy shifted to a most favorable time increases,

together with the EV user saving. Table 7.20 depicts the energy modification whereas Table

7.21 illustrates a cost and savings comparison between both ’PQ control’ scenarios. From the

results, no significant impact on the EV users comfort is observed.

Type

EV Charging Energy [kWh]

Spr-Sum Aut-Win

Requested 12.35 (82km) 12.35 (82km)

Provided 12.02 (80km) 11.29 (75km)

Shifted 0.33 ( 2km) 1.06 ( 7km)

Table 7.20: Energy required, provided

and shifted per charging event.

Scenario

EV Charging Cost [DKK]

Charging Cost ∆Cost

Per day Per year Per day Per year

No control 28.53 10,413 - -

PQ, PF=0.90 28.20 10,296 0.32 117

PQ, PF=0.95 28.17 10,282 0.36 131

Table 7.21: Daily and annual EV user charging

cost.

Finally, a higher P modulation degree is translated in a higher EV user compensation, since

more energy is charged at a discounted price. However, Table 7.22 clarifies that the implication

for the DSO and the State is reduced. The EV services provision valuation after the power

factor change is 5,491 DKK/year, 574 DKK/year higher compared with the previous case of

cosφ=0.9. Nevertheless, the potential economic benefit for the whole society of using the EV

flexibility services is proved, accounting 41,027 DK/year.

Table 7.22: Daily and annual DSO and State share of income from EV charging, per car and
per fleet. Comparison between ’PQ control’ with 0.90 and 0.95 power factor.

Scenario
DSO/State EV Charging Income [DKK]

Per day Per year ∆Income
Per EV All EVs Per EV All EVs Per day Per year

No control 20.71 870 7,559 317,484 - -
PQ, PF=0.90 20.39 856 7,442 312,581 13 4,917
PQ, PF=0.95 20.35 855 7,429 312,010 15 5,491

This sensitivity analysis paves the way for further controller improvement. A deeper analysis

and validation by testing the methodology in other pieces of LV grid is needed to reach a better

controller adjustment. However, this confirms the potential of the methodology proposed to be

improved and adapted to other scenarios.
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Analysis of the EV charging profile after the controller activation

As mentioned several times throughout the present report, the controller proposed provides

an autonomous, decentralized power modulation services. That means each EVSE responds

to its connection bus voltage signal, independently on the others responds. In this way, no

significant technology adaptation is required for the controller implementation.

Due to the nature of the controller and the different conditions over the grid nodes, different EV

charging profiles are observed. Figure 7.7a and Figure 7.7b illustrate this dynamical respond of

the charging strategy. Whereas Figure 7.7a represents the charging profile variation for three

different buses in the grid, Figure 7.7b represent these profiles for the three phases connection,

for the most critical bus in the simulated network (bus 613).
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Figure 7.7: Controlled EV charging profile analysis (a) per phase for three representative
buses: 602 (closest to the feeder), 607 (middle), 613 (furtest from the feeder), (b) of phase a,
phase b and phase c connection for the same bus 613.

The different EV support procurement, depending on the connection point, is recognized

throughout the user compensation proposed. Thus, the penalization faced by users connected

in the furthest buses, in terms of energy shifted, is compensated with a higher EV charging

cost savings. For charging the energy shifted, a charging rate of 1.4 kWh is chosen after

a sensitivity analysis of different values. The mentioned rate does not compromise the grid

operation and requires, on average, an extra 0.5 hours for charging the full battery level of

12.35 kWh. Figure 7.8 illustrates an example of EV charging profile after the control application

(dark plus light gray), benchmarking it against the standard profile used as input (red).
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Figure 7.8: Energy requested, provided and shifted.



Chapter 8
Conclusion and future work

This thesis focused on addressing the potential of EVs to mitigate the self-inductive adverse

grid impact helping the DSO on the system operation task. The subject was approached

technically and economically. Hence, the objective was to answer how the EVs can provide

distribution grid services for a proper system operation and what is the evaluated amount of

that. The goals to deal with this purpose have been listed in six research questions (Section

1.3). This chapter aims to conclude them, relying on results and knowledge obtained.

• Based on the historical structure and operation mode of the electricity system, how

can be the impact of high EV integration with uncontrolled charging? What are the

estimations regarding the EV integration?

In a first step, the electricity system structure and functional basics were introduced. In

accordance with the twofold focus of this thesis, the description was divided into two parts:

the grid system and the electricity market. Starting from the network infrastructure and the

system operators roles description, DSOs were labeled as strictly regulated entities. This

implies that an active government involvement is required for the development of the power

system. It was also identified the grid contingencies that DSOs have to solve by law and

that their activities in this regard mainly focused on long-term planning and design. Then,

the focus was moved to the electricity market structure and dynamics. From this, it was

recognized that DSOs role within the retail market remains monopolist, even after the full

liberalization. This ratified the necessity of governmental actions for system development.

Keeping in mind this insight, the transformation ongoing in the electricity systems was

discussed. From that, it was concluded that an extensive transport electrification is expected

by 2030, by the deployment scenarios presented for both Europe and Denmark. Based on

the literature review, it was concluded that the great load an EV represents compared with

a household one and the simultaneity between the EV ’dumb charging’ and the residential

peak demand result in sharp peak consumption increase, which leads to severe voltage

deviations, overloading and higher losses. These issues together with the long-term

planning and the regulated nature of the DSOs pointed out above led to conclude that, in a

power system transformation context, adaptation of technical infrastructures and redefinition

of markets and regulations are required to allow active EV participation, ensuring the quality

and security of supply in a cost-efficient way .
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• What are the distribution system operator concerns regarding grid operation and

how can EVs help to carry out these duties?

In Chapter 3, the operational conditions for ensuring a reliable system operation were

discussed at the distribution level, pointing out the DSO responsibilities in this regard. That

includes an evaluation of the congestion and voltage issues, together with their implications

for the system operation and the legal requirements that apply to them.

Based on this insight and the potential EV grid impact identified, the use of flexibility services

was recognized as a compelling alternative. On the other hand, it was distinguished that

EVs hold significant flexibility potential due to some of their unique characteristics, such as

a battery prompt response and a high range of hours plugged-in. On this basis, addressing

the potential EV services provision was concluded to be of utmost importance and the

primary grid services to be technically investigated were outlined. In particular, this thesis

examined EVs contribution to congestion prevention and voltage magnitude regulation. The

potential influence on power losses and voltage unbalance was also considered.

To this end, it was demonstrated the relation between the voltage deviations and the active

and reactive power flow . This endorsed the damage caused by the uncontrollable EV

charging on voltage magnitudes. On the other hand, it was recognized as well a potentially

simple way to alleviate congestion issues by slightly modifying the EV charging profile.

In short, it was concluded the potential and the rationale of implementing EV charging

strategies based on power modulation control .

• Who are the retail market stakeholders and how is the household’s electricity bill

set? Who pays what and to whom and what items define the electricity price seen

by a typical household?

At this state, the paramount importance of the use of flexibility services and the EV potential

on providing them was concluded. However, the flexibility benefit assumes the stakeholders’

williness to be engaged. Based on that, it was concluded the absolute need of defining

a market framework for engaging the use of EV flexibility services while ensuring the

maximum benefit to all the parties concerned .

For this purpose, in Chapter 4, it was identified the retail market players and the household

billing process. From the analysis in this regard, it was distinguished six broad categories

of tariff and that the tariff structures are settled by DERA based on the ’Waterfall Principle’.

It was also identified the existence of a revenue cap for the DSO, to which a benchmark of

economic efficiency and an assessment of the quality of supply is applied. Based on these,

it was concluded an authority tendency to encourage a more cost-efficient grid operation.

From the analysis of the electricity invoice structure, it was pointed out the differentiation

between the consumption-based charges and the fixed charge. Using the former, the share

of the total price associated with each item and to whom it is bounded was identified. On

this basis, it was concluded the importance of item-entity identification and their relation
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with the EV grid services investigated , to define a proper incentive framework involving only

the parts directly related to the issue.

• Based on the identified EV services, how can the EV charging be controlled to pro-

vide them? What is the potential of combining active and reactive power modulation

for the provision of distribution grid support?

On a previous step, it was demonstrated the relation between voltage deviations and

P and Q flow, as well as between congestion issues and P flow. Based on that, the

literature reviewed and the integrated functionality of the EV power electronic, in Chapter 5

it was concluded that, to date, power modulation control constitutes a simple, cost-efficient

strategy for EV charging control responding to local grid signals. For the implementation,

it was noted the simplicity of a droop control with current control mode to allow the EVs

response to local network signals, as no costly communication infrastructure is needed.

From the P modulation analysis, it was recognized that when referring to LV grids, the P is

strongly correlated with the voltage difference at the common connection point. However, it

impacts directly on the EV charging profile and, therefore, on the users’ comfort. Keeping

this and the already demonstrated relation between voltage and power flow, Q arose

as another possibility for local voltage support. Furthermore, contemporary EV charger

electronics have the potential to be adapted to allow Q exchange, as recognized in Section

5.1.2. From this analysis and the literature reviewed, it was concluded that given the EV

converter appropriately sized, Q control can provide voltage support without influencing

the EV charging profile. Nonetheless, it was concluded the strong potential of using a

combination of ’PQ control’ responding to grid signals for allowing the EV distribution

network services provision without significant impact on the users’ comfort nor needs.

• In accordance with the retail market dynamics and the defined EV flexibility service,

who are the stakeholders involved to a greater extent? What are the EV services

benefits for them, from a market perspective, and how can the users be engaged?

Based on the retail market dynamics and the calls for an active EV participation, it was

concluded the absolute need of defining a market framework for enabling the EV flexibility

procurement at the distribution level, considering grid constraints and seeking a general

welfare derived from a smart EV integration. In Chapter 6, it was recognized that the grid

reinforcement is not always the most efficient solution to respond to the new challenges. By

identifying clear reasons for that affirmation, the EV user, DSO and State were designated

as the most directly involved parties in the EV services provision within the residential

sector. This identification was concluded to be a primary aspect to guarantee an equitable

and appropriate incentive framework for the active EV participation.

On this basis and the household invoice structure (Chapter 4), a new billing process for

the EV support provision was designed in Chapter 6. To engage the user, it was set an

economic compensation by the services provided, based on a two price system. For the

two price setting, different discount levels were applied to the DSO and State recognized

relevant item. In general, it was concluded that the EV users should be compensated
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due to the negative impact in comfort derived from the P control . A slight reduction in

the distribution grid tariff was concluded as DSO potential investment for a better system

performance, more efficient and flexible. Finally, a lead part is concluded to be assumed by

the State, as an endorsement to fostering the EV flexibility procurement due to its potential

pivotal aspects, such as reaching the environmental targets, the sustainable use of available

resources and the enhancement the social welfare.

• To which extent can the EVs mitigate the self-inductive impact in the grid operation?

What is the economic assessment of the EV support from the society perspective?

By applying the methodology proposed for a technical investigation of the EV distribution

grid services procurement in a typical LV semi-urban Danish grid, it was concluded that EVs

have the potential to solve the self-inductive loading problems while ensuring the power

quality reestablishment regarding bus voltage levels. By comparing the EV services solution

with a typical grid reinforcement one, it was concluded that the cars provide a dynamic,

adaptive and real-time backup to the distribution network . The mentioned reinforcement

was used as a benchmarking for the EV services valuation. From the economic assessment

results, it was concluded that the use of EV flexibility has a large clear potential economic

benefit for the whole society . It was concluded as well that the combination of P and Q

modulation results in a large grid operation improvement without significantly alter the EV

charging pattern and, therefore, brings a cost-efficient solution for the DSO. The service

estimated value is around 117 DKK/year per each customer and implies an avoided grid

reinforcement of approx. 46,500 DKK/year, benefiting therefore both the DSO and the whole

society. Finally, on the basis of the methodology proposed, grid support is procured and

compensated when needed, contrasting with the permanent fashion of the reinforcement.

Future works

This section aims to outline some possible topics, not covered in this thesis, for future research:

• Validation of EV flexibility procurement in other geographically distributed grids, with different

consumption profiles and EV penetration rates, since different network presents various

contingencies and needs. It is also important to validate the EV services in another context

than simple household demand, such as considering businesses and offices buildings.

• One must note that the simulations were conducted for a single EV model and user charging

pattern. Due to the relative impact of the EV technical characteristic and the charging

behavior, it is needed to comprise other series-produced EVs in the simulations proposed,

as well as consider other profile nature, such as a fleet of work vehicles or car sharing.

• The controller model could be extended to include responding to congestion signals from

the relevant grid equipment, implementing a prioritization algorithm allowing the EVSE to

respond according to the most severe signal in each particular case.

• Based on V2G technology development, the market framework proposed could be modified

to allocate it. Therefore, a compensation system should be defined specifically to the case

in which the EVs helps the system by providing energy from their batteries.
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