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Abstract

In order to reduce the Norwegian greenhouse gas emissions from the transport
sector, which accounts for nearly 30 % of the emissions, adopting electric vehicles
and phasing out fossil-fueled cars will be essential. A significant increase in elec-
tric vehicles will require the charging infrastructure to develop at the same speed.
Connecting fast-charging stations (FCSs) to a large extent in the distribution grid
will lead to a need for upgrades in the existing distribution grid. As reinforcing
and expanding the power grid both take time and are costly, it is interesting to
investigate alternatives to the common practice.

Two main issues with connecting FCSs to the distribution grid are overloading
of components and voltage deviations. By utilizing measures such as active power
curtailment and reactive power provision, or a combination, the need for grid up-
grades may be postponed or reduced as the measures counteract voltage drops
and reduce the loading of components. Grid connection agreements which util-
ize such measures were defined as alternative grid connection agreements in the
thesis. The potential of alternative grid connection agreements was explored by
developing a methodology for technical analysis that Distribution System Operat-
ors (DSOs) can perform to evaluate the feasibility of such agreements.

The methodology was applied to a case study to provide insights and recommend-
ations to both charging operators and DSOs. In the case study, a fast-charging op-
erator requested an FCS connected to a 124-bus MV reference system. The case
study showed that the FCS could draw its maximum capacity in 95.5 % of the year;
the maximum consumption of the FCS only triggered undervoltage problems in
392 hours. The voltage problems were solved with the use of measures, showing
that there was a great potential for alternative grid connection agreements.

The most suitable agreement will be case-dependent as every connection request
varies. The charging operator’s needs will influence the most appropriate alternat-
ive. Active power curtailment will be the best measure to use if it is not essential to
always have access to maximum capacity as it does not require extra investments.
Reactive power provision is favourable if the charging operator wants to be guar-
anteed maximum capacity always. However, this will require an extra investment
as a more complex converter is required to supply reactive power back to the grid.






Samandrag

For & redusere norske klimautslepp fré transportsektoren, som i dag stér for nesten
30 % av utsleppa, vil det a fase ut fossil-drivne kgyretgy og implementere elektriske
koyretgy vere essensielt. Ei betydeleg auke av elektriske kgyretgy vil krevje at
ladeinfrastrukturen utviklast i same tempo. A kople hurtigladestasjonar til dis-
tribusjonsnettet i stor skala vil fgre til eit oppgraderingsbehov i det eksisterande
distribusjonsnettet. Sidan forsterkning og utviding av straumnettet bade er tid-
skrevjande og kostbart, er det interessant & undersgkje alternativ til dagens prak-
sis.

Overbelastning av komponentar og spenningsavvik er to av hovudproblema med
a kople hurtigladestasjonar til distribusjonsnettet. Ved & bruke tiltak som struping
av aktiv effekt, levering av reaktiv effekt, eller ein kombinasjon, vil behovet for
nettoppgradering kunne bli utsett eller redusert, da tiltaka motverkar spennings-
fall og redusera belastning av komponentar. Tilknytingsavtalar som tek i bruk slike
tiltak er definert som alternative tilknytingsavtalar i masteroppgava. Potensialet til
alternative tilknytingsavtalar vart utforska ved & utvikle ein metodikk for ei teknisk
analyse nettselskap kan ta i bruk nar dei skal evaluere om slike avtalar kan nyttast.

Metodikken vart brukt i ein casestudie for & gi innsikt og anbefalingar til bade
ladeoperatgrar og nettselskap. I casestudien gnska ein ladeoperatgr a knytte ein
hurtigladestasjon til eit referansesystem med 124 samleskinner. Det vart vist i
casestudien at hurtigladestasjonen kunne forbruke maksimal kapasitet i 95.5 %
av aret; maksimalt forbruk fré hurtigladestasjonen provoserte kun spenningsprob-
lem i 392 timar. Spenningsproblematikken vart lgyst ved bruk av tiltak, dette viser
at det var eit stort potensial for alternative tilknytingsavtalar i casestudien.

Den mest passande avtalen vil variere fra tilknytingsferespurnad til tilknytings-
forespurnad. Behova til ladeoperatgren vil paverke kva som er det beste altern-
ativet. Dersom det ikkje er essensielt & alltid ha tilgang pa maksimal kapasitet,
vil struping av aktiv effekt vere det beste tiltaket da dette ikkje krev ekstra inves-
teringar. Levering av reaktiv effekt vil vere det fgretrekte tiltaket viss ladeoper-
atgren alltid vil vere garantert maksimal kapasitet. Dette vil krevje ekstra inves-
tering d& ein meir kompleks omformar er ngdvendig for & kunne levere reaktiv
effekt tilbake til nettet.
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Chapter 1

Introduction

1.1 Motivation

The transport sector accounts for nearly 30% of greenhouse gas emissions in Nor-
way [1]. All new cars must have zero emissions by 2025, according to an agree-
ment by the Norwegian government [2]. Phasing out fossil-fueled vehicles and
adopting electric vehicles will be crucial in both achieving this goal and redu-
cing greenhouse gas emissions from the transport sector. In August 2022, electric
vehicles accounted for 18% of the total vehicle fleet in Norway [3], a percentage
expected to rise significantly in the coming years. The rapid growth of electric
vehicles will necessitate an expanded charging infrastructure, including an in-
creased number of fast-charging stations.

Connecting fast-charging stations to the distribution system may lead to high ag-
gregated peak loads and voltage issues [4]. Capacity shortages due to a high peak
load may trigger overloading of electrical components and unacceptable voltage
levels in the grid. To solve these issues, the common practice is to reinforce or ex-
pand the existing distribution grid [5]. As reinforcing and expanding the existing
distribution grid is a time-consuming and costly process [6], it is interesting to
investigate alternatives to grid upgrades.

A smarter use of the existing distribution system may defer or mitigate the need
for grid upgrades. In cases where the connection of fast-charging stations leads to
unacceptable voltage levels or thermal overload of components, one could con-
sider one, or both, of the following in order to reduce the need for reinforcements
of grid components:

e Reactive power provision from the FCS in periods with high load
e Limit the available active power of the FCS in periods with high load

When the grid is suffering congestion or the voltage levels are unacceptable, a
reduction of the power consumption of the fast-charging station and provision
of reactive power from the fast-charging station back to the grid will reduce the
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loading of the power lines and increase the voltage level [7].

On April the 15th, 2021, a new regulation came into force in Norway, enabling
Distribution System Operators (DSOs) and charging operators to enter into a grid
connection agreement where the DSO can either disconnect the FCS or limit the
available active power of the FCS during periods with high load in the grid [8].
The last option can be characterised as a variable capacity contract (VCC) where
the available capacity of the FCS is time-dependent and scheduled in the agree-
ment [9]. Reactive power provision is not a part of variable capacity contracts
today, but there is a potential to also incorporate this [9]. Such agreements are
alternatives to the common practice today and are thus defined as alternative grid
connection agreements in this thesis.

Alternative grid connection agreements may delay or reduce the need to expand
and reinforce the grid, thus expediting the connection process and avoiding the
cost of grid upgrades. Such agreements are currently uncommon, and their po-
tential has not been extensively studied. This master’s thesis will thus investigate
the potential of alternative grid connection agreements between DSOs and fast-
charging operators.

1.2 Objectives

The main objective of the master’s thesis is to:

e Investigate the potential of alternative grid connection agreements between
Distribution System Operators (DSOs) and fast-charging operators

which will be achieved through the sub-objectives:

e Develop a methodology for a technical analysis DSOs can perform when
assessing the potential for alternative grid connection agreements with fast-
charging operators

o Apply the developed methodology to a case study on an MV reference sys-
tem in order to provide insights and recommendations for DSOs and fast-
charging operators seeking to implement alternative grid connection agree-
ments

The master’s thesis is associated with the ongoing research project FuChar (Grid
and Charging Infrastructure of the Future) and the research centre FME CINELDI
(Centre of Intelligent Electricity Distribution) led by SINTEF Energy Research.
FuChar’s main goal is to minimize investment and operating costs related to the
grid integration of electric transport, with a focus on high-power charging [10].
FME CINELDI’s main goal is to enable and facilitate a cost-efficient realisation of
the future flexible and robust electricity distribution grid [11].
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1.3 Limitations

The master’s thesis investigates the technical aspect of alternative grid connection
agreements; the regulatory aspect is not taken into consideration. The methodo-
logy which is developed and proposed is seen from the perspective of the Distribu-
tion System Operator. By this, it is meant that the load of the fast-charging station
is accounted as the aggregated load of all chargers in the station. The number of
chargers and the distribution of them within the station is not taken into account.

1.4 Structure

The rest of the master’s thesis is structured as follows: Chapter 2 provides relevant
background information and theory necessary to understand the master’s thesis.
Chapter 3 presents and describes the developed methodology for the technical
analysis. In Chapter 4, a system description and case study description will be
given. Chapter 5 presents the results from the case study. In Chapter 6, the results
of the case study and the potential of alternative grid connection agreements will
be discussed. Chapter 7 summarises the thesis in conclusion and suggests further
work.

1.5 Own contribution

The master’s thesis provides a methodology for investigating the potential of al-
ternative grid connection agreements between Distribution System Operators and
fast-charging operators when the charging operator requests a fast-charging sta-
tion connected to the grid. The methodology is applied to and validated in a case
study on a 124-bus medium voltage reference system. The case study serves valu-
able insight and recommendations to both Distribution System Operators and fast-
charging operators seeking to implement alternative grid connection agreements.






Chapter 2

Background and theory

In this chapter, background information and relevant theory for the master’s thesis
will be provided. Information about the development of electric vehicles (EVs) and
fast chargers in Norway in recent years and potential future scenarios, the Nor-
wegian power grid, challenges associated with connecting fast-charging stations
to the distribution grid, alternative grid connection agreements, and flexibility in
terms of curtailment of active power and reactive power provision will be given.
The chapter also covers theory about power, thermal overloading of power system
components, and voltage drop along radials.

2.1 Electrification of the Norwegian car park

This and the next paragraph, Figure 2.1, and Figure 2.2 are retrieved from [12],
which is the specialisation project report of the author. Europe’s electric vehicle
fleet has increased significantly over the last few years. In 2021, 18 % of the new
car registrations in Europe were electric cars [ 13]. Of the European countries had
Norway the highest penetration of electric cars in 2021 [13]. From the end of
2017 to the end of 2018, the electric vehicles share in Norway increased by 40.6
% [14]. Over the past few years, Norway’s market for electric vehicles has steadily
grown. The development of electric vehicles in Norway from 2010 to September
30, 2022, is shown in Figure 2.1 [15].

As the number of electric vehicles on Norwegian roads increases, the demand
for charging stations also increases. Fast-charging stations are typically located
along highways and close to shopping malls. A fast charger is characterized as a
charger with a capacity from 50 kW to 149 kW [16]. Since 2018, Norway has also
had ultra-fast chargers on the market, which offer even higher charging speeds
if your car’s battery can handle it [16]. An ultra-fast charger has a capacity of
150 kW and above [16]. There has been a significant growth of fast and ultra-fast
chargers since 2012. Figure 2.2 shows the number of fast and ultra-fast chargers
in Norway from 2012 to 30.09.2022 [16]. By 30.09.2022, it was registered 5041
chargers with a charging capacity above 50 kW [16].
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Number of electric vehicles in Norway from 2010 to 30.09.2022 [15]
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Number of fast chargers and ultra-fast chargers in Norway from 2012

to0 30.09.2022 [16]

According to [17], there will be around 1.7 million EVs in Norway in 2030 if the
sale targets set in the Norwegian Transport Plan (NTP) are reached. If this is to be
feasible, the charging infrastructure needs to develop at the same rate. Ref. [17]
predicts that in 2025 there will be around 9.000 fast chargers for light vehicles,
and by 2030, there will be between 10.000 and 14.000. The power rating of char-
gers is increasing in order to compete with the filling time of fossil cars [18]. A
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350 kW DC ultra-fast charger would only use 10 minutes to append 322 km (200
miles), in contrast to a 50 kW fast charger that would use more than an hour [18].
With the expected high percentage of fast chargers in 2030 and the ability of char-
gers to charge at higher power levels, a strong, developed and robust power grid
will be required.

2.2 Fast-charging stations

Today, most EV owners have their own chargers at home or charge at work, but
with the increasing adoption of EVs, more public charging infrastructure, like fast-
charging stations, will be needed [19]. Ref. [17] defines a charging station as "a
location with one or multiple charging points". Based on this definition, a fast-
charging station can be defined as a location with one or multiple fast-charging
points. As written in the previous section, fast and ultra-fast chargers have a capa-
city respectively from 50 kW and from 150 kW. Multiple fast or ultra-fast chargers
at a location will thus result in a significant aggregated load for the distribution
grid to handle if all chargers are used simultaneously.

The installed apparent power of the converter of a charger determines the max-
imum possible power transfer between the grid and the charger [20]. The appar-
ent power is defined in the following equation.

$2>PpP%2+Q? 2.1

In Equation 2.1, S denotes maximum apparent power, P active power and Q re-
active power. P and Q can be both positive and negative; the different operation
regions of the converter are illustrated in Figure 2.3 [20]. In quadrant I, both
P and Q are positive, which implies that the charger is drawing both active and
reactive power. On the other hand, when the converter operates in quadrant III,
the EV supplies both active and reactive power to the grid. There exist converters
suitable for fast chargers which are capable of operating in all four quadrants, and
thus both draw and supply active and reactive power [21]. When the converter
operates in quadrant IV, the EV can draw active power while simultaneously sup-
plying reactive power to the grid [22]. As the bidirectional chargers are more
complex than the unidirectional ones, they are more expensive [23]. Although
there exist converters for chargers which can operate in all four P-Q quadrants,
the converters used today typically consist of a diode-bridge rectifier and a boost
converter where power exchange only is possible in one direction - from the grid
to the charger [24].
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Quadrant Il Quadrant |

Quadrant Il Quadrant IV

Figure 2.3: Operating regions of the converter in a bidirectional charger [20]

2.3 The Norwegian power grid

The Norwegian power grid is grouped into three hierarchical levels - the trans-
mission grid, the regional grid, and the distribution grid. The voltage level of the
transmission grid ranges from 132 kV to 420 kV, while the regional grid ranges
from 33 kV to 132 kV [25]. The distribution grid operates at voltage levels ranging
from 230V to 22 kV and is responsible for delivering electricity to end users [25].
The distribution grid in Norway has typically been operated as radial networks
[26]. The fast charging stations are usually connected to the medium voltage dis-
tribution grid [7].

A significant increase in fast-charging stations will require much from the distri-
bution grid. The power demand will potentially be high, leading to local capacity
shortages. Historically, capacity shortages have been solved by reinforcing or ex-
panding of the existing grid [5]. Reinforcing and expanding the distribution grid
is a time-consuming and costly process [6]. To prevent the distribution grid from
becoming a limiting factor in the electrification of the transport sector, alternat-
ive solutions to reinforcement and expansion of the grid must be addressed and
investigated.



Chapter 2: Background and theory 9

2.4 Issues with connecting fast-charging stations to the
distribution system

The problems that arise and cause the need for grid upgrades must be studied
before looking at alternatives to reinforcement and expansion of the existing dis-
tribution grid. As the connection of an FCS to the grid will give a high aggregated
load if multiple fast chargers are used simultaneously, integration of FCSs to the
grid may lead to high peak loads and voltage deviations [4]. As the distribution
grid is mainly operated as a radial network are two main issues with connecting
a fast-charging station to the distribution grid [23]:

e Thermal overload of power system components
e Voltage drop along radials

2.4.1 Thermal overload

Each electrical component has an upper thermal transfer limit; if this limit is ex-
ceeded over time, it will lead to wear and failure of the component [26]. As the
implementation of fast-charging stations in the grid introduces a significant load-
add to the system, it can lead to overloaded electrical components such as power
lines and transformers.

2.4.2 Voltage drop

Voltage drop along the radial is an issue that can occur when connecting new
loads to the distribution grid. The theory that will be given in this subsection is
obtained from [26]; see [26] for more detailed information. A distribution grid
can be represented simply as in Figure 2.4. U; is the voltage at the transformer,
while U, is the voltage at the end of the radial where a load is connected. The
network is represented by the impedance Z which contains of the resistance R and
the reactance X. In the figure, the positive direction of active power, B and reactive
power, Q, is to the right. The voltage drop along the radial can be represented as
in Equation 2.2.

1

Ul—U2=F-(RP+XQ)+j(XP—RQ) (2.2)
2

Equation 2.2 can be approximated to Equation 2.3 in order to illustrate some

principles.
_ R X
Ul—Uz—FZ'PJFFZ'Q (2.3)
As seen from Equation 2.3, if the load is greater than the production, P will be
positive and there will be a voltage drop between U; and U,. On the other side, if
the production is bigger than the load, P will be negative, and the voltage will rise
along the radial. Drawing reactive power will likewise give a voltage drop, while

supplying reactive power will increase the voltage.
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Figure 2.4: Simple representation of a distribution grid (based on [26])

The )5( ratio plays an important role when it comes to which of active and reactive
power who has the most influence on the voltage. The ratio typically ranges from
0.5 to 2 in distribution grids depending on whether the network consists mainly
of overhead lines or underground cables and the cross-section of the cables and
the lines. Overhead lines yield a smaller ratio than cables, and the ratio decreases
as the cross-section increases. When the )5( ratio equals 1, the active and reactive
power will influence equally. When the ratio equals 0.5, the reactive power influ-
ences significantly more than the active power, and the opposite when it equals
2.

2.5 Grid connection

Norwegian Distribution System Operators are legally obligated to connect every-
one who requests a connection to the distribution grid [27]. This assessment can
be made by checking whether the existing grid has sufficient capacity to handle
the new connection. By this, it is meant that the grid must have adequate capa-
city and must continue to operate within its limits after the connection [6]. If this
is not fulfilled, the grid needs to be reinforced or expanded, and the customer
must pay a connection charge (Norwegian: anleggsbidrag) to the DSO [28]. The
connection charge partially or fully covers the costs for the system operator to
reinforce or expand the grid in order to connect the new customer [29]. The DSO
are no longer obligated to connect the customer if the customer refuses to pay the
connection charge [28].

Upgrading the existing grid due to capacity shortages can typically be more time-
consuming than establishing the fast-charging station [6]. In some cases, an up-
grading of the existing infrastructure may be required to connect the fast-charging
station to the grid, while in other cases may the use of alternative measures such
as flexibility resources mitigate or defer the need for grid upgrades [6]. Ref. [30]
defines flexibility as "The ability of power system operation, power system assets,
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loads, energy storage assets and generators, to change or modify their routine
operation for a limited duration, and responding to external service request sig-
nals, without inducing unplanned disruptions". With the definition of flexibility in
mind, they define a flexibility resource as "the resource that has this ability" [30].
When an EV owner uses a fast charger at a fast-charging station, the purpose of
the session is to charge the EV at high power in order to charge the EV in a short
amount of time [21]. Two relevant flexibility resources for fast-charging stations
are thus the curtailment of active power and the provision of reactive power. Redu-
cing the available capacity for the FCS and providing reactive power from the FCS
during peak hours may reduce the loading of the lines and enhance the voltage
level at the nodes [7].

2.6 Alternative grid connection agreements

As mentioned in the previous section, the DSOs are obliged to connect everyone
who requests a connection to the grid as long as it is feasible. From 15.04.2021, a
new regulation came into force in Norway - connection with terms of disconnec-
tion [8]. This is an alternative to investing in the grid when there is insufficient
capacity to connect the load normally. An agreement between the system operator
and the customer is being made where the customer will be connected to the grid
under the condition that the system operator can either [31]:

e Disconnect the customer in periods when the system is suffering congestion
e Limit the available capacity of the customer in periods when the system is
overloaded

The system operator will not have to pay the customer for the non-delivered power
in the periods when the load is disconnected or has a limited capacity available
[31]. This new regulation may enable faster electrification of the transport sec-
tor, as fast-charging stations can potentially be connected to the distribution grid
faster.

Ref. [9] defines two types of grid connection agreements - Interruptible Contract
and Variable Capacity Contract. They can be seen as alternatives to reinforcing and
expanding the grid when it exists capacity shortages. The first bullet point can go
under the definition of an interruptible contract, whereas the second bullet point
can be defined as a variable capacity contract. The two types of contracts will now
be described.

Interruptible Contract

In an interruptible contract, the FCS will be curtailed in periods when the grid
is suffering congestions or have other conditional issues [9]. In this contract, the
total risk lies with the customer, as the DSO determines when the FCS is curtailed

[9].
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Variable Capacity Contract

In contrast to a regular connection agreement where the customer can consume
a fixed amount of active power throughout the year, the available capacity in a
variable capacity contract (VCC) is time-dependent [32], and given by a sched-
ule, which can be either fixed or dynamic [9]. The available capacity can vary
throughout the day, the week, or the season. Figure 2.5 illustrates how the capa-
city in a VCC can vary [32]. During peak periods, the available capacity is lower
than during off-peak periods. The period when the available capacity is restricted
is referred to as the reduction period. VCC focuses on active power and specifies
how much active power the FCS have available in different periods. It is also
possible that a VCC specifies reactive power provision from the FCS, but that is
uncommon today [9].

Connection capacity

Max off-peak
capacity

Max on-peak
capacity

Reduction period

Start Stop Time

Figure 2.5: Illustration of a variable capacity contract (adapted from [32])

A variable capacity contract is an alternative to reinforcing and expanding the dis-
tribution grid, which utilizes the already existing grid in a smarter manner in order
to connect the FCS. In this master’s thesis, an alternative grid connection agreement
is defined as a grid connection agreement which is an alternative to upgrading the
existing distribution grid by using alternative measures. These measures can be
one, or both, of the following;

e Reactive power provision
e Curtailment of active power
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Method

According to ref. [17], as written in Chapter 2, it has been predicted that there
will be around 1.7 million electric vehicles on Norwegian roads in 2030. Gener-
ally, there is an expected significant increase in the number of electric vehicles in
Norway in the next few years. However, to enable this growth, it is important to
have an adequate charging infrastructure, including fast-charging stations. Con-
necting fast-charging stations to the distribution system will require a lot from the
system, as it is a new and significant load to handle. With the expected growth
in EVs and FCS, DSOs will likely receive many grid connection requests. As con-
necting FCSs to the distribution system may lead to capacity shortages and thus
unacceptable voltage drops and thermal overload of components, grid reinforce-
ment or expansion may be required. Reinforcing and expanding the existing grid
is a time-consuming and costly process, which may constrain the integration of
fast-charging stations in the distribution system. A smarter utilization of the exist-
ing grid in terms of active power curtailment and reactive power provision as al-
ternatives to reinforcement and expansion will thus be investigated in this chapter.

When a charging operator requests a grid connection today, the following scen-
arios can occur:

e Alternative 1: The existing grid has sufficient capacity to handle the new
load. The charging operator can obtain the requested capacity without any
connection charge (Norwegian: "anleggsbidrag") for upgrading the network.

e Alternative 2: The new connection will cause thermal overload and/or un-
acceptable voltage drop in the grid. This will be resolved by reinforcing or
expanding the existing grid, which will require a connection charge pay-
ment from the charging operator. However, the charging operator will be
granted the requested capacity to use.

e Alternative 3: The new connection will result in thermal overload and/or

unacceptable voltage drop in the grid. To resolve this issue, the available
active power for the FCS will be limited during periods of high load in the

13
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grid. The charging operator is not required to pay a connection charge but
will have a restricted capacity available in certain periods.

In addition to the scenarios described above, the author envisions two possible
additional scenarios that take advantage of the provision of reactive power in
order to prevent unacceptable voltage drops.

o Alternative 4: After conducting an analysis, the DSO has determined that
if the FCS is capable of providing a certain amount of reactive power in cer-
tain periods, there will be no need for additional actions to be taken in the
grid to connect the FCS. The charging operator will not be required to pay a
connection charge. The agreement between the DSO and the charging oper-
ator will specify how much and when the FCS is required to provide reactive
power in the same way as available active power is specified in variable ca-
pacity contracts.

e Alternative 5: The new connection will result in thermal overload and/or
unacceptable voltage drop in the grid. To resolve this issue, a combination
of Alternative 3 and Alternative 4 will be used where both active power
curtailment and provision of reactive power are used simultaneously.

Alternative 3, 4 and 5 represent alternative grid connection agreements after the
definition of the author in Chapter 2. In order to explore the potential of altern-
ative connection agreements for fast-charging stations, a method for analyzing
each of the five alternatives technically was developed. Since Alternative 1 and
Alternative 2 represent current practices, the main focus is on Alternative 3, Al-
ternative 4, and Alternative 5. Although Alternative 3 can be considered the cur-
rent practice as the new regulation, connection with terms of disconnection, came
into force on the 15 of April 2021, it is still relatively new in Norway and not yet
widely adopted. In addition, the Norwegian distribution system operators do not
have a standard practice for executing connection agreements today [6]. Thus,
the technical analysis that will be presented here can contribute to standardizing
connection agreements. Moreover, it will challenge current practices and explore
the potential for alternative solutions beyond grid reinforcement and expansion.
The ultimate goal is to accelerate the electrification of the vehicle fleet and achieve
Norway’s ambitious goal of making all new cars zero-emission vehicles by 2025.

The different methods were developed and implemented in the programming
language Python, with the assistance of the Python add-on package pandapower.
Pandapower was utilized to conduct power flow analysis. The methodology of the
alternatives will now be illustrated in flow charts and a comprehensive descrip-
tion will be given for each alternative.
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3.1 Alternative 1

Alternative 1 is intended as a check to determine if there is a need for measures
in order to connect a fast-charging station to an existing distribution grid. It is
assumed that the grid planning approach of the Distribution System Operator is
to dimension the grid based on the worst-case scenario. By this, it is meant that
the grid is designed to handle the new load and remain to operate within its limits
in the worst-case scenario. The worst-case scenario would be that the FCS con-
sume its maximum capacity simultaneously as the aggregated load of the other
loads in the distribution system have its peak load. The method for Alternative 1
is schematically illustrated in Figure 3.1 and will now be further described.

The need for this analysis arises when a charging operator requests a connection
to the distribution grid. The distribution system operator retrieves a load data set
of the existing grid for which the connection is requested and includes an expected
load increase for the coming years. The load data set consists of hourly-resolution
load data for an entire year. The load of all nodes in the grid are summarized for
each hour of the year in order to get the aggregated load values. From this, the
hour of the year with the highest aggregated load is obtained. A power flow ana-
lysis is then performed at this hour with the fast-charging station connected and
consuming maximum active power. Based on the voltage level of the nodes and
the loading of the power lines, it can be determined whether the fast-charging sta-
tion can be connected without any required measures. If the voltage at all nodes is
within the limits and the loading of the lines is within an acceptable limit, the fast-
charging station can be connected. If this is not the case, measures are necessary
in order to connect the fast-charging station to the grid.

3.2 Alternative 2

When the capacity of the grid is insufficient to connect a new load or generation,
the traditional solution has been grid reinforcement and expansion. If the answer
to the question "Can the FCS draw maximum active power at this hour?" in Figure
3.1is no, reinforcing or expanding the grid would be the traditional choice. In this
thesis, it will not be conducted any analysis for this alternative. The alternative
is only included to illustrate that it is the usual choice, but it will not be further
studied.
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Charging station operator
requests connection to
the distribution grid

Load Data Set

from the existing
distribuion grid

Run a power flow at peak
hour while the FCS is
connected

Can the FCS
draw
maximum
active power
at this hour?

Yes No

The FCS can be connected
without any need for
measures

Measures are needed to
connect the FCS

Figure 3.1: Methodology for Alternative 1 and Alternative 2

3.3 Alternative 3

The methodology of Alternative 3 is illustrated in a flow chart in Figure 3.2. It
starts with a request from a charging operator which wants to connect an FCS to
the distribution grid. The input to the methodology is an hourly-resolution load
data set from the distribution grid where the FCS connection is being requested.
The output of the methodology is the hours of the year sorted into three categories.
In the categories, the hours are classified after how much active power the FCS
can consume in the specific hour and are grouped as follows;

e Category 1: The hours when the FCS can consume maximum power

e Category 2: The hours when the FCS can consume a limited amount of
active power

e Category 3: The hours when the FCS cannot consume any active power
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A detailed description of the methodology will now be given based on the steps
in the flow chart.

Charging operator requests connection to the distribution grid

The methodology starts with a customer’s request to connect to the distribution
grid. The customer, which is a fast-charging operator, specifies how much active
power is needed and the station’s location.

Load Data Set from the existing distribution grid

The DSO obtains a load data set for the current grid to which access is reques-
ted for an entire year. The load data set is modified to include an expected load
increase, and this modified load data set is the input to the flow chart. Although
the time resolution in the flow chart in Figure 3.2 is based on hours, any other
preferred resolution can be used.

Sort the hours in the load data set from largest to smallest based on aggregated
load

The load data set is sorted from largest to smallest based on the aggregated load
in the system for each hour of the year. By aggregated load, it is meant that all
load points in the distribution system are summarized for each hour.

Extract the first element of the sorted load data set

The first element of the sorted load data set is extracted, representing the hour
of the year with the most significant aggregated load of the existing distribution
system.

Run an optimal power flow at this hour while the FCS is connected

An optimal power flow analysis is conducted at the hour extracted in the last step
with the FCS connected. The optimal power flow (OPF) is conducted with the aim
of maximising the load on the bus where the FCS is connected. The optimisation
problem is implemented as follows:

Maximize Z b, 3.1
i€FCS

subject to  P; pin < P < P, gy, fori €FCS 3.2)
Viin Vi £ Vyax, for i € nodes (3.3)
L) < Lpax), forl€lines (3.4)
Pext, min < Pext < Pext, max (3-5)

P;: Active power of load node i in MW

V;: Voltage of node i in p.u.

L;: Line loading of line [ in %

P,,;: Total load of the distribution system in MW

Can the FCS draw maximum active power at this hour?
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If the optimal power flow result in P¢.; = Py max, the answer to the question is
yes, and the FCS can draw its maximum capacity at this hour. The hour is then
placed in Category 1. As the load data set is sorted from highest to lowest based
on the aggregated load will most likely all hours after this hour also be placed
in Category 1. Due to this, the process can stop here. However, it is important to
remember that the aggregated load does not reflect the local conditions. There
may be local variations in voltage due to the fact that the voltage depends on the
load of the individual load points and not just the total load. Therefore, it may be
useful to run a few more iterations until Py has stabilized and remained equal to
P s, max for several consecutive times. On the other hand, if Pr.; < Pfeg mayx, the
answer to the question is no, which triggers the next question.

Can the FCS draw a limited amount of active power at this hour?

If the optimal power flow result in 0 < P¢; < Pfs max, the answer to the question
is yes. This means that the FCS can consume a limited amount of active power,
and the hour is placed in Category 2. If P;.; = 0, the answer to the question is no.
The FCS can in that case not consume any active power, and the hour is stored in
Category 3.

When an hour is allocated in either Category 2 or Category 3, it is removed from
the sorted load data set. The initial second element of the sorted load data set is
now the first element and is the hour to be analysed. The iteration process contin-
ues until Py.; = P max iS reached, as this indicates that the fast-charging station
can draw its maximum power for all the hours following that hour, due to the
aggregated load being sorted from highest to lowest. However, since the aggreg-
ated load is being considered, it is possible that there may be some hours after
the first time Py s = Pf; max Where Py is slightly lower than Py 1,4 due to local
variations in the load. It may therefore be useful to run a few extra iterations until
Py has stabilized and is equal to Py, 1ax Several times in a row.
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Figure 3.2: Methodology for Alternative 3

3.4 Alternative 4 and Alternative 5

The methodology for Alternatives 4 and Alternative 5 is illustrated in a flow chart
in Figure 3.5. The input to the methodology is the same as for Alternative 3; an
hour-based load data set for a distribution grid for one year. The output of the
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methodology is the hours of the year sorted into four categories. The hours are
classified after how much active power the fast-charging station can draw during
that hour and how much reactive power it may have to provide. The categories
are grouped as follows;

e Category 1: The hours when the fast-charging station can consume max-
imum active power and does not need to deliver reactive power

e Category 2: The hours when the fast-charging station can consume max-
imum active power but must deliver reactive power simultaneously

e Category 3: The hours when the fast-charging station can only consume
a limited amount of active power while simultaneously having to deliver
reactive power

e Category 4: The hours when the fast-charging station cannot consume any
active power

If no hours have been placed into the third category, there are no hours during the
year when it is necessary to limit the active power while simultaneously supply-
ing reactive power, and Alternative 4 is an option. In that case, Alternative 5 is no
longer an option, as curtailing the active power is unnecessary. However, if hours
are placed in Category 3, supplying reactive power alone is insufficient to connect
the fast-charging station at maximum capacity in some hours, and Alternative 4
is not an option.

The methodology for Alternative 4 and Alternative 5 is identical to Alternative
3 until the answer to the question "Can the FCS draw maximum active power at
this hour?" is no. The remaining steps in the flow chart in Figure 3.5 will now be
explained step by step.

Run an optimal power flow at this hour while the FCS is connected and providing
reactive power

A new optimal power flow is conducted for the same hour with the same condi-
tions, but additionally, the FCS provides reactive power to the grid. The optimiz-
ation problem is implemented as follows:

Maximize Z P; (3.6)
i€FCS

subjectto  P; in < P, < P, gy, fori €FCS 3.7

2 .

—4/S2 — P SQi <0, for i € FCS (3.8)
Vinin < V: £ Vax, for i € nodes (3.9
L) < Lyax), forl€line (3.10)
Pext, min < Pext < Pext, max (3-11)

where:

e P;: Active power of the load node i in MW
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S,: Nominal apparent power of the converter in MW
Q;: Reactive power of the load node i in Mvar

V;: The voltage of node i in p.u.

L;: The line loading of line [ in %

P,..: The total load of the distribution system in MW

Figure 3.3 illustrates the capability curve of a fast-charging station. The light
blue area illustrates the available power and the relationship between active and
reactive power when active power is positive, reactive power is negative and
Sn > Pfes, max- Here we want the converter to work in the quadrant where active
power is positive and reactive power is negative, but the converter is not technic-
ally limited to operate in only one of the four quadrants. In pandapower, it is only
possible to define power with square limits. To prevent the OPF from using more
reactive power than what is actually available, the lower limit of reactive power,

. 2 . .
Qmin» is setto —, /82 — Pfcs, may- FIOWeEVer, as a result, the available reactive power
that the OPF sees is lower than what is actually available when Pf.; < Pfcs max-

In Figure 3.4, the light blue area illustrates the available reactive power that the
OPF sees, while the dark blue area illustrates the available reactive power that the
OPF does not see. Here, it can be seen that when Py s < Pf¢s may, there is more
reactive power available than Q;;,- When S, = Pf.; max are Qpi, = 0 and the
OPF does not see any reactive power. Consequently, the available reactive power
is not utilized, and the full potential is not studied. This issue was solved with
a brute-force solution. The solution will now be presented in a pseudo-code and
further explained.

if p_i < p_max:
while gq_min > -sqrt(S"2 - p_min"2)
g_min = g_min - 0.1
run optimal power flow

if q_i < -sqrt(S"2-p_i"2)
gq_min = q_min_old

The code checks if the active power the FCS can draw at this hour is lower than
Py s, max- If this condition is satisfied, Q;,, is reduced with 0.1 MW, and an optimal
power flow analysis is performed. This process is repeated until Q,,;, exceeds the
physically feasible limit. The solution for this hour is the result of the optimal

power flow in the iteration before Q,,;,, > —4/52 —szcs min- Hl€re, the automatic
optimization in the OPF is supplemented with a manual optimization as an outer

loop that iterates along degrees of freedom that are locked inside the OPE
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Pmax

Figure 3.3: Capability curve of a fast-charging station when S > P,

Pmax

Qmin

Figure 3.4: Illustration of utilized and available reactive power for a fast-charging
station when S > P, ..
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Can the FCS draw maximum active power if it provides reactive power at this hour?
If Pres = Ppes, max and Qg < 0, the answer to the question is yes. The FCS can
draw maximum active power if it provides reactive power, and the hour is stored
in Category 2. If the result from the optimal power flow gives 0 < P < P s max
and Qs <0, the answer to the question is no, and the next question is triggered.

Can the FCS draw a limited amount of active power if it provides reactive power
at this hour?

If the optimal power flow analysis gives 0 < P, < P¢s max and Qs < 0, the an-
swer to the question is yes. The FCS can only consume a limited amount of active
power at this hour, and the hour is stored in Category 3. If the optimal power flow
yields P¢.; = 0, the FCS cannot consume any active power in this hour and the
hour is placed in Category 4.

When the hour is allocated in either Category 2, Category 3 or Category 4, it
is removed from the sorted load data set. The initial second element of the sorted
load data set is now the first element and the hour to be analysed. The iteration
process continues until Pr.; = Pr¢; may and Qg = 0 is reached, as this indicates
that the fast-charging station can draw its maximum capacity for all the hours fol-
lowing that hour without needing to provide reactive power, due to the fact that
the aggregated load is sorted from highest to lowest. However, since the aggreg-
ated load is being considered, it is possible that there may be some hours after
the first time Pg.; = Pfcg max and Qc; = 0 where Qg is slightly lower than 0 due
to local variations in the grid. It may therefore be necessary to run a few extra
iterations until Q. has stabilized and is equal to zero several times in a row.
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Figure 3.5: Methodology for Alternative 4 and Alternative 5
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3.5 Available active power vs expected consumption

In the methodologies for Alternative 3, Alternative 4, and Alternative 5, the active
power the FCS can draw is maximized. Although the FCS can have periods where
the available active power is limited, it does not necessarily mean that the FCS
would need maximum capacity in those periods. Therefore, comparing available
active power and expected consumption is interesting. To do this, it is necessary
to have either a load data set for a corresponding fast-charging station in the same
area where the connection is requested or to have a description from the charging
operator specifying how they predict the load to behave. After the methodologies
of Alternative 3, Alternative 4, and Alternative 5 was followed, the active power
available in the hours in Category 2 and Category 3 in Alternative 3 and the hours
in Category 3 and Category 4 in Alternative 4 and Alternative 5 was compared to
the expected consumption in the corresponding hours.






Chapter 4

Case study

The methodologies for the different alternatives presented in Chapter 3 were used
in a case study on a 124-bus medium voltage reference system which represents a
Norwegian medium voltage distribution grid. The different cases represent differ-
ent connection requests from fast-charging operators, and the cases vary in terms
of installed apparent power. In each case, each alternative was evaluated by fol-
lowing the proposed methodologies. Furthermore, the available active power of
the FCS in the different cases was compared to a real-world load data set of an
FCS. This chapter provides a system description of the 124-bus medium voltage
reference system, a description of the load data set of the FCS, and a description
of the different cases.

4.1 System description

CINELDI has established a 22 kV reference grid with 124 nodes based on real
data provided by a Norwegian distribution system operator. The reference system
represents a Norwegian medium voltage distribution system. All analysis in this
master’s thesis is performed on this system. The most relevant features of the sys-
tem will now be summarized from [33], but for further description and detailed
information, see [33].

This paragraph is retrieved from [12], the specialisation project report of the au-
thor. The reference system represents a radial medium voltage distribution grid in
Norway and is illustrated in Figure 4.1. Table 4.1 provides the main characteristics
of the distribution grid. The data is provided by a Norwegian Distribution System
Operator but is further anonymized and simplified. The system operates at 22 kV
and consists of 124 nodes and 123 lines. The lines are a combination of overhead
lines and underground cables. The system has one main feeder connected to node
1 and three backup feeders connected to nodes 36, 42 and 88. It is assumed that
the feeders have enough available capacity to cover the total power peak load of
the system. In the present system, only 54 of 124 nodes are load points. These
54 nodes are a mix of residential, agricultural, public, industrial and commercial

27
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loads, with a maximum aggregated load demand of 5.231 MW. The load data set
covers the entire year of 2018, and includes hourly-resolution load values from a
Norwegian distribution system.

Table 4.1: Main characteristics of the CINELDI reference system [33]

Parameter Value
Number of nodes 124
Number of lines 123
Voltage level 22 kv
Number of load points 54

Maximum aggregated load 5.231 MW

16 1819 21 22 23 24 25
;:thhillll 53 54 55 56 57 58 59 60 61 62
14 17 20
11

BF

118
115 113
27 28 29 30 31 32 43

8
Bl e, 112
114
3 4| 5| 7| 9| 120260 33 37 40 a2 a
1 (| 1 1 1 [ = 1
J 1 1 '1 '1 1
38 109
10 36 35 34 - ®
15 BF 39 110 -773
111

=
-
[
Pt N

123 105 104 103 102 —=75
76
BF my 0 99 101
87 | gq 98 24 100
97
9% 95 94 93 92 86 85 83 |8 81 8 79 78 77
F L S e B — L B B B S SR
91

Figure 4.1: Illustration of the CINELDI 124-bus medium voltage reference system
[33]

Figure 4.2 shows the aggregated load-time series for the reference system through-
out the year.
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Figure 4.2: The aggregated load-time series for the CINELDI reference system
throughout the year

4.2 Load data set - FCS

A load data set, which is not a part of the CINELDI reference system, was provided
by the Norwegian Distribution System Operator, Elvia, representing the load of an
FCS located close to a highway in Eastern Norway. The load data set has an hourly
resolution and covers the entire year of 2018. To ensure confidentiality, the data
set is anonymized, and it is impossible to locate which fast-charging station the
data is collected from. Furthermore, the data set was scaled by the author by
dividing all values in it by the maximum value. This resulted in values from O to
1, representing the relative power demand of the fast-charging station. In order
to scale the data set to represent a fast-charging station with a maximum power
demand of 2 MW, the relative power demand was multiplied by 2 MW. Figure 4.3
shows the scaled load of the FCS throughout the year.
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Figure 4.3: Load-time series for the FCS throughout the year

4.3 Case study description

In the case study, three different cases were studied. Each case represents a grid
connection request of an FCS to the CINELDI 124-bus reference system. The dif-
ferent cases vary in terms of installed apparent power. In each case, each of the
five alternatives was evaluated by using the proposed methodology for each al-
ternative presented in Chapter 3. In the analysis, it is assumed that the DSO has
clarified with the Transmission System Operator that there is sufficient capacity
in the transmission grid to connect the new load. Table 4.2 provides an overview
of the different cases and their characteristics.

Table 4.2: A brief description of the cases in the case study

Case Description
Case A 124 bus CINELDI reference system with 54 load points

+ one FCS connected to node 78 (S=2.5 MVA, P=2 MW)
Case B 124 bus CINELDI reference system with 54 load points

+ one FCS connected to node 78 (S=3.0 MVA, P=2 MW)
Case C 124 bus CINELDI reference system with 54 load points

+ one FCS connected to node 78 (S=2.0 MVA, P=2 MW)
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For all three cases, the optimization problem defined in Equations 3.1-3.5 was
implemented as follows:

— fecs = node 78

= P7g min = OMW

- P78,max =2MW

— Vipin = 0.95pu

— Vpax = 1.05pu

- Lmax,l =100%

- Pext, min — oMW
- Pext, max — 20MW

The optimisation problem defined in Equations 3.6-3.11 is identical to the optim-
isation problem defined in Equations 3.1-3.5, except from Equation 3.8, as this
is an additional equation. Thus, the values presented above were also applied to
Equations 3.6-3.7 and 3.9-3.11. Equation 3.8 is case specific and will be presented
for each case separately.

Case A

The converter of the fast-charging station had an installed nominal apparent power
of 2.5 MVA. The lower limit of Q; in Equation 3.8 is thus equal —v2.52 —22 =
—1.5 Mvar.

Case B

The converter of the fast-charging station had an installed nominal apparent power
of 3.0 MVA.The lower limit of Q; in Equation 3.8 is thus equal —v32—22 =
—2.2 Mvar.

Case C

The converter of the fast-charging station had an installed nominal apparent power
of 2.0 MVA. The lower limit of Q; in Equation 3.8 is thus equal —v22—22 =
0 Mvar.






Chapter 5

Results

The results of the case study will be presented in this chapter. The distinguishing
factor between Case A, Case B, and Case C is the installed apparent power. Thus,
the result of Alternative 1, Alternative 2, and Alternative 3 will be identical in all
cases as reactive power provision is not utilized in the three first alternatives. The
result of Alternative 1, Alternative 2, and Alternative 3 will first be presented. Sub-
sequently, the result of Alternative 4 and Alternative 5 will be provided for each
case separately - respectively Case A, Case B, and Case C. Finally, the chapter stud-
ies the effectiveness of active power curtailment versus reactive power provision.

5.1 Alternative 1

The methodology presented for Alternative 1 in Chapter 3 was followed, and the
result will now be presented. In order to determine whether the fast-charging sta-
tion can be connected with or without the need for measures, the voltages and
the loading of the power lines during the aggregated peak load hour of the other
loads in the system were studied. Figure 5.1 shows the voltage at each bus in the
system when the FCS was connected and consumed 2 MW during the aggregated
peak load hour of the other loads in the CINELDI reference system. The bus in-
dexes in the figure are in accordance with the numbering of the buses in Figure
4.1. As depicted in Figure 5.1, the voltage is below the lower limit of 0.95 per unit
(puw) for multiple buses. Figure 5.2 shows the line loading of all power lines in the
system when the FCS was connected and consumed 2 MW during the aggregated
peak load hour of the other loads in the CINELDI reference system. The line in-
dexes with their corresponding from bus and to bus can be found in Appendix A.
Figure 5.2 shows that the loading of the lines is far from being overloaded. The
line between bus 5 and bus 7 is the most loaded, with a loading of 66.5%. Based
on these observations, the voltage level is the limiting factor in order to connect
the fast-charging station to the CINELDI reference system, and not the loading of
the lines. Since the new load causes unacceptable voltage levels in the grid, the
FCS cannot be connected without the need for measures.

33
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Figure 5.1: Voltage at all buses in the system when the FCS is drawing 2 MW
during the aggregated peak load hour of the other loads in the system in Altern-
ative 1
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Figure 5.2: Line loading of all power lines in the system when the FCS is drawing
2 MW during the aggregated peak load hour of the other loads in the system in
Alternative 1
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5.2 Alternative 2

Since the result in Alternative 1 showed that the voltage level is unacceptable for
multiple buses, measures are needed to connect the FCS to the CINELDI reference
system. The traditional choice would be to expand or reinforce the existing grid
in order to connect the FCS. This will trigger a connection charge the charging
operator has to pay.
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5.3 Alternative 3

The methodology presented for Alternative 3 in Chapter 3 was followed, and the
results will be given in this section. Table 5.1 shows the distribution of the hours
when the fast-charging station can draw maximum active power, the hours when
it can only draw a limited amount, and the hours when it cannot consume any
active power. The table shows that Category 1 equals 8368 hours, which signifies
that the fast-charging station could have consumed the maximum capacity of 2
MW in 8368 of 8760 hours of the year. Category 2 equals 392 hours, which im-
plies that the FCS have a limited amount of available active power during 392
hours. There were no hours when the fast charging station could not have drawn
any active power, as Category 3 equals zero.

Table 5.1: The output of the methodology of Alternative 3

Category  Number of hours
Category 1 8368

Category 2 392

Category3 O

When drafting an alternative grid connection agreement, it is crucial that the DSO
specifies to the fast-charging operator how much and when the available active
power will be restricted. Figure 5.3 shows how much active power the FCS had
available in each hour of the year. The available active power in the curtailed
hours ranges from 1.17 MW to 1.95 MW.

In order to illustrate that the curtailment of active power in critical hours will
enhance the voltage level in the system, it is interesting to compare the voltage at
all buses when the FCS is drawing 2 MW and when it is drawing a limited amount
of active power during the peak load hour of the other loads in the CINELDI ref-
erence system. In Figure 5.4, the voltage at all buses when the FCS is connected
and drawing power during the aggregated peak load hour of the other loads in
the CINELDI reference system for respectively Alternative 1 and Alternative 3 is
compared. The bus indexes in the figure are in accordance with the numbering of
the buses in Figure 4.1. In Alternative 3, 1.17 MW of active power was available
during the aggregated peak load hour. As shown in the figure, when the active
power is curtailed to 1.17 MW during the aggregated peak load hour, the voltage
at all buses remains within acceptable levels.
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Figure 5.3: Hourly available active power for the FCS throughout the year in

Alternative 3
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Figure 5.4: Comparison of the voltage at all buses in the system when the FCS
is drawing power during the aggregated peak load hour of the other loads in the

system in Alternative 1 and Alternative 3
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Since the analysis is based on historical data, the hours when the active power was
curtailed in Figure 5.3 is not necessarily the exact hours when the available active
power will be restricted in the following years. Therefore, it is interesting to study
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the hours when the available active power was limited, sorted by month, day of
the week and hour of the day in order to identify trends. Figure 5.5, Figure 5.6
and Figure 5.7 shows the 392 hours when the available active power was limited,
respectively sorted by month, day of the week and hour of the day.
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Figure 5.5: The hours when the available active power for the FCS was limited
sorted by month in Alternative 3
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Figure 5.6: The hours when the available active power for the FCS was limited
sorted by day of the week in Alternative 3
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Figure 5.7: The hours when the available active power for the FCS was limited
sorted by hour of the day in Alternative 3

A comparison was made between the real-world data set of the FCS described in
Chapter 4 and the 392 hours when the available active power was lower than 2
MW. The comparison showed that the consumption of the fast-charging station
was only greater than the available active power in 4 out of 392 hours. This sig-
nifies that in 388 out of 392 hours, the fact that the FCS did not have maximum
available active power would not have impacted the FCS. Figure 5.8a shows the
comparison between the available power and the consumed power of the FCS in
the hours when the available power was lower than the consumption. The hours
are depicted in chronological order. Appendix B shows the hour indexes with their
corresponding date and hour of the day. When the hour index equals one and two,
the available power is just slightly lower than the consumed power. In only two
hours of the year was the available power significantly lower than the consump-
tion and would have had an impact on the FCS.

Figure 5.8b displays the comparison of the available power and the consumed
power of the FCS in the hours when the available power was higher than the
consumption. The hours are presented in chronological order. The hour indexes
with their corresponding date and hour of the day can be found in Appendix C. In
Figure 5.8b, the available active power generally has a good margin to the con-
sumed power. This indicates that the fast-charging station and the other loads in
the CINELDI reference system do not peak simultaneously.
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Figure 5.8: Comparison of the available active power and the consumed active
power in Alternative 3 in the hours when the available power is lower than the
maximum capacity

5.4 Case A: Alternative 4 and Alternative 5

In Case A, the installed apparent power was 2.5 MVA. The methodology of Altern-
ative 4 and 5 presented and described in Chapter 3 was followed, and the result
will now be presented. The output of the methodology of Alternative 4 and 5 for
Case A is presented in Table 5.2. As Category 3 and Category 4 do not have con-
tent, Alternative 4 is an option in this case. This means that the FCS could have
drawn maximum active power every hour of the year. However, since Category 2
equals 392 hours, the FCS must have provided reactive power in 392 hours of the
year in order to draw maximum active power in those hours.

Table 5.2: Case A: The output of the methodology of Alternative 4

Category  Number of hours
Category 1 8368

Category 2 392

Category 3 O

Category4 O

When drafting an alternative grid connection agreement, it is important that the
DSO communicates to the charging operator how much and when the FCS po-
tentially needs to provide reactive power and how much and when the available
active power potentially needs to be limited. It is thus interesting to plot the avail-
able active power for each hour of the year and the reactive power provision for
each hour of the year. Figure 5.9a shows the available active power for the FCS
for each hour throughout the year. Figure 5.9b shows how much reactive power
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the FCS needs to supply in each hour of the year. In the majority of the hours, the
FCS does not have to provide reactive power. However, in certain hours must the
FCS supply -1.5 Mvar.

Available active power
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Reactive power provision [Mvar]
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(a) Hourly available active power (b) Hourly reactive power provision

Figure 5.9: Case A: Hourly available active power and hourly reactive power
provision for the FCS throughout the year in Alternative 4

In order to show that the reactive power provision from the FCS increases the
voltage level in the grid, a comparison of the voltage at all buses when the FCS
was connected and drawing power during the aggregated peak load hour of the
other loads in the CINELDI reference system in Alternative 1 and Alternative 4 was
made and is shown in Figure 5.10. The bus indexes in the figure are in accordance
with the numbering of the buses in Figure 4.1. As can be seen from Figure 5.10,
all buses have a voltage level that exceeds the lower limit of 0.95 pu in Alternative
4.

When comparing the voltage levels in Alternative 3 in Figure 5.4 and the voltage
levels in Alternative 4 in Figure 5.10, it can be observed that the voltage levels
on certain buses in Alternative 3 are exactly equal to the lower limit of 0.95 pu,
whereas, in Alternative 4, all buses have a voltage level that is above the limit.
This shows that the OPE as it is implemented, utilises more reactive power than
what is necessary for the FCS to access the maximum active power. This implies
that the FCS may not necessarily have to provide -1.5 Mvar in the 392 hours as
shown in Figure 5.9b; a lower amount may have been sufficient.
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Figure 5.10: Case A: Comparison of the voltage at all buses in the system when
the FCS was connected and was drawing power during the aggregated peak load
hour of the other loads in the system in Alternative 1 and Alternative 4

As the conducted analysis is based on historical data, the hours in Figure 5.9b
where Q < 0 are not necessarily the exact hours when the FCS needs to provide
reactive power as the other loads in the distribution system are influenced by
many factors, and will vary from year to year. It is thus interesting to sort the
hours when the FCS must provide reactive power by month, day of the week, and
hour of the day in order to identify trends. Since the same 392 hours are studied
in Alternative 3 and Alternative 4 for Case A, the hours when the FCS needs to
provide reactive power sorted by month, day of the week, and hour of the day will
be identical to the hours when the FCS in Alternative 3 must be curtailed sorted
by month, day of the week and hour of the day, respectively shown in Figure 5.5,
Figure 5.6 and Figure 5.7. The figures for Alternative 4 can also be found in section
E.1 in Appendix E.

5.5 Case B: Alternative 4 and Alternative 5

In Case B, the installed apparent power was increased in comparison to Case A
and equalled 3.0 MVA. The methodology for Alternative 4 and Alternative 5 was
followed, and the result is presented in Table 5.3. As both Category 3 and Cat-
egory 4 equals zero, Alternative 4 is an option in this case. This implies that the
FCS can draw maximum active power at all hours throughout the year. As Cat-
egory 2 equals 392 hours, the FCS must provide reactive power in 392 hours of
the year in order to always have maximum active power available.
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Table 5.3: Case B: The output of the methodology of Alternative 4

Category = Number of hours
Category 1 8368

Category 2 392

Category 3 O

Category4 O

Figure 5.11a shows the available active power for the FCS for each hour through-
out the year. As can be seen from the figure, the available active power is maximum
throughout the entire year. Furthermore, Figure 5.11b presents the reactive power
provision for the FCS for each hour of the year. In certain hours of the year must
the FCS provide -2.2 Mvar, but in most of the hours do the FCS not have to supply
reactive power.
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Figure 5.11: Case B: Hourly available active power and hourly reactive power
provision for the FCS throughout the year in Alternative 4

Figure 5.12 compares the voltage at all buses when the FCS was connected and
was drawing power during the aggregated peak load hour of the other loads in
the CINELDI reference system in Alternative 1 and Alternative 4. When the FCS
provided -2.2 Mvar while it simultaneously was drawing maximum active power
in Alternative 4, it can be seen from the figure that the voltage level of all buses
in the system was well above the lower limit of 0.95 pu. Comparing the voltage
levels in Alternative 3 in Figure 5.4 and the voltage levels in Alternative 4 in Figure
5.12, it can be seen that certain buses have a voltage level of 0.95 in Alternative 3,
while the voltage levels in Alternative 4 was well above the limit. This is because
the OPE as it is implemented, uses more reactive power than what is needed in
order for the FCS to have maximum available active power. Thus, the FCS must
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most likely provide less than -2.2 Mvar in the 392 hours in order to access max-
imum capacity.

1.00 4 —— Alternative 1
Alternative 4

0.99 1

0.98 1

Voltage [pu]
o
[(e}
~

°

©

o
)

0.95 \k\—/‘/\J

0 20 40 60 80 100 120
Bus index

Figure 5.12: Case B: Comparison of the voltage at all buses in the system when
the FCS was connected and was drawing power during the aggregated peak load
hour of the other loads in the system in Alternative 1 and Alternative 4

Since the same hours are studied in Alternative 3 and Alternative 4 for Case B,
the distribution of the hours sorted by month, day of the week and hour of the
day will be the same. Consequently, Figure 5.5, Figure 5.6, and Figure 5.7 shows
respectively the distribution of the hours when the FCS needs to provide reactive
power sorted by month, day of the week and hour of the day. The figures can also
be found in section E.2 in Appendix E.

5.6 Case C: Alternative 4 and Alternative 5

In Case C, the apparent power was decreased in comparison to Case A and equalled
2.0 MVA. The result of Alternative 4 and 5 in Case C is presented in Table 5.4. From
the table, it can be seen that in 8368 out of 8760 hours could the FCS draw max-
imum active power. In 392 hours, the available active power was restricted while
the FCS had to provide reactive power simultaneously. Since S,, = P,,,,, it is ex-
pected that Category 2 equals zero, as there is no reactive power available for the
FCS to provide when Pf ., = Py max- There were no hours when the FCS could
not consume any active power. As the available active power was limited during
392 hours, Alternative 5 is an option in this case, whereas Alternative 4 is not.
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Table 5.4: Case C: The output of the methodology of Alternative 4 and Alternative
5

Category = Number of hours
Category 1 8368

Category2 O
Category 3 392
Category4 O

Figure 5.13 shows the voltage at all buses in the system when the FCS was con-
nected to the CINELDI reference system and was drawing power during the ag-
gregated peak load hour of the other loads in the system in Alternative 1 and
Alternative 5. The figure shows that when the active power was curtailed to 1.73
MW and the FCS provided -0.9 Mvar to the grid during the aggregated peak load
houry, the voltages at all buses were equal to or above 0.95 pu.
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Figure 5.13: Case C: Comparison of the voltage at all buses in the system when
the FCS was connected to the system and was drawing power during the ag-
gregated peak load hour of the other loads in the system in Alternative 1 and
Alternative 5

Figure 5.14a displays the available active power throughout the year. During the
392 hours when the capacity was restricted, the available power ranged from
1.73 MW to 1.99 MW. Figure 5.14b shows the reactive power provision of the
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FCS throughout the year. The reactive power provision ranged from -0.1 Mvar to
-0.9 Mvar in the hours when it was required. However, since S, = Py max in Case
C, it triggered the brute force solution; thus, Figure 5.14b displays the approxim-
ation of the reactive power provision.
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Figure 5.14: Case C: Hourly available active power and hourly reactive power
provision for the FCS throughout the year in Alternative 5

Figure 5.15 shows how much the available active power was reduced in compar-
ison to the maximum active power in the hours when the available power was
limited. The hours are presented in chronological order. As can be seen from the
figure, in the majority of the hours, the available active power was reduced by
0.15 MW or less. In some hours was the available power reduced more, and at
its most, it was reduced by 0.27 MW. As written in Chapter 2, a fast charger has
a capacity from 50 kW, and an ultra-fast charger has a capacity from 150 kW. In
order to get a relationship to the impact of the reduction; a reduction of 0.15 MW
would imply that one ultra-fast charger with a capacity of 150 kW or three fast
chargers with a capacity of 50 kW each would be unavailable. In practice, this
would probably not be the case; the capacity would instead have been reduced
equally on all chargers. On the other side, it is not necessarily that the FCS would
need maximum capacity in those hours. Thus, the degree of coincidence between
the consumption of the FCS and the available active power is interesting to study
and will be executed later in the section.

Figure 5.16 shows the reactive power provision from the FCS in the hours when
the active power must have been curtailed. The hours are presented in chronolo-
gical order, and the reactive power provision ranges from -0.1 Mvar to -0.9 Mvar.
During a few hours, the FCS is not providing any reactive power. This may be
because the reactive power is redundant and does not enhance the conditions in
the grid. Alternatively, it could be an undetected weakness in the implementation
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of the brute-force solution.
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Figure 5.15: Case C: Reduction in available active power compared to maximum
available power in the limited hours in Alternative 5
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Figure 5.16: Case C: Reactive power provision in the limited hours in Alternative
5
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Since the same 392 hours are studied in Alternative 3 and Alternative 5 in Case C,
the distribution of hours sorted by month, day of the week, and hour of the day
will be the same. Due to this, Figure 5.5, Figure 5.6, and Figure 5.7 respectively
illustrate the hours when the FCS will have a limited available capacity and needs
to provide reactive power to the grid sorted by month, day of the week and hour
of the day. The figures can also be found in section E.3 in Appendix E.

The available active power in the 392 hours when the capacity was restricted was
compared to the consumed power of the FCS in the load data set and is plotted in
Figure 5.17. The hours are plotted in chronological order, and the hour indexes
with their corresponding date and hour of the day can be found in Appendix D.
From the figure, it is evident that the available power is greater than the consumed
power in all 392 hours. This implies that the restricted available active power in
certain hours would not impact the FCS.

In order to discuss the most appropriate alternative of Alternative 3 and Altern-
ative 5 in Case C, it is interesting to compare the available active power in the
two alternatives. Figure 5.18 compare the available active power for the FCS in
Alternative 3 and Alternative 5.
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Figure 5.17: Case C: Comparison of available active power and consumed active
power in Alternative 5
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Figure 5.18: Case C: Comparison of the available active power in Alternative 3
and Alternative 5
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5.7 Case study result summary

As stated earlier, the result of Alternative 1, 2 and 3 was equal for all three cases
as the only distinguishing factor was the installed apparent power. The case study
showed that measures were needed in 392 hours for Alternative 3, Alternative 4
and Alternative 5 in all cases. Table 5.5 provides a summary of the main charac-
teristics of the result of the case study. The table depicts the measures needed in
each case and alternative, how much the available power eventually was limited
during the 392 hours and how much reactive power the fast-charging station must
have provided during the 392 hours.

Table 5.5: Summary of the results of the case study

Available power Reactive power

Case Alternative Measure e .
in limited hours provision

A, B, C 3 Curtailment of 1.17 - 1.95 MW ;
active power

Reactive power

A 4 . 2 MW -1.5 Mvar
pI'OVlSlOIl
5 4 Reactive power 2 MW -2.2 Mvar
provision
Curtailment of
ti d
c s acve POWEL AT 173-1.99 MW -0.1 to -0.9 Mvar

reactive power
provision

5.8 Effectiveness of active power curtailment vs. reactive
power provision

As written in Chapter 2, the )5( ratio plays a crucial role in which of the active
power curtailment and the reactive power provision who will be the most influ-
encing counteracting factor in terms of voltage drops. Figure 5.19 shows the )5(
ratio of the power lines along the main radial in the CINELDI reference system.
The lines are displayed in ascending order, where line index O represents the line
from node 0 to node 1, and line index 40 corresponds to the line between node 95
and node 96. The lines connected to node 78, where the FCS is connected in the
case study, are assigned line indexes 28 and 29. As can be seen from the figure,
the )5( ratio equals 1 when the line index equals 26, 27 and 28, signifying that the
active and reactive power will influence equally. On the other hand, the ratio of
the line from node 78 to node 79 equals 2.7.
2iRi

The total )5( ratio of the main radial was calculated as Sx = 1.6 where i sig-

nifies all power lines in the main radial. A total )5( ratio of 1.6 implies that the
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curtailment of active power will be more influential than the reactive power pro-
vision, according to the theory presented in subsection 2.4.2 in Chapter 2. In order
to visualise this, Figure 5.20 shows the voltage at each bus in the CINELDI refer-
ence system during the aggregated peak load hour respectively when the FCS is
drawing 2 MW, when it is drawing 1.9 MW, and when it is drawing 2 MW and
simultaneously supplying -0.1 Mvar to the grid.

As seen from Figure 5.20, both reducing the consumption of the FCS and the
provision of reactive power enhanced the voltage levels in the system. However,
the reduction of active power had a more significant impact on the voltage levels
than reactive power provision. Node 96 had the lowest voltage level during the ag-
gregated peak load hour. When curtailing the active power to 1.9 MW, the voltage
at node 96 increased by 0.001044 pu, whereas a reactive power provision of -0.1
Mvar increased the voltage at node 96 by 0.000643 pu. Dividing the change in
voltage at node 96 when active power was curtailed by the change in voltage at
node 96 when reactive power was provided yields 1.62. This means, if the pro-
vision of reactive power is to have the same impact on the voltage at node 96 as
the curtailment of active power, the amount of reactive power provision must be
1.62 times the amount of the active power reduction. In this case, it would thus
be necessary to supply -0.162 Mvar in order to increase the voltage at node 96 by
0.001044 pu. This shows that the curtailment of active power is 1.62 times more
effective than the provision of reactive power, and the efficiency ratio is equal to
1.62, which is approximately equal to the total )5; ratio in the main radial.
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Figure 5.19: R/X ratio of the power lines along the main radial of the CINELDI
reference system
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Figure 5.20: The voltage at each bus in the CINELDI reference system during the
aggregated peak load hour respectively when the FCS is drawing 2 MW, when it
is drawing 1.9 MW and when it is drawing 2 MW and simultaneously supplying

-0.1 Mvar to the grid
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Discussion

This chapter will discuss the results presented in Chapter 5. Firstly, Alternative 3
will be compared to Alternative 4/5 for each case, and secondly, the cases will be
compared to each other. Subsequently, the hours when measures were needed will
be discussed in terms of months, day of the week and hour of the day. Finally, the
most appropriate alternative, thus the most suitable grid connection agreement,
for the case study and, in general, will be discussed.

Case A: Alternative 3 vs Alternative 4

In Alternative 3, the available active power was limited during 392 hours, while
in Alternative 4, the maximum active power was always available. However, the
FCS must provide reactive power during 392 hours in Alternative 4 to ensure
maximum capacity. As explained in Chapter 2, the provision of reactive power
requires a more expensive converter compared to the standard ones used today.
It becomes a trade-off for the fast-charging operator to decide on the best al-
ternative; either invest in a more expensive converter and always have maximum
active power available or accept that the available active power will be restricted
in specific periods of the year, potentially resulting in revenue loss. By choosing
the second option, the charging operator can avoid the additional cost of a more
expensive converter. The decision-making process should take into account the
demand pattern of the FCS. If it is not expected that the FCS will require max-
imum active power during the 392 hours, there may not be a need to invest in a
more expensive converter. However, if maximum active power is anticipated, the
charging operator must carefully evaluate and determine the best course of action.

Case B: Alternative 3 vs Alternative 4

As Case A and Case B yield the same result regarding available active power and
number of hours with reactive power provision in Alternative 4, the same discus-
sion as in the previous paragraph can be applied here.

Case C: Alternative 3 vs Alternative 5
It is expected that the number of hours when the FCS have a limited amount of
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active power available is equal in Alternative 3 and Alternative 4 as S, = Py, max
in Case C. This is because the FCS has no reactive power available to supply when
Pfes = P, max- The distinction between the alternatives first becomes apparent
when Pg s < Pf s max» s the available power in the 392 hours varies between 1.17
MW and 1.95 MW in Alternative 3. In contrast, in Alternative 5, it ranges from
1.73 MW to 1.99 MW. In Figure 5.18, it can be seen that the available active power
in Alternative 5 is significantly greater than the available active power in Altern-
ative 3. This shows that the supply of reactive power in Alternative 5 increases the
voltage level in the grid, which releases more active power. As written in Chapter
2, the converters used for fast-charging stations today do not have the ability to
supply reactive power back to the grid. Therefore, a more expensive converter
which also can work in the fourth quadrant is needed in Alternative 5. It is up to
the charging operator to determine what is the most convenient; either to invest
in a more expensive converter and thus have more available active power to sell
throughout the entire year or to have a more limited available active power and
thus less power to sell in periods, but do not need to invest in a more expensive
converter.

As shown by the figures in Figure 5.8 and Figure 5.17, simultaneity plays a crucial
role in deciding the most suitable alternative. From the figures in Figure 5.8, it can
be observed that the consumption of the FCS was only greater than the available
active power in 4 of the 392 hours in Alternative 3. In two of those four hours, the
demand and the available active power were approximately equal, which would
not have impacted the FCS considerably. In Alternative 4, the available power
was greater than the consumed power in all 392 hours. Information about the
expected consumption is thus essential to comprehensively understand how the
limiting capacity will impact the fast-charging station.

Case A vs Case B

The results obtained in both Case A and Case B show that the fast-charging station
can consume maximum active power throughout the entire year, and the number
of hours it needs to provide reactive power is similar in both cases. Since the avail-
able active power was equal to the maximum throughout the entire year in Case
A, an installed apparent power of 2.5 MVA was sufficient to give the fast-charging
station access to maximum active power throughout the entire year. This implies
that an installed apparent power of 3.0 MVA was unnecessary, considering the
goal of maximising the available power. However, it is observed that a higher in-
stalled apparent power, and thus more available reactive power, further increased
the voltage level in the grid. Comparing the voltage levels at the buses during the
aggregated peak load hour for Alternative 4 in Figure 5.10 and Alternative 4 in
Figure 5.12, it can be seen that the voltage at the buses during the aggregated
peak load hour deviates more from the lower limit of 0.95 pu in Case B, than in
Case A. A higher voltage level in the grid may be desirable from the perspective
of the DSO according to voltage stability, power quality and losses in the grid.
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However, the voltage level of the buses in Figure 5.10 in Case A are all above 0.95
pu, and the extra margin in Case B may be unnecessary.

Case A vs Case C

In both Alternative 4 in Case A and Alternative 5 in Case C is a more complex con-
verter needed as both cases use reactive power provision. The converter in Case
A has a greater installed apparent power than the converter in Case C, which may
require a higher investment. Which of the two cases is the most suitable is up to
the charging operator. Maximum active power is always ensured in Case A, but the
investment cost is probably higher. In Case C, the investment cost will probably be
lower than in Case A, but the available active power will be limited during specific
hours of the year. As the result in Case A and Case B is equal in terms of avail-
able active power and number of hours with reactive power provision, comparing
Case B with Case C, will give the same discussion as comparing Case A and Case C.

Trends in months, day of the week and hour of the day

In 8368 hours of the year, the FCS could draw maximum active power without any
measures needed in all alternatives and cases. In 392 hours, the FCS was unable
to consume maximum active power, and measures had to be taken to increase
the voltage during these hours so that the FCS could draw the maximum possible
active power. Since the same 392 hours apply for all cases and alternatives, it does
not make sense to discuss the trends in terms of months, day of the week and hour
of the day case by case, but either it will be discussed once and for all.

Figure 5.5, which exhibits the 392 hours when measures were needed sorted by
months, shows that measures were needed in January, February, March, Novem-
ber and December. Furthermore, the figure shows that February was the month
where measures were needed most frequently. This is expected as February is typ-
ically one of the coldest months in Norway, triggering a high load. No measures
were needed in April, May, June, July, August, September and October, and the
FCS could draw maximum active power. Based on the load-time series for the
CINELDI reference system presented in Figure 4.2, the distribution of hours in
terms of months is expected as the figure shows that the aggregated load is low
during the summer and higher during the winter. Since many electric vehicle own-
ers have their own chargers at home, the need for fast charging first arises when
they are planning to drive long distances. Based on this, it can be assumed that
the high season for fast charging is during the summer months when people have
summer vacations and more time for longer trips. With this in mind, it is positive
that the FCS have maximum available active power during the summer months.

The 392 hours are relatively evenly spread regarding the day of the week, accord-
ing to Figure 5.6. Although the hours are relatively evenly distributed, the figure
shows that Tuesday is the day of the week when measures are needed most fre-
quently. Monday and Sunday also have a high share of hours where measures are
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needed. As written in the previous paragraph, many electric vehicle owners have
a charger at home, and the need for fast charging arises when driving long dis-
tances. It is expected that EV owners drive longer distances during the weekends,
which requires a higher demand for the FCSs during the weekends. Friday and
Saturday have one of the lowest numbers of hours where measures are needed,
which is positive, but Sunday has a high share which is unfortunate.

Based on Figure 5.7, it can be observed that the hour of the day when measures are
most frequently needed is hour 18. In general, measures are most needed during
the evening and late morning. As the existing load in the CINELDI reference sys-
tem is a mix of residential, agricultural, public, industrial, and commercial loads,
it is expected to peak during the morning and the evening, making less capacity
available for the FCS.

In an alternative grid connection agreement where the available capacity is vari-
able, like in Alternative 3 and Alternative 5, the capacity curve of the active power
should be specified in the agreement as in Figure 5.3 and Figure 5.14a. In the same
manner, the reactive power provision in an alternative grid connection agreement,
like in Alternative 4 and Alternative 5, should be specified as in Figure 5.9b and
Figure 5.11b. However, since the analysis is based on historical data, the load will
vary from year to year, and the exact hours and amount of available active power
and reactive power provision will vary from year to year. Due to this, a more gen-
eral capacity curve and reactive power provision plan must be designed based
on the number of hours when measures are needed and the distribution of those
hours in terms of months, day of the week and hour of the day.

When connecting an FCS to node 78 in the CINELDI reference system, dividing
the capability curve in terms of seasons would be natural. During April, May, June,
July, August, September and October, there would be no restriction on the avail-
able capacity, and no reactive power provision will be required. In the rest of the
months of the year should the available active power be specified like in Figure
2.5 with max on-peak capacities and max off-peak capacities. Similarly, the re-
active power provision would be specified in steps when it needs to be provided
in January, February, March, November and December. The level of detail of the
capacity curve is up to each DSO to determine. One alternative could be to have
one daily profile with different off-peak capacities and on-peak capacities, which
applies to all Mondays, Tuesdays, Wednesdays and Thursdays in one month and
another daily profile for the weekends for each month.

As written earlier, it will not be possible to specify precisely when the available ca-
pacity will be restricted or when the FCS must supply reactive power due to load
variations. Thus, the capacity curves and reactive power provision plans must be
designed generally based on the distribution of hours sorted by month, day of the
week and hour of the day. A drawback with the capacity curves and plans for re-
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active power provision is that they do not necessarily reflect the actual situation.
As suggested, if a capacity curve is specified for all Mondays to Thursdays in a
month, there will probably be situations where the actual available capacity is
greater than the specified on-peak capacity. At the end of the day; it is the voltage
level of the critical bus which will be the determining factor for how much capa-
city is available and how much reactive power which must be supplied. For the
charging operator, it is valuable to get an estimation of the number of hours when
measures are needed. In this case, it could be communicated to the charging op-
erator that it would affect around 400 hours of the year. For the DSO, it is crucial
that the capacity curves and reactive power provision plans are general enough
to cover all the hours where measures are needed, as they have to pay for the
non-delivered power in the hours not specified in the agreement.

Suitable grid connection agreement

Figure 5.1 showed that the voltage at several buses was below 0.95 pu when the
FCS consumed 2 MW during the aggregated peak load hour of the other loads
in the CINELDI reference system. Seen from the worst-case scenario perspective,
this would typically trigger a need to reinforce or expand the existing distribution
grid before the FCS can be connected. The case study showed that in 95.5 % of
the hours of the year, the FCS could draw maximum power without the need for
measures, whereas in only 4.5 % of the hours of the year were measures needed.
The number of hours where measures are needed is small, which implies a big
potential for alternative grid connection agreements.

Which alternative and which case is the most appropriate depends on the needs of
the charging operator. If it is essential that the FCS always have maximum active
power available, Alternative 2 or Alternative 4 in Case A and Case B would be the
best choice. As an installed apparent power of 2.5MVA in Case A was sufficient
in order for the FCS to always have access to maximum active power, an installed
apparent power of 3.0 MVA in Case B was unnecessary. Case A would thus be a
more economical choice than Case B. What is the best choice between waiting
for the grid to be reinforced and paying the connection charge in Alternative 2
or investing in a more expensive converter, as in Alternative 4 Case A, will be a
trade-off for the charging operators. It will depend on when the charging operator
wants to commission the fast-charging station and the total cost of the alternat-
ives.

Alternative 3 and Alternative 5 in Case C will be the most suitable alternatives
if the charging operator does not value maximum active power as the most cru-
cial criterion for connection and accepts that limited access to capacity will exist
in specific periods. Although the capacity was considerably limited during certain
periods in Alternative 3, the available active power was consistently above 1 MW.
In Alternative 5, the available active power was not limited to the same extent.
However, a more expensive converter was needed in order to provide reactive
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power back to the grid. Alternative 3 will be a better choice than Alternative 5
if the charging operator assumes that he will not need more than the available
active power in the limited periods in Alternative 3.

Grid connection requests will vary in terms of requested power extraction, in-
stalled apparent power of the converter, expected demand from the FCS, place-
ment of the FCS geographically, the available capacity and the operational condi-
tion of the grid where the connection is requested. All these factors will influence
which of the alternatives is the most suitable. Another factor that will influence
this is the )5( ratio of the power lines in the grid. As written in Chapter 2, the
% ratio influences how much impact the reduction of active power; in this con-
text, the curtailment of active power in Alternative 3 and Alternative 5 has on
the voltage, and how much impact the reactive power provision in Alternative 4
and Alternative 5 has on the voltage. The total )5( ratio in the main radial of the
CINELDI reference system equalled 1.6, thus implying that curtailment of active
power would counteract the voltage drops more than the provision of reactive
power. However, the case study showed that the reactive provision in Alternative
4 in Case A and Case B was sufficient to counteract the voltage drops in order to
connect the FCS and give it access to maximum capacity.

Since the most appropriate alternative will vary from case to case, one best solu-
tion for all cases does not exist. Due to this, it is important to have a technical pro-
cedure which investigates the various grid connection agreements. The method
developed by the author and presented in Chapter 3 serves as a starting point for
determining which grid connection agreement is the most appropriate.



Chapter 7

Conclusion

A methodology was developed with the aim of exploring the potential of altern-
ative grid connection agreements between Distribution System Operators (DSOs)
and fast-charging operators. The methodology proposes a technical analysis for
three alternative grid connection agreements: Alternative 3, Alternative 4 and Al-
ternative 5. In Alternative 3, the active power the fast-charging station (FCS) has
available is limited when the grid is suffering congestion or the voltage level in the
grid is unacceptably low. In Alternative 4, the FCS provides reactive power while
drawing active power in periods when the voltage level is unacceptable low or
when the loading of the power lines is too high. Alternative 5 combines Alternat-
ive 3 and 4 and uses both active power curtailment and reactive power provision
in order to enhance the voltage levels and prevent overloading of the lines.

A case study was conducted where an FCS requested a connection to a 124-bus
MV reference system. The cases varied in terms of installed apparent power, and in
each case, each alternative grid connection agreement was evaluated through the
proposed methodology. The case study showed that the voltage level on multiple
buses in the reference system was unacceptable low when the FCS was connec-
ted to the system and consumed 2 MW during the aggregated peak load hour of
the other loads in the system. Based on this, measures were needed to connect
the FCS to the system. In all cases, measures were required during 392 hours of
the year to enable a connection. The case study showed that the implementation
of active power curtailment, reactive power provision and a combination of both
enhanced the voltage level in the system in the 392 hours, enabling the FCS to be
connected and draw power. This shows great potential for alternative grid con-
nection agreements.

The most suitable grid connection agreement depends on the connection request
and the needs of the charging operator. If the charging operator must be guaran-
teed to always have maximum capacity available, either Alternative 4 or upgrad-
ing the existing grid would be the most appropriate option. However, in Altern-
ative 4, a more complex converter is needed, which triggers an extra investment.
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In the case of upgrading the grid, a connection charge payment is required. If the
available capacity will be restricted in periods when the maximum capacity most
likely is not necessitated, Alternative 3 would be the better option as it does not
require expensive extra equipment.

When assessing the potential of alternative grid connection agreements, it is, in
general, important that the DSO communicate to the charging operator how the
measures will impact them. In the case of curtailment of active power, it must be
expressed how much and when the available active power will be limited. The
same applies to reactive power provision; how much and when the FCS needs to
supply reactive power must be specified.

7.1 Further work

For further work, it would be interesting to implement the calculation of the cost
of each alternative in order to compare the different alternatives economically. In
Alternative 1 and 2, this would be to implement an estimation of the connection
charges. In Alternative 1, it would be an estimation of the connection charge when
there is sufficient capacity to connect the FCS without the need for any measure.
In Alternative 2, it would be an estimation of the connection charge for upgrad-
ing the existing distribution grid in order to connect the FCS. In Alternative 3,
it would be an approximation of the lost revenue the FCS potentially will have
due to limited access to power in certain periods. In Alternative 4, it would be an
estimation of the extra investment cost due to the investment of a more complex
converter. Additionally, it would be interesting to implement an estimation of the
potential income the FCS can have by selling the redundant reactive power as a
flexibility to the Distribution System Operator in the periods where it is not re-
quired to provide reactive power in order to draw active power. The Distribution
System Operator may be interested in buying reactive power for voltage stability
and reduction of losses. In Alternative 5, an estimation of the cost of the lost rev-
enue, the extra investment cost for a more advanced converter, and the potential
income by selling redundant reactive power must be addressed.
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A. L. L. Aasen: Master’s thesis

Table A.1: Line indexes with their corresponding from bus and to bus in Figure
5.2

Line index | From bus | To bus | Line index | From bus | To bus
0 1 2 47 12 16
1 2 3 48 16 18
2 3 4 49 18 19
3 4 5 50 19 21
4 5 7 51 21 22
5 7 9 52 22 23
6 9 12 53 23 24
7 12 26 54 24 25
8 26 33 55 16 17
9 33 37 56 19 20
10 37 40 57 26 27
11 40 42 58 27 28
12 42 44 59 28 29
13 44 45 60 29 30
14 45 46 61 30 31
15 46 47 62 31 32
16 47 48 63 33 34
17 48 67 64 34 35
18 67 68 65 35 36
19 68 69 66 37 38

20 69 70 67 38 39
21 70 71 68 40 41
22 71 72 69 42 109
23 72 73 70 109 110
24 73 74 71 110 111
25 74 75 72 42 43
26 75 76 73 43 115
27 76 77 74 115 118
28 77 78 75 43 112
29 78 79 76 112 113
30 79 80 77 112 114
31 80 81 78 45 116
32 81 82 79 116 119
33 82 83 80 119 122
34 83 85 81 122 123
35 85 86 82 119 121
36 86 92 83 116 124
37 92 93 84 119 120
38 93 94 85 47 49
39 94 95 86 49 52
40 95 96 87 52 53
41 4 6 88 53 54
42 5 8 89 54 55
43 7 10 90 55 56
44 7 11 91 56 57
45 9 13 92 57 58
46 13 14 93 58 59




Chapter A: Line indexes - Figure 5.2

Line index | From bus | To bus | Line index | From bus | To bus
94 59 60 109 103 104
95 60 61 110 104 105
96 61 62 111 82 100
97 49 50 112 100 101
98 50 51 113 83 84
99 59 117 114 85 97
100 48 63 115 97 98
101 63 65 116 98 99
102 65 66 117 86 89
103 63 64 118 89 90
104 71 106 119 86 87
105 72 107 120 87 88
106 107 108 121 86 91
107 76 102 122 9 15
108 102 103
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Table B.1: Hour indexes with their corresponding date and hour in Figure 5.8a

Hour index Date Hour
0 01/03/18 17
1 14/12/18 14
2 14/12/18 15
3 14/12/18 16
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A. L. L. Aasen: Master’s thesis

Table C.1: Hour indexes with their corresponding date and hour in Figure 5.8b

.H our Date Hour H our Date Hour H our Date Hour
index index index
0 04/01/18 | 17 46 12/01/18 | 17 92 03/02/18 | 16
1 07/01/18 | 10 47 12/01/18 | 18 93 03/02/18 | 17
2 07/01/18 | 11 48 12/01/18 | 19 94 03/02/18 | 18
3 07/01/18 | 12 49 13/01/18 | 12 95 03/02/18 | 19
4 07/01/18 | 13 50 13/01/18 | 17 96 03/02/18 | 20
5 07/01/18 | 14 51 13/01/18 | 19 97 04/02/18 | 09
6 07/01/18 | 15 52 14/01/18 | 15 98 04/02/18 | 10
7 07/01/18 | 16 53 14/01/18 | 16 99 04/02/18 | 11
8 07/01/18 | 17 54 14/01/18 | 17 100 | 04/02/18 | 12
9 07/01/18 | 18 55 14/01/18 | 18 101 | 04/02/18 | 13
10 07/01/18 | 19 56 15/01/18 | 16 102 | 04/02/18 | 14
11 07/01/18 | 20 57 15/01/18 | 17 103 | 04/02/18 | 15
12 08/01/18 | 17 58 16/01/18 | 17 104 | 04/02/18 | 16
13 08/01/18 | 19 59 16/01/18 | 20 105 | 04/02/18 | 17
14 08/01/18 | 21 60 18/01/18 | 08 106 | 04/02/18 | 18
15 09/01/18 | 07 61 18/01/18 | 10 107 | 04/02/18 | 19
16 09/01/18 | 08 62 18/01/18 | 11 108 | 04/02/18 | 20
17 09/01/18 | 09 63 18/01/18 | 16 109 | 04/02/18 | 21
18 09/01/18 | 10 64 18/01/18 | 17 110 | 04/02/18 | 22
19 09/01/18 | 15 65 18/01/18 | 18 111 | 05/02/18 | 06
20 09/01/18 | 16 66 19/01/18 | 16 112 | 05/02/18 | 07
21 09/01/18 | 17 67 19/01/18 | 17 113 | 05/02/18 | 08
22 09/01/18 | 18 68 19/01/18 | 18 114 | 05/02/18 | 09
23 09/01/18 | 19 69 20/01/18 | 16 115 | 05/02/18 | 10
24 09/01/18 | 20 70 20/01/18 | 17 116 | 05/02/18 | 11
25 09/01/18 | 21 71 21/01/18 | 14 117 | 05/02/18 | 12
26 09/01/18 | 22 72 21/01/18 | 17 118 | 05/02/18 | 13
27 10/01/18 | 07 73 21/01/18 | 18 119 | 05/02/18 | 14
28 10/01/18 | 08 74 22/01/18 | 11 120 | 05/02/18 | 15
29 10/01/18 | 09 75 22/01/18 | 16 121 | 05/02/18 | 16
30 10/01/18 | 10 76 22/01/18 | 17 122 | 05/02/18 | 17
31 10/01/18 | 11 77 22/01/18 | 18 123 | 05/02/18 | 18
32 10/01/18 | 12 78 22/01/18 | 19 124 | 05/02/18 | 19
33 10/01/18 | 13 79 22/01/18 | 20 125 | 05/02/18 | 20
34 10/01/18 | 15 80 22/01/18 | 21 126 | 05/02/18 | 21
35 10/01/18 | 16 81 26/01/18 | 18 127 | 05/02/18 | 22
36 10/01/18 | 17 82 02/02/18 | 17 128 | 06/02/18 | 07
37 10/01/18 | 18 83 02/02/18 | 18 129 | 06/02/18 | 08
38 10/01/18 | 19 84 02/02/18 | 19 130 | 06/02/18 | 09
39 10/01/18 | 20 85 02/02/18 | 20 131 | 06/02/18 | 10
40 11/01/18 | 08 86 02/02/18 | 21 132 | 06/02/18 | 11
41 11/01/18 | 15 87 03/02/18 | 09 133 | 06/02/18 | 15
42 11/01/18 | 16 88 03/02/18 | 10 134 | 06/02/18 | 16
43 11/01/18 | 17 89 03/02/18 | 11 135 | 06/02/18 | 17
44 11/01/18 | 18 90 03/02/18 | 12 136 | 06/02/18 | 18
45 12/01/18 | 16 91 03/02/18 | 13 137 | 06/02/18 | 19
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;32; Date Hour EZ:{ Date Hour :132; Date Hour
138 | 06/02/18 | 20 185 | 26/02/18 | 18 232 | 01/03/18 | 00
139 | 06/02/18 | 21 186 | 26/02/18 | 19 233 | 01/03/18 | 02
140 | 07/02/18 | 07 187 | 26/02/18 | 20 234 | 01/03/18 | 03
141 | 07/02/18 | 08 188 | 26/02/18 | 21 235 | 01/03/18 | 05
142 | 07/02/18 | 09 189 | 26/02/18 | 22 236 | 01/03/18 | 06
143 | 07/02/18 | 11 190 | 27/02/18 | 06 237 | 01/03/18 | 07
144 | 07/02/18 | 12 191 | 27/02/18 | 07 238 | 01/03/18 | 08
145 | 07/02/18 | 16 192 | 27/02/18 | 08 239 | 01/03/18 | 09
146 | 07/02/18 | 17 193 | 27/02/18 | 09 240 | 01/03/18 | 10
147 | 07/02/18 | 18 194 | 27/02/18 | 10 241 | 01/03/18 | 11
148 | 07/02/18 | 19 195 | 27/02/18 | 11 242 | 01/03/18 | 12
149 | 08/02/18 | 07 196 | 27/02/18 | 12 243 | 01/03/18 | 13
150 | 08/02/18 | 08 197 | 27/02/18 | 13 244 | 01/03/18 | 14
151 | 08/02/18 | 09 198 | 27/02/18 | 14 245 | 01/03/18 | 15
152 | 08/02/18 | 10 199 | 27/02/18 | 15 246 | 01/03/18 | 16
153 | 08/02/18 | 11 200 | 27/02/18 | 16 247 | 01/03/18 | 18
154 | 08/02/18 | 17 201 | 27/02/18 | 17 248 | 01/03/18 | 19
155 | 08/02/18 | 18 202 | 27/02/18 | 18 249 | 01/03/18 | 20
156 | 08/02/18 | 20 203 | 27/02/18 | 19 250 | 01/03/18 | 21
157 | 08/02/18 | 21 204 | 27/02/18 | 20 251 | 01/03/18 | 22
158 | 09/02/18 | 17 205 | 27/02/18 | 21 252 | 01/03/18 | 23
159 | 11/02/18 | 12 206 | 27/02/18 | 22 253 | 02/03/18 | 00
160 | 11/02/18 | 14 207 | 27/02/18 | 23 254 | 02/03/18 | 05
161 | 11/02/18 | 15 208 | 28/02/18 | 00 255 | 02/03/18 | 06
162 | 11/02/18 | 16 209 | 28/02/18 | 01 256 | 02/03/18 | 07
163 | 11/02/18 | 17 210 | 28/02/18 | 02 257 | 02/03/18 | 08
164 | 11/02/18 | 18 211 | 28/02/18 | 03 258 | 02/03/18 | 09
165 | 13/02/18 | 07 212 | 28/02/18 | 04 259 | 02/03/18 | 10
166 | 13/02/18 | 08 213 | 28/02/18 | 05 260 | 02/03/18 | 11
167 | 13/02/18 | 09 214 | 28/02/18 | 06 261 | 02/03/18 | 12
168 | 17/02/18 | 10 215 | 28/02/18 | 07 262 | 02/03/18 | 13
169 | 17/02/18 | 11 216 | 28/02/18 | 08 263 | 02/03/18 | 14
170 | 20/02/18 | 18 217 | 28/02/18 | 09 264 | 02/03/18 | 15
171 | 20/02/18 | 19 218 | 28/02/18 | 10 265 | 02/03/18 | 16
172 | 20/02/18 | 20 219 | 28/02/18 | 11 266 | 02/03/18 | 17
173 | 25/02/18 | 18 220 | 28/02/18 | 12 267 | 02/03/18 | 18
174 | 25/02/18 | 19 221 | 28/02/18 | 13 268 | 02/03/18 | 19
175 | 25/02/18 | 20 222 | 28/02/18 | 14 269 | 02/03/18 | 20
176 | 25/02/18 | 21 223 | 28/02/18 | 15 270 | 02/03/18 | 21
177 | 26/02/18 | 06 224 | 28/02/18 | 16 271 | 02/03/18 | 22
178 | 26/02/18 | 07 225 | 28/02/18 | 17 272 | 03/03/18 | 08
179 | 26/02/18 | 08 226 | 28/02/18 | 18 273 | 03/03/18 | 09
180 | 26/02/18 | 09 227 | 28/02/18 | 19 274 | 03/03/18 | 10
181 | 26/02/18 | 10 228 | 28/02/18 | 20 275 | 03/03/18 | 11
182 | 26/02/18 | 11 229 | 28/02/18 | 21 276 | 03/03/18 | 12
183 | 26/02/18 | 12 230 | 28/02/18 | 22 277 | 03/03/18 | 13
184 | 26/02/18 | 17 231 | 28/02/18 | 23 278 03/03/18 | 14
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il;ll(()llg( Date Hour :Zgi Date Hour 11;11(()12:( Date Hour
279 | 03/03/18 | 15 316 | 07/03/18 | 17 353 | 15/12/18 | 13
280 | 03/03/18 | 16 317 | 07/03/18 | 18 354 | 15/12/18 | 14
281 | 03/03/18 | 17 318 | 16/03/18 | 07 355 | 15/12/18 | 15
282 | 03/03/18 | 18 319 | 16/03/18 | 08 356 | 15/12/18 | 16
283 | 03/03/18 | 19 320 | 16/03/18 | 09 357 | 15/12/18 | 17
284 | 03/03/18 | 20 321 16/03/18 | 20 358 | 15/12/18 | 18
285 | 03/03/18 | 21 322 | 17/03/18 | 09 359 | 15/12/18 | 19
286 | 04/03/18 | 09 323 | 17/03/18 | 10 360 | 17/12/18 | 16
287 | 04/03/18 | 10 324 | 17/03/18 | 19 361 17/12/18 | 17
288 | 04/03/18 | 11 325 | 18/03/18 | 08 362 | 18/12/18 | 15
289 | 04/03/18 | 16 326 | 18/03/18 | 09 363 | 18/12/18 | 16
290 | 04/03/18 | 17 327 | 18/03/18 | 10 364 | 18/12/18 | 17
291 | 04/03/18 | 19 328 | 18/03/18 | 11 365 | 18/12/18 | 19
292 | 04/03/18 | 20 329 | 19/03/18 | 09 366 | 21/12/18 | 17
293 | 05/03/18 | 10 330 | 26/11/18 | 17 367 | 22/12/18 | 17
294 | 05/03/18 | 11 331 | 26/11/18 | 19 368 | 23/12/18 | 11
295 | 05/03/18 | 16 332 | 27/11/18 | 07 369 | 23/12/18 | 12
296 | 05/03/18 | 17 333 | 27/11/18 | 16 370 | 23/12/18 | 13
297 | 05/03/18 | 18 334 | 27/11/18 | 17 371 | 23/12/18 | 14
298 | 05/03/18 | 19 335 | 27/11/18 | 19 372 | 23/12/18 | 15
299 | 05/03/18 | 20 336 | 27/11/18 | 20 373 | 23/12/18 | 16
300 | 05/03/18 | 21 337 | 28/11/18 | 07 374 | 23/12/18 | 17
301 | 06/03/18 | 07 338 | 28/11/18 | 16 375 | 23/12/18 | 18
302 | 06/03/18 | 08 339 | 12/12/18 | 17 376 | 23/12/18 | 19
303 | 06/03/18 | 09 340 | 13/12/18 | 16 377 | 23/12/18 | 20
304 | 06/03/18 | 10 341 13/12/18 | 17 378 | 24/12/18 | 09
305 | 06/03/18 | 11 342 | 13/12/18 | 18 379 | 24/12/18 | 10
306 | 06/03/18 | 15 343 | 14/12/18 | 08 380 | 24/12/18 | 11
307 | 06/03/18 | 16 344 | 14/12/18 | 09 381 | 24/12/18 | 12
308 | 06/03/18 | 17 345 | 14/12/18 | 10 382 | 24/12/18 | 13
309 | 06/03/18 | 18 346 | 14/12/18 | 11 383 | 24/12/18 | 14
310 | 06/03/18 | 19 347 | 14/12/18 | 13 384 | 24/12/18 | 13
311 | 06/03/18 | 20 348 | 14/12/18 | 17 385 | 24/12/18 | 14
312 | 06/03/18 | 21 349 | 14/12/18 | 18 386 | 24/12/18 | 15
313 | 07/03/18 | 08 350 | 14/12/18 | 19 387 | 24/12/18 | 16
314 | 07/03/18 | 10 351 15/12/18

315 | 07/03/18 | 11 352 | 15/12/18
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Table D.1: Hour indexes with their corresponding date and hour in Figure 5.17

.H our Date Hour H our Date Hour H our Date Hour
index index index
0 04/01/18 | 17 47 12/01/18 | 18 94 03/02/18 | 18
1 07/01/18 | 10 48 12/01/18 | 19 95 03/02/18 | 19
2 07/01/18 | 11 49 13/01/18 | 12 96 03/02/18 | 20
3 07/01/18 | 12 50 13/01/18 | 17 97 04/02/18 | 09
4 07/01/18 | 13 51 13/01/18 | 19 98 04/02/18 | 10
5 07/01/18 | 14 52 14/01/18 | 15 99 04/02/18 | 11
6 07/01/18 | 15 53 14/01/18 | 16 100 | 04/02/18 | 12
7 07/01/18 | 16 54 14/01/18 | 17 101 | 04/02/18 | 13
8 07/01/18 | 17 55 14/01/18 | 18 102 | 04/02/18 | 14
9 07/01/18 | 18 56 15/01/18 | 16 103 | 04/02/18 | 15
10 07/01/18 | 19 57 15/01/18 | 17 104 | 04/02/18 | 16
11 07/01/18 | 20 58 16/01/18 | 17 105 | 04/02/18 | 17
12 08/01/18 | 17 59 16/01/18 | 20 106 | 04/02/18 | 18
13 08/01/18 | 19 60 18/01/18 | 08 107 | 04/02/18 | 19
14 08/01/18 | 21 61 18/01/18 | 10 108 | 04/02/18 | 20
15 09/01/18 | 07 62 18/01/18 | 11 109 | 04/02/18 | 21
16 09/01/18 | 08 63 18/01/18 | 16 110 | 04/02/18 | 22
17 09/01/18 | 09 64 18/01/18 | 17 111 | 05/02/18 | 06
18 09/01/18 | 10 65 18/01/18 | 18 112 | 05/02/18 | 07
19 09/01/18 | 15 66 19/01/18 | 16 113 | 05/02/18 | 08
20 09/01/18 | 16 67 19/01/18 | 17 114 | 05/02/18 | 09
21 09/01/18 | 17 68 19/01/18 | 18 115 | 05/02/18 | 10
22 09/01/18 | 18 69 20/01/18 | 16 116 | 05/02/18 | 11
23 09/01/18 | 19 70 20/01/18 | 17 117 | 05/02/18 | 12
24 09/01/18 | 20 71 21/01/18 | 14 118 | 05/02/18 | 13
25 09/01/18 | 21 72 21/01/18 | 17 119 | 05/02/18 | 14
26 09/01/18 | 22 73 21/01/18 | 18 120 | 05/02/18 | 15
27 10/01/18 | 07 74 22/01/18 | 11 121 | 05/02/18 | 16
28 10/01/18 | 08 75 22/01/18 | 16 122 | 05/02/18 | 17
29 10/01/18 | 09 76 22/01/18 | 17 123 | 05/02/18 | 18
30 10/01/18 | 10 77 22/01/18 | 18 124 | 05/02/18 | 19
31 10/01/18 | 11 78 22/01/18 | 19 125 | 05/02/18 | 20
32 10/01/18 | 12 79 22/01/18 | 20 126 | 05/02/18 | 21
33 10/01/18 | 13 80 22/01/18 | 21 127 | 05/02/18 | 22
34 10/01/18 | 15 81 26/01/18 | 18 128 | 06/02/18 | 07
35 10/01/18 | 16 82 02/02/18 | 17 129 | 06/02/18 | 08
36 10/01/18 | 17 83 02/02/18 | 18 130 | 06/02/18 | 09
37 10/01/18 | 18 84 02/02/18 | 19 131 | 06/02/18 | 10
38 10/01/18 | 19 85 02/02/18 | 20 132 | 06/02/18 | 11
39 10/01/18 | 20 86 02/02/18 | 21 133 | 06/02/18 | 15
40 11/01/18 | 08 87 03/02/18 | 09 134 | 06/02/18 | 16
41 11/01/18 | 15 88 03/02/18 | 10 135 | 06/02/18 | 17
42 11/01/18 | 16 89 03/02/18 | 11 136 | 06/02/18 | 18
43 11/01/18 | 17 90 03/02/18 | 12 137 | 06/02/18 | 19
44 11/01/18 | 18 91 03/02/18 | 13 138 | 06/02/18 | 20
45 12/01/18 | 16 92 03/02/18 | 16 139 | 06/02/18 | 21
46 12/01/18 | 17 93 03/02/18 | 17 140 | 07/02/18 | 07
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;32; Date Hour EZ:{ Date Hour :132; Date Hour
141 | 07/02/18 | 08 188 | 26/02/18 | 21 235 | 01/03/18 | 05
142 | 07/02/18 | 09 189 | 26/02/18 | 22 236 | 01/03/18 | 06
143 | 07/02/18 | 11 190 | 27/02/18 | 06 237 | 01/03/18 | 07
144 | 07/02/18 | 12 191 | 27/02/18 | 07 238 | 01/03/18 | 08
145 | 07/02/18 | 16 192 | 27/02/18 | 08 239 | 01/03/18 | 09
146 | 07/02/18 | 17 193 | 27/02/18 | 09 240 | 01/03/18 | 10
147 | 07/02/18 | 18 194 | 27/02/18 | 10 241 | 01/03/18 | 11
148 | 07/02/18 | 19 195 | 27/02/18 | 11 242 | 01/03/18 | 12
149 | 08/02/18 | 07 196 | 27/02/18 | 12 243 | 01/03/18 | 13
150 | 08/02/18 | 08 197 | 27/02/18 | 13 244 | 01/03/18 | 14
151 | 08/02/18 | 09 198 | 27/02/18 | 14 245 | 01/03/18 | 15
152 | 08/02/18 | 10 199 | 27/02/18 | 15 246 | 01/03/18 | 16
153 | 08/02/18 | 11 200 | 27/02/18 | 16 247 | 01/03/18 | 17
154 | 08/02/18 | 17 201 | 27/02/18 | 17 248 | 01/03/18 | 18
155 | 08/02/18 | 18 202 | 27/02/18 | 18 249 | 01/03/18 | 19
156 | 08/02/18 | 20 203 | 27/02/18 | 19 250 | 01/03/18 | 20
157 | 08/02/18 | 21 204 | 27/02/18 | 20 251 | 01/03/18 | 21
158 | 09/02/18 | 17 205 | 27/02/18 | 21 252 | 01/03/18 | 22
159 | 11/02/18 | 12 206 | 27/02/18 | 22 253 | 01/03/18 | 23
160 | 11/02/18 | 14 207 | 27/02/18 | 23 254 | 02/03/18 | 00
161 | 11/02/18 | 15 208 | 28/02/18 | 00 255 | 02/03/18 | 05
162 | 11/02/18 | 16 209 | 28/02/18 | 01 256 | 02/03/18 | 06
163 | 11/02/18 | 17 210 | 28/02/18 | 02 257 | 02/03/18 | 07
164 | 11/02/18 | 18 211 | 28/02/18 | 03 258 | 02/03/18 | 08
165 | 13/02/18 | 07 212 | 28/02/18 | 04 259 | 02/03/18 | 09
166 | 13/02/18 | 08 213 | 28/02/18 | 05 260 | 02/03/18 | 10
167 | 13/02/18 | 09 214 | 28/02/18 | 06 261 | 02/03/18 | 11
168 | 17/02/18 | 10 215 | 28/02/18 | 07 262 | 02/03/18 | 12
169 | 17/02/18 | 11 216 | 28/02/18 | 08 263 | 02/03/18 | 13
170 | 20/02/18 | 18 217 | 28/02/18 | 09 264 | 02/03/18 | 14
171 | 20/02/18 | 19 218 | 28/02/18 | 10 265 | 02/03/18 | 15
172 | 20/02/18 | 20 219 | 28/02/18 | 11 266 | 02/03/18 | 16
173 | 25/02/18 | 18 220 | 28/02/18 | 12 267 | 02/03/18 | 17
174 | 25/02/18 | 19 221 | 28/02/18 | 13 268 | 02/03/18 | 18
175 | 25/02/18 | 20 222 | 28/02/18 | 14 269 | 02/03/18 | 19
176 | 25/02/18 | 21 223 | 28/02/18 | 15 270 | 02/03/18 | 20
177 | 26/02/18 | 06 224 | 28/02/18 | 16 271 | 02/03/18 | 21
178 | 26/02/18 | 07 225 | 28/02/18 | 17 272 | 02/03/18 | 22
179 | 26/02/18 | 08 226 | 28/02/18 | 18 273 | 03/03/18 | 08
180 | 26/02/18 | 09 227 | 28/02/18 | 19 274 | 03/03/18 | 09
181 | 26/02/18 | 10 228 | 28/02/18 | 20 275 | 03/03/18 | 10
182 | 26/02/18 | 11 229 | 28/02/18 | 21 276 | 03/03/18 | 11
183 | 26/02/18 | 12 230 | 28/02/18 | 22 277 | 03/03/18 | 12
184 | 26/02/18 | 17 231 | 28/02/18 | 23 278 | 03/03/18 | 13
185 | 26/02/18 | 18 232 | 01/03/18 | 00 279 | 03/03/18 | 14
186 | 26/02/18 | 19 233 | 01/03/18 | 02 280 | 03/03/18 | 15
187 | 26/02/18 | 20 234 | 01/03/18 | 03 281 | 03/03/18 | 16
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il;ll(()llg( Date Hour :Zgi Date Hour 11;11(()12:( Date Hour
282 | 03/03/18 | 17 319 | 16/03/18 | 07 356 | 15/12/18 | 12
283 | 03/03/18 | 18 320 | 16/03/18 | 08 357 | 15/12/18 | 13
284 | 03/03/18 | 19 321 16/03/18 | 09 358 | 15/12/18 | 14
285 | 03/03/18 | 20 322 | 16/03/18 | 20 359 | 15/12/18 | 15
286 | 03/03/18 | 21 323 | 17/03/18 | 09 360 | 15/12/18 | 16
287 | 04/03/18 | 09 324 | 17/03/18 | 10 361 15/12/18 | 17
288 | 04/03/18 | 10 325 | 17/03/18 | 19 362 | 15/12/18 | 18
289 | 04/03/18 | 11 326 | 18/03/18 | 08 363 | 15/12/18 | 19
290 | 04/03/18 | 16 327 | 18/03/18 | 09 364 | 17/12/18 | 16
291 | 04/03/18 | 17 328 | 18/03/18 | 10 365 | 17/12/18 | 17
292 | 04/03/18 | 19 329 | 18/03/18 | 11 366 | 18/12/18 | 15
293 | 04/03/18 | 20 330 | 19/03/18 | 09 367 | 18/12/18 | 16
294 | 05/03/18 | 10 331 | 26/11/18 | 17 368 | 18/12/18 | 17
295 | 05/03/18 | 11 332 | 26/11/18 | 19 369 | 18/12/18 | 19
296 | 05/03/18 | 16 333 | 27/11/18 | 07 370 | 21/12/18 | 17
297 | 05/03/18 | 17 334 | 27/11/18 | 16 371 | 22/12/18 | 17
298 | 05/03/18 | 18 335 | 27/11/18 | 17 372 | 23/12/18 | 11
299 | 05/03/18 | 19 336 | 27/11/18 | 19 373 | 23/12/18 | 12
300 | 05/03/18 | 20 337 | 27/11/18 | 20 374 | 23/12/18 | 13
301 | 05/03/18 | 21 338 | 28/11/18 | 07 375 | 23/12/18 | 14
302 | 06/03/18 | 07 339 | 28/11/18 | 16 376 | 23/12/18 | 15
303 | 06/03/18 | 08 340 | 12/12/18 | 17 377 | 23/12/18 | 16
304 | 06/03/18 | 09 341 13/12/18 | 16 378 | 23/12/18 | 17
305 | 06/03/18 | 10 342 | 13/12/18 | 17 379 | 23/12/18 | 18
306 | 06/03/18 | 11 343 | 13/12/18 | 18 380 | 23/12/18 | 19
307 | 06/03/18 | 15 344 | 14/12/18 | 08 381 | 23/12/18 | 20
308 | 06/03/18 | 16 345 | 14/12/18 | 09 382 | 24/12/18 | 09
309 | 06/03/18 | 17 346 | 14/12/18 | 10 383 | 24/12/18 | 10
310 | 06/03/18 | 18 347 | 14/12/18 | 11 384 | 24/12/18 | 11
311 | 06/03/18 | 19 348 | 14/12/18 | 13 385 | 24/12/18 | 12
312 | 06/03/18 | 20 349 | 14/12/18 | 14 386 | 24/12/18 | 13
313 | 06/03/18 | 21 350 | 14/12/18 | 15 387 | 24/12/18 | 14
314 | 07/03/18 | 08 351 14/12/18 | 16 388 | 24/12/18 | 15
315 | 07/03/18 | 10 352 | 14/12/18 | 17 389 | 24/12/18 | 16
316 | 07/03/18 | 11 353 | 14/12/18 | 18 390 | 24/12/18 | 17
317 | 07/03/18 | 17 354 | 14/12/18 | 19 391 | 24/12/18 | 18
318 | 07/03/18 | 18 355 | 15/12/18 | 11 130 | 06/02/18 | 09




Appendix E

Hours sorted by month, day of
the week and hour of the day

E.1 Case A: Alternative 4
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Figure E.1: Case A: The hours when the FCS must provide reactive power sorted
by month in Alternative 4
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Figure E.2: Case A: The hours when the FCS must provide reactive power sorted
by day of the week in Alternative 4

40 1

30 1

20 1

10 1

Number of hours with reactive power provision

1234567 8 9101112131415161718192021222324
Hour

Figure E.3: Case A: The hours when the FCS must provide reactive power sorted
by month in Alternative 4



Chapter E: Hours sorted by month, day of the week and hour of the day

E.2 Case B: Alternative 4
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Figure E.4: Case B: The hours when the FCS must provide reactive power sorted
by month in Alternative 4
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Figure E.5: Case B: The hours when the FCS must provide reactive power sorted
by day of the week in Alternative 4
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Figure E.6: Case B: The hours when the FCS must provide reactive power sorted
by hour of the day in Alternative 4

E.3 Case C: Alternative 5

140

120 A

100 A

80

60 1

40 1

20 A

Number of hours with reactive power provision

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure E.7: Case C: The hours when the FCS must provide reactive power sorted
by month in Alternative 5



Chapter E: Hours sorted by month, day of the week and hour of the day
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Figure E.8: Case C: The hours when the FCS must provide reactive power sorted
by day of the week in Alternative 5
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Figure E.9: Case C: The hours when the FCS must provide reactive power sorted
by hour of the day in Alternative 5
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