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Abstract

The electricity grid, which enables the electricity transport of renewable energy from producers
to consumers, has a central role in the green shift. However, an aging grid combined with the
accelerating rate of electrification of the energy system is challenging the Norwegian distribution
system operators (DSOs), and the increase in load demand is driving the need for grid upgrades
and development. In addition to faster grid development, higher utilization of existing components
and infrastructure will be crucial to meet the increased demand and the transition towards a green
energy system.

The installation of Advanced metering system (AMS) infrastructure for all Norwegian electricity
consumers has given the grid operators large amounts of new available data. This can potentially
be used to improve the utilization of the existing grid, in order to reduce the costs of developing
the grid, both for the DSOs and the electricity customers. Hence, the main objective of this master
project has been to investigate how the smart meter load data can be used to provide better insight
into the available capacity and the potential for load increase in distribution grids.

A methodological approach for evaluation of the available capacity in distribution grids is proposed.
The methodological approach can be used to provide better insight into the room for connection
of new end users and increased load demand. The main focus of the approach is the remaining
capacity of the grid components, such as power lines and transformers, during normal operation
and during outage situations.

The methodological approach is utilized on a part of the distribution grid of the industrial park @ra
in Fredrikstad. The available capacity of the industrial distribution grid is evaluated for normal
operation and for outage situations. The analysis is based on network data and historical load
measurements for two radials, referred to as Radial A and Radial B, of the industrial distribution
grid. The radials are connected through a reserve branch, that can be used to supply the isolated
end user in case of outages in certain branches of the high-voltage part of the distribution grid.
The results show that, based on the load demand from the last three years, the ratings of the grid
components, in general, are sufficient to cover today’s load demand, both under normal operation
and in case of outages.

In the coming years, electrification of industrial processes and connection of new power-intensive
industries will possibly put pressure on the existing grid and challenge the DSO. In order to
investigate a system with improved utilization of the capacity of the existing grid components, the
historical aggregated load demand supplied by each distribution transformer in the grid is scaled
such that the peak demand is equal to the nameplate rating of the transformer. Further, the
available capacity in the grid is evaluated both under normal operation and for the most critical
outage scenarios. The results show that, under normal operation, the ratings of the power lines in
the two radials are still sufficient to cover the new demand after the load modifications. However,
during outage of the main branch of Radial A or the main branch Radial B, the line rating of the
remaining main branch is exceeded. An outage of the main branch of Radial B is most critical in
terms of the size and number of overload events in this future scenario.
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Sammendrag

Strgmnettet legger til rette for transport av elektrisk energi mellom produsenter og forbrukere, og
har derfor en sentral rolle i det grgnne skiftet. Kombinasjonen av et aldrende nett og den pagaende
elektrifiseringen av energisystemet utfordrer de norske nettselskapene. Det stadig gkende forbruket
fgrer med seg et stort behov for oppgradering og utvikling av strgmnettet. I tillegg til raskere
nettutvikling, vil det veere avgjgrende a utnytte eksisterende komponenter og infrastruktur pa en
bedre mate for a klare & handtere overgangen til et grgnnere energisystem.

Utrullingen av smarte strgmmalere, eller avanserte male- og styringssystemer (AMS), til alle
nettkunder i Norge har gitt nettselskapene tilgang til store mengder ny informasjon. Den nye in-
formasjonen kan potensielt bli brukt til a forbedre utnyttelsen av det eksisterende strgmnettet, og
pa denne maten redusere kostnadene knyttet til nettutvikling, bade for nettselskapene og kundene.
Pa bakgrunn av dette, har hovedmalet for denne masteroppgaven veert a undersgke hvordan tilgan-
gen pa lastdata kan benyttes for bedre innsikt i ledig kapasitet og potensiale for gkt forbruk i
distribusjonsnett.

En metode for vurdering av ledig kapasitet i distribusjonsnettet er beskrevet. Metoden kan benyttes
for & fa en bedre innsikt i muligheten for tilkobling av nye kunder og gkt forbruk. Metoden
fokuserer hovedsakelig pa ledig kapasitet i nettkomponenter, som kraftlinjer og transformatorer,
under normaldrift og i utfallssituasjoner.

Videre er metoden benyttet pa en del av distribusjonsnettet ved @ra Industripark i Fredrikstad.
Den ledige kapasiteten i nettet er vurdert under normaldrift og i forskjellige utfallssituasjoner.
Analysen er basert pa nettverksdata og historiske lastmalinger for to radialer i det industrielle
distribusjonsnettet, referert til som Radial A og Radial B. De to radialene er koblet sammen via
en reserveforbindelse som kan benyttes til & forsyne isolerte kunder i tilfelle utfall i enkelte deler
av det hgyspente distribusjonsnettet pa industriomradet. Basert pa lastdata fra de tre siste arene
viser resultatene at kapasiteten til nettkomponentene i all hovedsak er god nok til & dekke dagens
forbruk, bade under normaldrift og i utfallssituasjoner.

I de kommende arene vil sannsynligvis elektrifisering av industrielle prosesser og etablering av ny
kraftkrevende industri som legger press pa det eksisterende strgmnettet veere en stor utfordring for
nettselskapene. For a kunne undersgke et distribusjonsnett hvor eksisterende kapasitet er utnyttet
i stgrre grad er den historiske lasten som forsynes av hver distribusjonstransformator skalert slik
at topplasten for trearsperioden ble lik den installerte effekten til transformatoren. Deretter er
ledig kapasitet i nettet vurdert bade under normaldrift og i de mest kritiske utfallssituasjonene.
Resultatene viser at kapasiteten i nettet var tilstrekkelig for a dekke det nye forbruket under
normaldrift. Imidlertid fgrer utfall av hovedlinjen i Radial A eller hovedlinjen i Radial B, som
knytter sekundeerstasjonen sammen med resten av nettet i radialene, til overskredet kapasitet i
den gjenvaerende hovedlinjen. Videre viser resultatene at utfall pa hovedlinjen i Radial B vil veere
mest kritisk med tanke pa stgrrelsen pa og antall timer med overlast i dette fremtidsscenarioet.
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1 Introduction

1.1 Motivation

Norway has set ambitious goals to reduce the annual greenhouse gas emissions from their 1990
levels by 50-55% within 2030 [1]. Simultaneously as the world is working to limit the global
temperature rise to 1.5 °C, the demand for energy is increasing [2]. Electrification in combination
with progressively cleaner electricity production emerges is a crucial tool for achieving the climate
goals [3]. Hence, the electricity grid, which enables the electricity transport of renewable energy
from producers to consumers, has a central role in the green shift.

An aging grid combined with the accelerating rate of electrification of the energy system is challen-
ging the Norwegian distribution system operators (DSOs). For instance, electrification of industrial
processes of existing industries and establishment of new, power-intensive industries are putting
pressure on the existing distribution grid. By law the DSOs are obligated to offer connection and
deliver electricity to all customers within their supply area [4]. Hence, the increase in load demand
is driving the need for grid upgrades and development. The DSOs have expressed concern about
keeping up with the demand, and in 2021, the Norwegian government established a committee,
"The Electricity Grid Committee” (Norwegian: Strgmnettutvalget), that will evaluate the regu-
latory barriers to faster grid development [5]. In addition to faster grid development, improved
exploitation of existing components and infrastructure will be crucial to meet the increased demand
and the transition towards a green energy system [6] [7].

Traditionally, the DSOs have had limited information about the underlying characteristics of the
loads in distribution system beyond monthly or yearly consumption [6]. Therefore, the electric
distribution grids are in general dimensioned to handle the ”worst-case” scenario regarding ex-
pected peak load demand, and in a way that that minimizes the required operation intervention
[6]. A problem with the traditional ”fit and forget” approach is that it does not take into ac-
count the transformation of the energy system and may lead to over- or under dimensioning of the
components in the network.

The installation of Advanced Metering System (AMS) infrastructure for all Norwegian electricity
consumers has given the grid operators large amounts of new available data. AMS provides detailed
information on consumption, load and voltages, and allows the DSOs to plan and operate the grid
based on more accurate data [8]. This can potentially be used to improve the utilization of the
existing grid, in terms of reducing the costs of developing the grid, both for the DSOs and the
electricity customers.

The work of this project thesis is based on smart meter data from two radials in the industrial
distribution grid of @ra, which is a port and industrial area outside the old town of Fredrikstad in
the South-Eastern part of Norway. The industrial area has an assortment of different industries,
including recycling industries, food industries and LNG storage and distribution. Today, the
energy consumption of the @ra industries is partly covered by natural gas. In the coming years,
parts of the existing industrial processes will be electrified and new, power-intensive industries
will be established. Therefore, the electricity grid will need to handle an increased load demand.
According to Norgesnett, the network capacity, and especially the line ratings of the cables, is
considered as the limiting factor in the coming electrification process. Therefore, in order to
achieve a good utilization of the existing and future grid capacity, it is important to obtain a
better understanding of the load and supply situation in the industrial distribution grid.

1.2 Main objectives

The overall objective of this master project is to investigate how the smart meter load data can
be used to provide better insight into the available capacity and potential for load increase in
distribution grids.

In order to achieve this, three sub-objectives of the project are defined as following;:




e Propose a methodology for evaluation of available capacity in distribution grids.

e Based on the proposed methodology, evaluate the available capacity in the two radials of the
industrial grid of @ra under normal operation and in outage situations.

e Evaluate the potential for connection of new end-users and increased load demand in the two
radials of the industrial grid of @ra.

1.3 Scope

The analysis of the industrial distribution grid of @ra is based on historical load data from the last
three years. Since parts of the data set is considered as sensitive energy data, this is not attached
to the thesis. The presented network data is anonymized and simplified.

The system is assumed to be lossless and with unity power factor, i.e., only real power is considered.
Since the grid consists of relatively short power lines, this will probably not affect the overall results.

1.4 Relation to FME CINELDI

The work is related to FME CINELDI (Centre for Intelligent Electricity Distribution), led by
SINTEF Energy Research. The main goal of CINELDI is to enable a cost-efficient realisation of
the future flexible and robust electricity distribution grid.

In the pilot project Probabilistic planning methodology, CINELDI and the DSO Norgesnett are
working on how AMS data can be utilized to improve distribution grid planning methodologies.
This can lead to increased security of supply and up-time for customers, in addition to reduced
costs for the grid companies [9].

The analysis of load data presented in this thesis is based on a Python code developed by SINTEF
Energy Research. The code used as basis is open source and available through GitHub [10]. The
software performs loading, anonymization, preprocessing, modification and analysis of mass load-
and grid data. As a part of this master project, more functions regarding modification of the grid
and analysis and presentation of the load data are implemented to the code.

1.5 Relation to the Specialization Project

This master thesis is partially a continuation of the specialization project ”Load modelling and
characteristics in an industrial distribution network”, written during the autumn semester 2021 in
the course TET/520 - Electric Power Engineering and Energy Systems. A brief summary of the
project is provided in Appendix B. The analyzed part of the grid was the same as Radial A in this
master project.

Certain parts of the theory, background and data set description are relevant for both project
thesis. Therefore, some sections from the specialization are included in more or less modified
versions. This applies to the following sections:

e Chapter 2.2.1 (Modified with reformulations and new figure (Figure 6)

e Chapter 2.2.2 (Slightly modified)

e Chapter 3.1.1 (Slightly modified)

e Chapter 4.1 (Modified with new paragraph)

1.6 Work process and thesis structure

The thesis is structured as following:




Chapter 1 - Introduction: Provides a brief description of the background, scope and contributors
of the thesis.

Chapter 2 - Theory: Provides an overview of the essential theory and concepts of the Norwegian
power system and reliability analysis of distribution systems.

Chapter 3 - Methodology: Presents methodological approach for evaluation of available capacity
in distribution grids.

Chapter 4 - Data set: Presents relevant information about @ra industrial park, the distribution
network and the load data set used in the analysis part.

Chapter 5 - Results and discussion: Presents and discusses the results obtained by applying the
proposed methodological approaches for evaluation of available capacity in distribution grids on
the industrial grid of @ra.

Chapter 6 - Conclusion and future work: Gives a summary of the project work, main results and
remarks on the work conducted. Additionally, suggestions for future work are made.







2 Theory

2.1 The Norwegian power system
2.1.1 Power system structure

The electricity grid enables transport of power from producers to consumers, and consists of three
grid levels; the transmission grid, the regional grid and the distribution grid [4]. The transmission
grid, also known as the central grid, constitutes the ”highways” of the power system, and is
controlled by the designated transmission system operator (TSO) Statnett. This part of the grid
connects the power producing areas to the consuming areas in a nationwide system [11].

According to EU legislation, both the regional level and the distribution level are considered as
distribution grid [4]. This grid supplies the electricity consumers in the system and is operated
and maintained by local distribution grid operators (DSOs). The fixed costs of grid development
are high, and consequently it is not economically viable to build parallel grids in one area to
create a competitive market for distributing electricity. Therefore, the electricity grid is a natural
monopoly, and grid operations are not open to competition [12]. Today, the Norwegian distribution
and regional grid is operated by about 100 different DSOs.

Figure 1 shows the three grid levels of the Norwegian power system, where the distribution level
includes the grid with voltage levels up to 22 kV, the regional grid has voltage levels in the interval
33-132 kV and the transmission grid usually transmits power at 300 kV or 420 kV [4].

NV NV

Distribution Regional Transmission
<22 kV 33-132 kV (132), 300, 420 kV

>300 000 km [9 000 km 12 500 km

Mostly radial Mostly meshed Meshed

Figure 1: The three grid levels of the Norwegian power system [4].

The distribution level, which is the main focus of this thesis, can further be divided into two seg-
ments based on voltage level; the high voltage and low voltage distribution grid. The high voltage
segment usually carries voltages of 11 to 22 kV, and links the regional grid to local distribution
substations. Here, the voltage is lowered to the utilization level, that is used by lighting, house-
hold appliances and electronic devices. The final consumers are supplied through the low voltage
segment, usually at 230 or 400 V [4][11].

Figure 1 indicates that the grid structure can be categorized as either meshed or radial. The
distribution level consists often of radial grids, while the regional grid and the transmission grid are
in most cases meshed. In a radial grid all network components are placed in series. Consequently,
a consumer connected to any load point of a radial system requires all components between him-
or herself and the supply point to be operating [13]. Figure 2 shows an example of a grid with
radial structure. The grid has two main radials with five distribution substations in each radial,




represented by the squares.

Transformer
substation

Distribution
substations

Figure 2: Radial distribution system.

According to a document published by Norgesnett on distribution system design, the high-voltage
distribution system preferably should be designed as a meshed grid [14]. A meshed structure
provides several supply options for each end-user, and Norgesnett suggests two alternative designs;
the "ring grid” structure and the ”traversing connection” structure.

Figure 3 and Figure 4 show examples of the ring distribution system and the traversing connection
distribution system, respectively. For the ring distribution system all the consumers are supplied by
the same transformer substation, while for the traversing connection grid it is possible to supply the
consumers from different transformer substations. The radials are separated by breakers. Under
normal conditions the breakers are open, i.e. no currents are flowing through the breakers, and
hence the grids are operated as radial distribution grids. However, when a fault occurs in one of the
radials and the fault location is detected, the downstream consumers can be supplied through one
of the other radials. Accordingly, a meshed grid design provides improved flexibility and reduced
duration of the interruptions compared to the radial grid design.
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Figure 3: Ring distribution system, adapted from [14].
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Figure 4: Traversing connection distribution system, adapted from [14].

2.1.2 Regulations

A restructuring of the energy industry started in England and Wales in 1989, and in 1990 the
parliament of Norway followed with the Norwegian Energy Act (Norwegian: Energiloven) [15].
The Energy Act is based on the principle that electricity production and trading should be market-
based, and the introduction has played an important role in the development of the Norwegian
power system. As a result, the participant in the energy system needed to optimize their functions
from a socio-economic point of view [16].

In order to ensure socially efficient operation, utilization and development of the grid, the TSO
and DSOs in Norway are regulated by the Norwegian Energy Regulatory Authority (NVE-RME)
[17]. For instance, the companies are regulated through an incentive-based revenue cap to ensure
that they do not abuse their power as monopolists. The annual revenue caps are based partly on
the grid companies actual costs and partly on a cost norm. The cost norm is decided based on the
cost efficiency of the company. From 2023, the weight put on the cost norm used in calculation
of revenue cap is increased from 60% to 70% [18]. This will provide an incentive for the grid
companies to improve their efficiency.

The Energy Act states that the local grid companies are obligated to offer grid connection and
deliver electric energy to all customers within their own geographical areas [19]. Before connection
of a new customer or increased load from an existing costumer is allowed, the affected grid compan-
ies are evaluating whether the connection is operationally sound or not. The term operationally
sound is not clearly defined in the laws, but, in general, it means that the quality and reliability of
supply in other parts of the grid should be preserved. Given that the connection or load increase
is considered as not operationally sound, measures to enable the connection are evaluated by the
grid companies [20].

The grid companies are allowed to charge an investment contribution to cover the costs of con-
necting a new customer or for reinforcing the grid for an existing customer. The objective of the
investment contribution arrangement is to visualize and make the customers responsible for the
costs of the required grid upgrades. In this way, the costs are shared more equitably between the
customers that trigger the investment and the other customers of the grid company [21].

In case of a failure in the system, Costs of Energy Not Supplied (CENS, Norwegian: KILE) is a
measure of the value of the lost load for the customers. CENS was introduces in 2001 and takes into
account both forced outages and planned disconnections. The arrangement provides an incentive
for the grid companies to have a sufficient level of grid maintenance and investment in order to
minimize the power outages [18]. The specific costs are depending on the categorisation of the
affected customers and whether the interruption is notified or not. The CENS arrangement will
over time lead to a decreased revenue cap for those grid companies with more frequent and severe
interruptions than expected and an increased revenue cap for those with less frequent and severe
interruptions [22].




2.2 Load modelling in the distribution grid

Forecasting of loads is an essential part of distribution grid planning. The individual, and aggreg-
ated, loads will vary for different parts of the year and different hours of the day, and the grid will
have to handle all the different load demand combinations that occur during the year. Hence, in
order to classify the worst-case operating conditions, it is in the interest of the DSO to find the
peak loads of the system [6].

2.2.1 Load aggregation

Normally, when finding the peak load in a node with several underlying load points, it is not
sufficient to just sum the maximum load of each individual consumer. A forecasting model used
for prediction of future peak loads needs to take into consideration that not all customers reach
peak load at the same time. Therefore, the total peak load of the system will be either equal to
or less than the sum of all individual peak loads [23]. This is a result of load aggregation, and is
important to account for in power system planning in order to prevent over-dimensioning.

The effect of load aggregation is illustrated in Figure 5, where Py, Py and P5 are the load profiles
for three individual consumers over a time period T. The three loads are connected to the same
node, and the curve Py illustrates the aggregated load at this node throughout the time period.
Ps- reaches its peak at time t’, but only one of the individual consumers, P;, has its maximum
load at this point [24].
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Figure 5: Effect of load aggregation for three individual loads, adapted from [24].

A factor that can be used to describe load aggregation in a system is the coincidence factor, c.

The coincidence factor can be calculated from Equation 1. This factor describes the relationship

between the coincident peak demand Py of a group of customers within a specified period and the

sum of their maximum demands 3> 7, within the same period [25]. In the calculation of coincidence
=1

factor, n is the number of load points connected to the node.
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where:

o ¢ is the coincidence factor -]
e Ps s the coincident peak demand of the n consumers [W]
e P, is the individual peak demand of consumer i [W)]

Since the sum of the individual peaks is always equal to or larger than the coincident peak, the
coincidence factor will always be in the interval 0 to 1. A value of 1 means that all the individual
loads connected to the node have their peak at the same time [24]. Therefore, the coincidence
factor of a single load will always be equal to 1. In general, a lower coincidence factor is achieved
by increasing the number of loads connected to the specific node [23]. The coincidence factor level
will also be influenced by the nature of the customers, i.e., whether they form a heterogeneous
group or a homogeneous group of customers [26].

The concept of lower coincidence factor for a higher number of loads is illustrated in Figure 6 for n
normally distributed equal loads with the same individual peak demand of 10 MW. The parameter
Coo 18 set to 0.2 and 0.4 for the two examples, and represents the coincidence factor for a completely
aggregated system, i.e., the coincidence factor if all loads in the system have a demand equal to
their average demand.
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Figure 6: Peak load contribution per customer as a function of the number of customers, with the
corresponding coincidence factors shown on the right axis. Adapted from [25].

2.2.2 Load duration curves and utilization time

Load duration curves are often used to illustrate the load demand during a time period. Figure
7 shows an example of a typical load duration curve during a year, where the hourly demand
data is ordered in descending order of magnitude. The blue area represents the annual energy
consumption, and equals the area under the load curve.
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Figure 7: Example of load duration curve for one year.

The utilization time is marked in Figure 7 as T, and equals the width of the blue area. The
utilization time can be defined as the time it would take at constant peak load to reach the
consumer’s total annual energy consumption, and can be calculated from the following formula:

Wyear

T, =
Ppeak

(2)

where:

o T, is the utilization time [h]
® Wyear is the annual energy consumption [kWh]
o Pueur  is the annual peak load kW]

In distribution grid planning, the peak load will often be unknown. Thus, a common method to
estimate the annual peak load is to use standard values for utilization time for different consumer
categories. The peak can then be found from the following equation, based on Equation 2 [6]:

W ear
Preak = 2 3)
u

The actual value for utilization time is usually unknown. Therefore, the parameter has to be es-
timated for different consumer categories. An example of standard utilization times are shown in
Table 1. These values are calculated for a region in the eastern part of Norway during a dimen-
sioning (cold) year, and show that the utilization time will be higher for a group of consumers than
for one single consumer. This is a result of load aggregation, and was discussed more extensively
in the specialization project.
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Table 1: Example of utilization times for different consumer categories located in the eastern part
of Norway [24].

Consumer category Individual utilization | Aggregated utilization
time [h] time [h]

Households (detached houses) 3200 4200
Apartment building 2150 3900
Office buildings 3000 3700
School buildings 1600 2350
Retail stores 2900 3650
Health and social care 3000 3800
Hotels 3600 4300

2.3 Active distribution grid planning

Traditionally, the Norwegian distribution networks are designed to handle the worst-case scenario,
and in a way that requires a minimum of operation intervention in the future [6]. The worst-case
scenario is determined by the estimated peak loads, based on, for instance, the standard values for
utilization time, described in 2.2.2.

The electric power system is currently undergoing substantial changes. As a result, a problem with
the traditional ”fit and forget” approach is that it does not take into account the transformation of
the power system, and may lead to over dimensioning of components in the network and unneces-
sarily large costs related to grid reinforcement [6]. The power system is becoming more complex
due to the proliferation of distributed generation (DG) from variable renewable energy (VRE) and
more active end users. Further, electrification of transportation and industries is increasing the
load demand [27][28]. The accelerating uncertainty in generation and load are challenging the
DSOs [6].

At the same time, distribution grid planning is modernised due to more active operation and
flexibility provided by and the producers (flexible DG), the consumers (flexible loads) and those
that do both (prosumers) [29][28]. Development of advanced information and communication
technologies (ICT) provides the opportunity to coordinate the new resources and make the grid
more robust to operational disturbances. The introduction of smart meters offers huge amounts of
new data, which can be utilized to improve the load- and generation models used in distribution
grid planning [6]. Based on the new data, probabilistic methods for load and generation modelling
can be used to capture the stochastic behaviour of power systems [30].

As the industrial distribution grid of @ra is a more traditional network with one-way power flow and
passive loads, most of the elements from active distribution grid planning are out of the scope of this
project. However, this is important aspects of the future power system and should be accounted
for in decision processes in distribution grid planning. For instance, given that the approach for
evaluation of available capacity of this master project shows that the rating of a grid component is
exceeded for several hours during a year, active measures, such as battery energy storage systems
(BESS) or flexible loads, could be an alternative to traditional (“passive”) measures, such as grid
reinforcement [28].

2.4 Basic Reliability Concepts
2.4.1 Definitions

A reliable electricity supply is vital for a modern society. However, the relevant power system
reliability terminologies are defined in numerous different ways. The International Electrotechnical
Commision (IEC) defines power system reliability as the probability that an electric power system
can perform a required function under given conditions for a given time interval [31].
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It is common to describe power system reliability by considering two functional aspects of the power
system; system adequacy and system security [32]. The concept of system adequacy is in general
related to the presence of sufficient facilities within a power system to satisfy the consumer demand
[13]. These facilities include both those necessary to generate energy (generation adequacy) and
the transmission and distribution networks necessary to transport the energy (network adequacy)
[33]. Thus, the system adequacy is related to the static conditions of the power system. On the
other hand, the system security means the ability of the system to withstand sudden disturbances
such as short circuits or non-anticipated loss of system components. The classification is illustrated
in Figure 8.

Reliability

Adequacy Security

Generation Network
adequacy adequacy

Figure 8: Classification of power system reliability aspects.

An overview of alternative definitions of reliability and related terms are presented in [34]. The
article also presents a classification of threats to the power system reliability. Here, a threat is
defined as ”a potential cause of an accident, such as line outage, bus-bar break, or overload, which
may lead to a power system failure and possibly a loss of electric power for users”. The threats are
divided into four categories; natural threats, accidental threats, malicious threats and emerging
threats. An detailed description on each type of threat and their possible impact on the system is
also provided.

2.4.2 Functional Zones and Hierarchical Levels

Reliability assessments of the power system can be categorized based on what segment of the
system the assessment is addressing. The system is often divided into three main functional zones;
generation, transmission and distribution. Further, the hierarchical levels of the power system can
be formed as illustrated in Figure 9.
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Figure 9: Functional zones and hierarchical levels of a power system, adapted from [13].

Hierarchical level I (HLI) is related to the generation facilities only, and hierarchical level IT (HLII)
consists of both the generation facilities and the transmission facilities. This level composes the
so-called bulk power system, and reliability evaluation on this system is regularly performed. The
third level, hierarchical level III (HLIII), refers to the complete power system, including generation
transmission and distribution, and its ability to satisfy the energy demand of the consumers.
Complete HLIIT are not often performed due to the complexity of the problem. Instead reliability
evaluation of the distribution system is generally conducted independently. Another reason for
this, is that a failure in HLI or HLII would affect large parts of the power system, while a failure
located in the traditional distribution grid will have mostly local effects [13].

For this master thesis, the distribution grid, and hence HLIII, is the main focus. In the evaluation
of the industrial distribution grid of @ra in Chapter 5, the distribution network is investigated
independently.

2.5 N-1 reliability criterion

Although the power system is stochastic by nature, most of the traditionally used planning, design
and operational criteria are based on deterministic techniques.

A widely known principle for planning of network capacity is the N-1 reliability criterion. The
intention of the criterion is to ensure an acceptable level of reliability and security margin in the
system within a reasonable cost. There is no common definition of the N-1 criterion in literature.
However, in general, when the criterion is fulfilled, the loss of any single element in the power
system, such as a line or a transformer, should not prevent the supply of electric power [35]. The
criterion can also be extended to an N-m criterion, taking into account m simultaneous, or close
in time, system component outages [36].

In the evaluation of the industrial distribution grid of @ra in Chapter 5, the remaining capacity of
the grid components determines the power transfer limits. Hence, given that the load supplied by
a grid component, such as a power line or transformer, exceeds the rating of the component as a
result of an outage of another grid component, the N-1 criterion is not fulfilled.

Since the criterion takes no account of the probability and economical consequences of outages, the
traditional use of the N-1 criterion has been frequently questioned during the last years [37]. In
the GARPUR project, a risk-based approach to reliability management of the transmission grid,
which allows operation closer to the socio-economic optimum, was investigated [38]. [39] states that
a probabilistic approach is more appropriate to reflect the actual likelihood and consequences of
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failures and outages. In order to reduce the investments and improve the utilization of the current
power transport capacity, Aabg Powerconsulting proposes to replace the N-1 criterion with a N-0.9
criterion [40] [41]. In other words, with this solution, the N-1 criterion is fulfilled only 90% of the
time. This approach will increase the available capacity in the grid, and hence, facilitate to efficient
utilization of the grid.

2.6 Contingency analysis

A contingency can be defined as a hypothetical outage of specified power system equipment [42].
Contingency analysis is an important tool in assessment of power system adequacy and security.
The analysis is used for evaluation of ”what if” scenarios in relation to topological changes and
component failures, and been widely used in power system planning and security analysis for
decades. In evaluation of complex power systems, there is an extensive number of possible system
variations and outage scenarios. Therefore, a large number of contingencies must be considered and
analyzed to ensure secure operation during power system planning and operation. The workload
can be limited by carefully choose the contingency scenarios in order to cover a wider group of
possibilities [43].

2.7 Rating of power lines and transformers
2.7.1 Power lines

For power lines, the line rating is usually given by the ampacity, the maximum operating current of
the line. In general, there are three factors limiting the line rating; voltage, stability and thermal
limits. Typically, the line rating of long power lines is determined by voltage and stability limits,
while the rating of short lines are determined by the thermal limits [44].

Unlike the voltage and stability limits, that are defined mainly by reliability requirements, the
thermal limits are also based on safety concerns. If the thermal limit of a power line is exceeded,
the temperature in the line can be too high and lead to loss of tensile strength [45]. For overhead
lines, this can cause reduction in the ground clearance, and is, in addition to annealing, the major
concern of exceeding the thermal capacity. Thus, the thermal limits are often determined based
on ”"worst-case” scenarios regarding, for instance, temperature, solar heating and wind conditions.
This thermal rating, based on a conservative estimate of line capacity, is referred to as static line
rating[44)].

In the industrial grid of @ra, which will be analyzed in the case study in Chapter 5, most of the
power transport is performed with underground cables. Obviously, underground cables is in more
stable environment than overhead power lines, and hence, the factors determining the thermal
limits will be different. For instance, the thermal properties of the surrounding ground has major
impact . However, violation of the thermal limit of all types of power lines will over time lead to
short term breakdown or decreased lifetime [46].

Today, most of the Norwegian DSOs use tabulated ampacity values provided by the manufacturer
or the national standard NEN 62:75 composed in 1975 [47] [48]. Since there are large uncertainties
in the actual capacity of the cables, the capacities are typically determined based on conservative
estimates [48]. This could lead to overdimensioning of the distribution grids. To improve the
utilization of actual line capacity, the dynamic thermal line rating can be calculated based on real-
time operating conditions [44]. For instance, the Heimdall Neuron, developed by Heimdall power,
is a sensor that can be installed on power lines and measure critical information, e.g., power,
temperature and inclination of the line and the local weather conditions [49]. In [50], a framework
for day-ahead thermal state forecasting for distribution network components, such as distribution
transformers, underground cables and overhead lines, is proposed.
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2.7.2 Power transformers

The power transformer enables transmission and distribution of electric power at different voltage
levels, and is among the most important as well as one of the most expensive components in
an electrical power system. Any malfunction of this component will affect the reliability of the
entire system and possibly lead to large economical consequences for the DSO and the electricity
customers [51].

In general, the power rating of a transformer is defined by the nameplate rating. The operating
temperature inside a power transformer varies depending on the loading of the transformer, and
the nameplate rating is normally, as the line rating of power lines, based on ”worst-case” scenarios
regarding weather and surrounding conditions. The nameplate rating is known as the static trans-
former rating, as there is no time limit to the rating [52]. Overloading of the transformer could
lead to too high temperatures, and hence, unplanned outages or decreased lifetime [51]. In general,
large power transformers are more vulnerable to to loading beyond the nameplate rating, and the
consequences of a failure will be more severe for larger transformers [53].

Despite the fact that overloading normally will influence the efficiency and aging of power trans-
formers, occasional and short-time overloading is in many cases accepted by the DSO. As the
rating is defined by ”worst-case” conditions, and therefore conservative estimates of the loading
capability, it is possible, under the right circumstances, to overload the transformer with no con-
sequences. [52] states that in cold regions like Norway, there is a great potential for increasing
capacity usage of transformers. This could be a measure to improve the utilization of the existing
grid distribution grid and reduce the costs from grid upgrades.
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3 Methodology

In this chapter, a methodological approach for utilization of smart meter load data for improved
insight into the available capacity of a distribution grid is presented. The approach can be used
to provide more detailed information about the situation in the grid, and the consequences of new
grid connections and increased load demand. Based on this, the need for passive measures, e.g.,
grid reinforcements, or active measures, e.g., flexibility measures, can be decided [28].

The methodology is customized for a distribution system with the thermal rating of the power
lines as the limiting factor. As described in Chapter 2.7.1, this typically applies for systems with
shorter lines, e.g., an industrial distribution grid. However, the main aspects of the approach can
easily be transferred to grids with other limitations, such as voltage or stability limits. In this case,
the power transfer limits must be decided based on the new main limiting factors.

It should be pointed out that there is no universal, one-size-fits-all solution in distribution grid
planning [6]. For instance, the grids varies in terms of grid components, weather conditions, load
characteristics and use of distributed generation (DG). Therefore, every distribution grid should
be assessed individually.

The proposed methodological approach is presented in Figure 10. Later, the steps are presented
in more detail.

Data collection and
preprocessing

Identify limiting factors

Evaluate grid for the
given situation

Evaluate Violation of
overload events limits?

Evaluate remaining

Acceptable? )
capacity

Propose a new scenario

Assess the need for
active and passive
measures

Figure 10: Proposed methodology for evaluation of potential increase in load demand in distribu-
tion grids.
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3.1 Data collection and preprocessing

Step 1 in the methodology is to collect the relevant data needed for evaluation of the distribution
grid. This includes the network topology with the technical data specifications of the components
and the load data.

Considering the Python code used in the case study of this project, the preprocessing is also
included in the first step. The preprocessing could involve temperature correction of the load time
series and correction of daylight saving time measurements with misleading values.

3.1.1 Temperature correction of energy consumption

Temperature correction is performed to remove the fluctuations in the energy consumption due to
temperature variation between years. This adjustment makes it possible to compare consumption
across different years, and to see load demand trends over time when forecasting future load.

Equation 4 describes a method for temperature correction of metered load values, where the
consumption is divided into one temperature dependent part and one temperature independent
part [6].

H,COTT:Pi+Pi'k'x'(Tn_Ti) (4)

where:

® P, copr s the temperature corrected demand in hour ”1” [kWh/h]

o P is the measured demand in hour ”i” [kWh/h]

o L is the temperature dependent part of the energy use

ez is the temperature sensitivity of the temperature dependent part [(°C)~}]

o T, is the normal daily mean temperature for the specific day [(°C)]

o T; is the average temperature for the last three days [(°C)]

Here, the hourly energy consumption is adjusted against the normal temperature T, i.e., the
historical daily mean temperature for the specific day, for example for the last 30 years. T, the
3-days temperature, is the average temperature for the last three days. Because of the time delay
of temperature dependency, it is considered to be more correct to use the 3-days temperature as a
basis for the correction rather than the daily average [6].

The parameter k represents the temperature dependent part of the energy consumption, and will
always be in the interval 0 to 1. The parameter varies between different consumer categories, and
will typically be assumed to be lower for industries than for most other groups [54].

3.2 Identify the limits

The next step is to identify the main limiting factors for load increase in the distribution grid for
the situation that is evaluated. If the most critical parts of the grid can be determined based on
limiting factors, it is possible to reduce the number of scenarios that must be evaluated, and hence
reduce the workload of the coming grid evaluation process.

The limiting factors are expressed as power transfer limits, determined by the line ratings of the
power lines or the power ratings of the transformers in the grid. As described in Chapter 2.7.1, the
line ratings of long power lines is typically determined by stability and voltage limits. For systems
with shorter power lines, as the industrial distribution grid of @ra, the power transport limits are
often often decided by the thermal rating of the overhead lines, cables or transformers in the grid.
To improve the utilization of the actual capacity of the distribution grid, the dynamic line rating
can be determined based on real-time operating conditions or with the help of a forecasting model.
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In the load data time series used in this project, the demand is given as electric power in kWh /h.
Therefore, in order to evaluate if the lines are able to supply the demand of the load points, it
would be useful to convert the line ratings from ampacity to power rating. The ampacity, given
from the DSO in Ampere, represents the maximum operating line current. The phase voltage of
the lines are also known. Then, the power rating of the power lines can be calculated from the
following equation:

Pcap = \/g Vph . Imaz (5)

where:

o P, s the static line rating of power line [kW]
e V,,  is the phase voltage of power line [kV]
e I is the maximum operating current of power line (ampacity) [A]

For the transformers in the distribution grid, the power limit is defined by the name-plate rating.

As stated in Chapter 2.7.1 and 2.7.2, the rating of a power line or a transformer is normally
decided based on ”worst-case” conditions. Therefore, occasional short-time overloading could be
acceptable to provide better utilization of the actual power rating. This should be evaluated more
extensively for each single case.

3.3 Grid evaluation

Further, the situation of the distribution grid is evaluated based on the network data and the
historical load data. In the first iteration, the grid will be evaluated in normal operation. while
later in the process, different contingency and electrification scenarios can be analyzed. In this
chapter, an approach to determine the remaining capacity of the components of the distribution
grid is proposed.

The results of the analysis will disclose whether the limiting factors, e.g., the thermal rating of a
power line or transformer, are violated or not for the given situation. Given that the one or several
of the limiting factors are violated, the severity of the overload events should be evaluated more
extensively by the DSO. If the violations are unacceptable, for instance due to reduced lifetime of
components or reduced reliability in the grid, the DSO should consider the need for grid measures
to meet the load demand. This could imply both passive measures such as grid reinforcement and
active measures such as flexibility measures. On the other side, given that limiting factors are not
violated or that the violations are seen as acceptable, the next step will be to propose and evaluate
future scenarios, e.g., outages of grid components, connection of new loads or increased demand
from existing load points.

3.3.1 Time series plot

For a situation where the limiting factors are represented by ratings of the power lines or other
components in the network, the load that is seen from the component can easily be compared the
limiting power rating. The load can be represented by historical load time series or predicted by
a forecasting model. The aggregated load’s peak value and profile can be predicted based on the
load modelling concepts described in Chapter 2.2. As described in Chapter 3.2, the limitation can
be expressed as a constant rating or a dynamic rating, which varies over time, reflecting the actual
rating of the component.

An example where a modified load time series of a load point in the industrial distribution grid of
@ra is plotted against a selected rating of 100 kW over a three-year period is shown in Figure 11.
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Figure 11: The modified aggregated load time series supplied by a component in a distribution
grid and the selected power rating of the component.

As seen from the figure, in this hypothetical example, the rating of the component is exceeded
for several hours during the time period. The highest peak exceeds the rating by 30%. Violation
of the limiting factors could often be an indication of a need for grid reinforcements or improved
flexibility in the grid. However, as described earlier, in some cases, this can be acceptable for
the DSO, depending on the duration of the overload, weather conditions and other circumstances.
Therefore, for such cases, the potential overload events should be investigated in more detail.

3.3.2 Remaining capacity

As a continuation of the example from Figure 11, the remaining capacity (capacity margin) is the
difference between the rating of the component and the load time series over time. The remaining
capacity describes the available capacity in the analyzed component, and hence, the room for
additional electrification and load increase in the grid. The relationship between the capacity
of the components, the load supplied by the component and the resulting remaining capacity is
illustrated in Figure 12.
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Figure 12: Remaining capacity of grid components.

The remaining capacity of a component in the distribution grid can be calculated as following:

AP(t) = Piim(t) — P(t) (6)

where:

e AP(t) is the remaining capacity [kW]
e Pin(t) is the rating of the component kW]
o P(t) is the aggregated load supplied by the component kW]

The remaining capacity for the example introduced in Chapter 3.3.2 is plotted in Figure 13 for the
three-year period. As seen from the figure and Equation 6, the remaining capacity value is defined
as positive when the rating of the component is greater than the aggregated load supplied by the
grid component. Conversely, an overload event will result in a negative remaining capacity.
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Figure 13: The remaining capacity of a component in a distribution grid during a three-year period.

For the example in Figure 3.3.2, it can be seen that the overload events occur both during summer
and during winter. For a component that is placed outdoor, the actual thermal capacity often

depends on the outdoor temperature. Thus, the summer peaks could have a greater impact on the
component’s efficiency and lifetime.

3.3.3 Cumulative distribution

To complement the information, about the point in time an overload event occurs and how the
remaining capacity varies over time, provided by the load time series plot in Figure 11 and the
remaining capacity plot in Figure 13, the remaining capacity can be presented as a cumulative
distribution function. Similar to the measurements in the load duration curve in Chapter 2.2.2,
the remaining capacity values are sorted. However, here, the values are sorted in ascending order
and the remaining capacity is used as x-axis parameter. The cumulative distribution function

describes the probability that the (random) remaining capacity is smaller than or equal to z,
S(x) =P(X > x).

The corresponding cumulative distribution function to the example remaining capacity plot, in
Figure 13, is shown in Figure 14.

22



1001
90 A
801
704
60 1
501
40 A
304

Cumulative percent [%]

20
101

o o o o
o~ < ©o

—201
80
100 A

Remaining capacity [kWh/h]

Figure 14: The cumulative distribution function for the remaining capacity of a component in a
distribution grid during a three-year period.

The cumulative distribution function is suitable to illustrate how much of the time the excess
capacity is below a given value, and hence, the room for increasing the load of the consumers in
the grid. For instance, for the example in Figure 14, the excess capacity will be below 30% of
the component rating for around 10% of the time period. In Chapter 2.5, the N-0.9 criterion,
proposed by Aabg Powerconsulting, was described. Given that the example in Figure 14 shows
the cumulative distribution for an outage scenario, and the DSO accepts N-0.9 security for this
situation, the consumption can be increased by 30% of the component rating without violating the
criterion.

3.3.4 Overload events

Given that the limiting factors are violated for the given situation, the overload events should be
analyzed as a part of the grid evaluation step.

In this project, overloading means that the aggregated load supplied by a grid component is greater
than the power transfer limit determined in the second step of the methodological approach. In
the case study in Chapter 5, the ampacity of the power lines and the nameplate rating of the
transformers are used to determine the power transfer limits. As described in Chapter 2.7.1 and
2.7.2, the static ratings of lines and transformers are often based on conservative estimates of the
loading capability. Hence, in order to improve the utilization of the existing grid components,
overloading during shorter periods of time could be acceptable in some cases.

To investigate the frequency and magnitude of the overload events, the cumulative distribution
function can be utilized further. A zoom-in of the overloading part of the cumulative distribution
function in Figure 14 is shown in Figure 15. Figure 15a show the cumulative distribution of all
the overload events, while Figure 15b shows the distribution for the 20 overload events with the
greatest overloading in terms of magnitude.
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Figure 15: A zoom-in of the overload events of the cumulative distribution function for the re-
maining capacity of a component in a distribution grid during a three-year period.

From the zoom-in of the cumulative distribution, as shown in Figure 15, the frequency of overload
events with magnitude above a certain value can be found. For example, from Figure 15, it can be
seen that the rating of the component was exceeded by 15% or more about 0.1% of the three-year
period. For about 0.01% of the time, the rating was exceeded by more than 25%. This is seen from
Figure 15b. It can be seen that most of the overload event has a relatively small absolute value.

3.4 Future scenarios

As described in Chapter 3.3, if the grid evaluation step concludes with no violation of the limiting
factors or that the violations are acceptable, the next step is to point out future scenarios where the
distribution grid potentially is put under pressure. For this project, there will be two main types of
future scenarios that will be investigated; scenarios with outages of grid components and scenarios
with increased load demand. Such a scenario-based approach is suitable to capture uncertainties
in the long-term grid development [28].

An outage of a power line or a transformer could possible have fatal consequences for the power
supply in a distribution grid. Therefore, a contingency analysis should be included in grid planning
and evaluation processes. As described in Chapter 2.6, for complex distribution grids, there will be
an extensive number of possible outage scenarios. Thus, the workload can be reduced by pointing
out the parts of the distribution grid where an outage will be most critical. For less complex
grid, this process could reduce the number of outage scenarios to analyze to only some few. The
selection of the most critical parts will be based on both the technical data of the component, e.g.,
the power rating, and the aggregated load seen by the component.

To evaluate the room for connection of new load points or electrification of processes at the existing
load points, the consequences of increased load demand in the distribution system should be
investigated. Also here, it could be advantageous to evaluate the ”worst-case” scenario in terms
to capture numerous different scenarios with various degrees of severity, To reduce the costs of
the coming electrification, the DSO should strive to improve the utilization of the existing power
grid. Therefore, a relevant scenario for many distribution grid cases would be to evaluate the

consequences of increasing the load demand such that the capacity in existing grid components to
the full.
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4 Data set

4.1 Norgesnett and @ra Industripark

The load and network data used in this project was provided by Norgesnett, which is a Norwegian
DSO with about 100 000 customers. In addition to Fredrikstad, Norgesnett operates the distri-
bution grid in Rgyken (Asker), Enerbakk and Ski (Nordre Follo), Hvaler and Nesodden in eastern
Norway and Askgy in western Norway [55].

@ra industrial park is a port and industrial area outside the old town of Fredrikstad in the south-
eastern part of Norway. The area is bordered on Glomma, Norway’s longest river, and has, since
the early 1900s, been an important centre for industries and development [56]. Today, the area
is the home of an assortment of industry actors, including food industry, district heating and
LNG storage and distribution. Additionally, @ra houses recycling plants for for example batteries,
vehicle parts and waste.

4.2 Network data

As earlier mentioned, the network used in the analysis part is based on a part of the industrial
distribution network of @ra industrial park.

The considered part of the network consist of two radials. In this thesis, the radials are labeled as
Radial A and Radial B. The radials are connected through an breaker, so that they can work as
reserves for each other, in case of a outage or failure of a network component, e.g., a cable or a
transformer.

The nodes and loads in each of the radials are anonymized, and renumbered based on voltage level.
To illustrate the numbering system, an example radial, Radial R, is drawn in Figure 16.

R10001 R20001 R20002 R30001 R30001
. . High-voltage Low-voltage }—|> R40001
Regional grid distribution grid distribution grid
R40002
Secondary transformer Distribution transformer Load points

Figure 16: An example radial to illustrate the structure and numbering system for the distribution
grid of Ora.

In the example radial in Figure 16, the letter R of the labels indicates that these nodes are a part
of Radial R. Furthermore, the nodes are numbered based on voltage level so that all the nodes
starting with the same number represents the same voltage segment of the grid. Node R10001, is
connected to the regional grid and represents the high-voltage side of the secondary transformer.
The secondary transformer, placed between R10001 and R20001, works as the interface between
the regional grid and the high-voltage segment of the distribution grid. For the @Qra grid, the
high-voltage side has a base voltage of 47 kV, before the voltage is transformed down to 11 kV
at the low-voltage side. Hence, all the nodes in the radials labeled with ”2” as the first number,
will have the same base voltage of 11 kV. Further, the power is transmitted through high-voltage
cables, in this example network represented by the branch between R20001 and R20002, to the
distribution transformers. The distribution transformers transform the base voltage level from 11
kV to the utilization level of 230 V or 400 V, and separates the high-voltage distribution system
from the low-voltage distribution system. The nodes in the low-voltage distribution system are
labeled with ”3” as the first number. Since the low-voltage distribution system is not the main
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focus of the coming case study, the low-voltage side of the distribution transformer is considered
as only one node. The load points, or end-users, in the network is represented by arrows.

A simplified, anonymized model of Radial A is presented in Figure 17. The secondary transformer,
located between the nodes A10001 and A20001, is a part of the @ra secondary substation. Since
this is a network with radial structure, the secondary transformer and the main branch sees the
aggregated load from all the loads in the radial.

Radial A
A10001 ?g
A40002 A40003 A20001 A40007 - A40037 A40038 - A40040
A30002 A30005 A30006
A20003 A20006 A20007
L

A20004 A20002 A20005
A30007 A30001 % A30003 A30004

v

A40001  A40004 A40005 A40006

Figure 17: A simplified model of Radial A.

As can be seen in Figure 17, Radial A consists of 40 load points, represented by arrows. Most of
the loads, from Load A40007 up to Load A400037, are connected to the distribution transformer
placed between Node A20006 and Node A30005. It should also be noticed that the distribution
transformer placed between Node A20004 and Node A30007, is not connected to any loads. The
distribution transformer to the right in the figure, with A20007 as high-voltage side, is the only
that is not directly connected to the node A20002.

A simplified, anonymized model of Radial B is presented in Figure 17. The transformer between
B10001 and B20001, as well as the thickened blue line between Node B20001 and Node B20002,
sees the aggregated load from all loads in the grid. The numbering system is the same as for Radial

A.
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Radial B

B10001
B20001 B40005
B30005 B30004
B20002 B20006 B20007
B20003 B20004 B20005
B30001 B30002 B30003
B40001 B40002 B40003 B40004

Figure 18: A simplified model of Radial B.

As shown i Figure 18, Radial B consists of 5 load points. The distribution transformer placed
between B20005 and B30003 is the only that supplies more than one load. Currently, the trans-
former with low-voltage side represented by Node B30005 is not connected to any consumption.

The two radials are connected through a breaker, further referred to as the ”reserve branch”.
Figure 19 presents the simplified model of Radial A, Radial B and the connection between them.
The red line represents the reserve branch between Radial A and Radial B.

Radial A Radial B
A1000 B1000
A40002 A40003 A2000 g% A40007 - A40037 A40038 - A40040 B20001 g% B40005
A30002 A30005 A30006 B30005 B30004 g
A20003 A20006 A20007 B20002 B20006 B20007
——[] |

[ il |
A20004 A20002 A20005 B20003 B20004 B20005
A30007 A30001 @ A30003 A30004 B30001 B30002 @ B30003

A40001  A40004 A40005 A40006 B40001 B40002 B40003 B40004

Figure 19: A simplified model of Radial A and Radial B.

According to the description of distribution system structures in Chapter 2.1.1, this grid can be
characterized as meshed with a traversing connection structure. Under normal operation, the
breaker is open, and Radial A and Radial B are operated as two individual radial distribution
grid. However, when a fault occurs in one radial, the breaker can be closed to make it possible
to supply the affected consumers from the other radial. The number of consumers that can be
supplied depends on the fault location. The outage scenarios will be analyzed in detail in Chapter
5.2.

Further in the report, the term child-loads is used. This term refers to all the loads that contribute
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to the aggregated load for the node. Thus, to be considered as child-load of a node, the load is
not required to be directly connected to the load. Since the system is assumed to be lossless, the
contribution of the load B40001 will be the same in Node B30001 as in Node B10001. To exemplify,
in Radial B, Node B30003 has the loads B40003 and B40004 as child-loads. The nodes B10001,
B20001, B20002 have all the consumer loads in the system as child-load.

4.3 Load data

The data set contains measured hourly load data for two radials in the distribution network of @ra
for a period of 3 years, from 01.03.2019 to 28.02.2022. This equals a duration of 1095 days.

The temperature corrected aggregated load time series for Radial A is shown in Figure 20. The
load data is given in kWh/h.
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Figure 20: The temperature corrected aggregated load time series for Radial A.

It should be noted that not all the loads have measurements for the entire period. For Radial A,
the data set contains load data only from 01.10.2019 for the load A40003 and from 08.05.2020 for
A40037. Thus, the data set for Radial 1 has 214 days with 38 loads connected, 220 days with
39 loads connected and 661 days with all 40 loads connected. However, the added loads for this
radial are relatively small compared to the aggregated load of the radial, and it is hard to spot any
change in the load time series in Figure 20. To quantify the effect, before the addition of A40003,
the temperature corrected average load of the radial is calculated to 785.2 kWh/h. With the
addition of A40003, the average is increased with 1.03% to 808.9 kWh/h between 01.10.2019 and
08.05.2020. After A40037 is connected, the average is additionally increased with 0.26%, compared
to the period with 39 loads connected, to 810.99 kWh/h. The peak load for Radial A during the
three years after temperature correction is measured to 2022.1 kWh/h at 30.11.2021 at 10:00.

The characteristics of the Radial 1 network in terms of load aggregation and the behavior in peak
load situations was investigated in detail in the specialization project. One of the main results was
a strong correlation between A40001, the largest load in the system, and the aggregation of all
the loads in the Radial. In average, A40001 was responsible for 48.9 % of the radial’s temperature
corrected consumption during the three-years period.

The temperature corrected aggregated load time series for Radial B is shown in Figure 21. The
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load data is given in kWh/h.
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Figure 21: The temperature corrected aggregated load time series for Radial B.

For Radial B, the hourly data for the loads B40001 and B40002 starts at 07.09.2020. Therefore,
the data set consists of 556 days with only three connected loads, and 539 days with all five loads.
The effect of the added loads is clearly shown by the load lift around the date of addition in the
aggregated load time series for Radial 2 in Figure 21. Before the addition of the extra loads, the
temperature corrected average load of the radial is calculated to 969.8 kWh/h, while after the
addition, the average is calculated to 1307.1 kWh/h. This equals a increase of 34.78% between
the two periods. The peak load for Radial B during the three years after temperature correction
is measured to 2101.2 kWh/h at 10.02.2021 at 14:00.

Given an outage situation, it is possible that the power source of one of either Radial A or Radial
B will need to supply all the load points in the network. In this case, the power source and the
main branch of the radial will see the aggregated load from all the loads in the network. After the
addition of B40001 and B40002 at 07.09.2020, this includes all the 40 loads in Radial A and all the
5 loads in Radial B. The temperature corrected aggregated load time series for the whole network
is shown in Figure 22.
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Figure 22: The temperature corrected aggregated load time series for all the loads in the network.

The peak load for the whole network during the three years after temperature correction is meas-
ured to 3917.9 kWh/h at 10.02.2021 at 14:00. It should be noted that this is the same hour as the
peak load for Radial B occurred.

The aggregated load time series in Figure 20, Figure 21 and Figure 22 illustrate that the con-
sumption drops to lower values for some longer periods of time in the same periods each year.
Further investigation reveals that these periods correspond to Easter holiday, summer vacation
and Christmas. Since this is a distribution grid with mostly industrial consumers, it is natural
that the load is reduced during vacations and on national holidays.

4.3.1 Covid-19 impact

The outbreak of the Covid-19 pandemic at the beginning of 2020 was unprecedented and caused
new challenges for different parts of the society. Countries all over the world have undertaken
restrictive measures in order to tackle the pandemic and minimize the spread of the virus. The
situation with partial or full lockdown had significant impact in numerous industries, including
production, agriculture, transport and recycling [57] [58]. The resulting impact on total demand
and energy use patterns of the consumers, due to the drastic changes, put pressure on the energy
sector [59)].

In Norway, the first restrictive measures were introduced in March 2020. Therefore, the given time
series includes approximately one year of load data before the beginning of the pandemic and two
years of load data affected by more or less intrusive measures. To get an indication of the Covid-19
impact on this industrial distribution network, the average demand before the pandemic can be
compared to the demand after the introduction of the measures. To avoid the load increase due to
introduction of new load points during the time series, the demand of the loads A40003, A40037,
B40001 and B40002 is not included in the calculations.

The results show that the temperature corrected average demand is increased from 799.2 kWh/h to
804.2 kWh/h for Radial A and from 978.6 kWh/h to 1024.1 kWh/h for Radial 2. Thus, the results
contradict the obvious assumption that the lockdown and remote working would cause a drop in
the consumption. On the other hand, the total increase of energy consumption is in accordance
with the ongoing electrification. It should be noted that the examination is based on historical data
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from a relatively short time period, and there is a high degree of uncertainty around the results. It
seems difficult to isolate the Covid impact from this impact of the electrification process. Hence,
it is not clear to what extent the Covid-19 lockdown had an influence on the consumption of the
industrial customers in this part of @ra.

4.3.2 Temperature correction

To remove fluctuations due to temperature variation between years, the time series presented in
Figure 20 and Figure 21 are temperature corrected according to the method presented in Chapter
3.1.1 and the results from the specialization project. In the specialization project, the outdoor
temperature’s effect on the energy consumption of the loads in Radial 1 was investigated. The
temperature dependent part of the consumption was estimated to 9.1% for workweek days and
15.6% for weekend days. Based on a weighted average of these results, the temperature dependent
part of the consumption, represented by the parameter k, is set to 11.0%. It should be pointed
out, that this is a relatively low temperature dependency compared to other consumer groups,
and the specialization project concluded that other factors, like holiday seasons or weekends, was
found to be more determining for the energy consumption. Based on Tgnne’s Ph.D. thesis [6], the
temperature sensitivity z for the temperature dependent part of the consumption is set to 5%.

4.3.3 Daylight saving time correction

In Norway, daylight saving time is practiced so that darkness falls at a later clock time during the
summer half term. The clock is set forward by one hour on the last Sunday in March, and back
by one hour on the last Sunday in October. As a consequence, one day in the spring has only
23 hours, while one day in the fall has 25 hours. In the time series, this gives one missing hour
in March with zero consumption, and one hour in October with ”double” consumption, i.e., the
sum of the consumption from two subsequent hours. To adjust for these extreme values, a new
function was implemented to the preprocessing step. To correct for the missing hour, the average
of the measured consumption in the hour before and the hour after the missing hour is used. For
the hour in the fall with ”double value”, the average of the two underlying values are used.

4.4 Meteorological data

For temperature correction of the energy consumption, daily temperature data for the area is
needed. In Norway, meteorological data from different climate measuring stations is published by
the Norwegian Meteorological Institute monitor and can be downloaded from https://seklima.met.
no/. Stregmtangen Fyr in Fredrikstad is found to be the station closest to @ra industrial park.
Therefore, daily temperatures and normal temperatures for Strgmtangen Fyr is used to decide the
outdoor temperature used in the temperature correction procedure. The data set used contains
daily mean temperature data from 01.01.2000.

It should be pointed out that the downloaded data set was missing temperature data for three
of the days within the period; 08.09.2021, 09.09.2021 and 03.11.2021. In these cases the average
temperature of the day before and the day after the period with no temperature data was calculated
and used.
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5 Results and discussion

In this chapter, the results obtained by applying the proposed methodological approach for eval-
uation of remaining grid capacity, from Chapter 3, on the industrial distribution grid of @ra, will
be presented and discussed. The main focus of the analysis will be on the parts of the network
where the reserve branch can be utilized in case of a fault or outage.

5.1 Normal operation

According to Norgesnett, the network capacity, and especially the capacities of the cables in the
high-voltage distribution grid, is the limiting factor in the coming electrification process for this
distribution grid. In this part, the current situation of the two radials in the distribution grid
of @ra will be presented and discussed, based on the available grid data and load data from the
three-year period. The main focus will be on the remaining capacity of the cables and transformers
in peak load situations. Since this part is based on normal operation, without use of the reserve
branch, the radials are analyzed individually.

5.1.1 Radial A

A simplified model of the high-voltage distribution grid, including the distribution substations, of
Radial A is shown in Figure 23. The branches and the distribution transformers, represented by
squares, are labeled based on the connected nodes. For each transformer, the number of child-loads
is shown in the parenthesis.

Secondary substaion

A10001/A20001
>
S
A20003/ § A20006/ A20007/
A30002 > A30005 A30006
(2 loads) N (31 loads) (3 loads)
I
N
A20002-A20003 A20002-A20006 A20006-A20007
A20002-A20004 A20002-A20005
[
A20002/
A30001
A20004/ (1 load) ﬁggggg;
A30007
A30004
(O loads) (3 loads)

Figure 23: A simplified model of the high-voltage distribution grid of Radial A.

Figure 24 shows the peak load seen from each cable in Radial A during the three-year period.
The red line illustrates the corresponding line ratings. For one of the cables, A20002-A20003,
the line rating was unknown. Therefore, the lowest of the known rating values was used. Since
the historical demand covered by this branch is very low, this will probably not affect the overall
results.
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Figure 24: The aggregated peak load for each branch in the 11 kV grid of Radial A during the
three-year period and the corresponding line ratings.

As seen from the figure, all the branches have an abundance of remaining capacity during the
whole period. The remaining capacity for each branch in aggregated peak load situation is shown
in Table 2.

Table 2: Line rating, aggregated peak load and corresponding remaining capacity for the branches
in Radial A.

Line rating | Peak load | Remaining capacity
Branch kW] [kWh/h] [kWh/h]
A20001 - A20002 7621.0 2022.1 5598.9
A20002 - A20003 4572.6 90.9 4481.7
A20002 - A20004 4572.6 0.0 4572.6
A20002 - A20005 7621.0 354.9 7266.1
A20002 - A20006 8668.9 713.8 7955.1
A20006 - A20007 8859.4 268.8 8590.6

As shown in Figure 24 and Table 2, the main branch, which is connecting the secondary substation
to the rest of the radial, carries the highest load of the branches in Radial A, both in absolute
value and relative to the line rating. However, the margin between the aggregated load and the line
rating is never lower than 5598.9 kWh/h. All the branches had a remaining capacity greater than
4.4 MW throughout the whole three-year period. Hence, the cables in Radial A has no problems
to supply the required load under normal operation, based on the historical load data.

In addition to the branch capacities, the power rating of the transformers in the grid could also
be a limiting factor in the coming electrification process. The bar chart in Figure 25 shows the
temperature-corrected aggregated peak loads during the three years seen from the distribution
transformers in Radial A. The red line illustrates the corresponding power rating of each trans-
former.

34



Transformer power rating [kVA]
1600

1400

1200
984,2

1000
800

600 507,0

Peak load [kWh/h]

400 354,9

200 90,9 .
0,0
0 [

Figure 25: The aggregated peak load seen from each distribution transformer in Radial A during
the three-year period and the corresponding transformer power ratings.

It can be seen from Figure that, in general, the distribution transformers of Radial A have sufficient
capacity to cover today’s energy demand. The remaining capacity for each transformer under peak
load is calculated, and presented in Table 3.

Table 3: Power rating, aggregated peak load and corresponding remaining capacity for the distri-
bution transformers in Radial A.

Power rating | Peak load | Remaining capacity
Transformer [kVA] [kWh/h] [kWh/h]
A20002 / A300001 1600 984.2 615.8
A20003 / A30002 1600 90.9 1509.1
A20004 / A30007 1600 0.0 1600.0
A20005 / A30003 / A30004 500 354.9 145.1
A20006 / A30005 1000 713.8 286.2
A20007 - A30006 1000 268.8 731.2

The table shows that all the distribution transformers have sufficient capacity to cover the historical
load demand from the load points. Especially the transformers A20003/A30002 and A20004/A30007
have plenty of remaining capacity throughout the whole period, and provide an opportunity to in-
crease the consumption in Radial A without requiring costly transformer investments. Since there
is no load points connected to A20004/A30007, the peak load is measured to 0 kWh/h.

For the three-winding transformer A20005/A30003/A30004, the aggregated peak load and power
rating are presented only for the primary winding, connected to the high-voltage node A20005. Tt
can be seen that this winding has the narrowest margin in Radial A, both in absolute value and
relative to the rating. Here, The ratings of the secondary winding connected to A30003 and the
tertiary winding connected to A30004 are 300 and 200 kVA, respectively. As seen from the grid
model for Radial A in Figure 17, the secondary winding is connected to one load point (A40004)
and the tertiary winding is connected to two load points (A40005 and A40006), and investigation of
the load data shows that the tertiary winding node A30004 in general sees the highest aggregated
load. Based on the combination of the lowest power rating and the highest load, the temperature-
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corrected load time series is plotted against the power rating of the tertiary winding in Figure 26,
to check if the rating is exceeded.
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Figure 26: The aggregated load time series of the load points connected to the tertiary winding
node A30004 and the corresponding power rating.

As can be seen from Figure 26, the power rating of the tertiary winding is exceeded for a consider-
able amount of hours, especially at the beginning and the end of the three-year period. Possibly,
this could affect the lifetime of the transformer. The cumulative distribution of the capacity mar-
gin is drawn in Figure 27a. A negative value for the remaining capacity represents that the power
rating is exceeded. A zoomed in plot of the overload events is shown in Figure 27b, and the 20
overload events with the largest margin are shown in Figure 27c.
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Figure 27: The cumulative distribution of the remaining capacity for the tertiary winding node
A30004.

The curve in Figure 27a has a slow growth to the left in the figure. This indicates that the rating is
exceeded for relatively few hours during the three-year period, but in the hours where the capacity

is exceeded, the load is often considerably higher than the power rating. This interpretation is
confirmed by the load time series in Figure 26.

As shown in Figure 27b, the power rating of the distribution transformer is exceeded for 4.0% of
the time period. This equals 1057 hours. Figure 27c, which includes the margin for the 20 highest
load measurements, shows that the power rating is exceeded by more than 40%, i.e., more than 80
kWh/h, in only some few hours during the three-year period. The peak load is measured to 312.0
kWh/h, i.e., the power rating is at most exceeded by 56%.

37



In summary, under normal operation, the network of Radial A has in general few problems with
supplying the 40 load points. The analysis showed that all the branches in the radial had an
abundance of remaining capacity during all the hourly measurements in the three-year period.
Additionally, most of the transformers had sufficient margin between the power rating and the
peak demand that were covered during the period. The only component with exceeded capacity
is the tertiary winding of the distribution transformer A20005/A30003/A30004. Here, the need
for upgrades should be evaluated more extensively in relation to expected future demand from the
connected load points.

5.1.2 Radial B

A simplified model of the high-voltage distribution grid, including the distribution transformers,
of Radial A is shown in Figure 28. The squares represents the distribution transformers, and the
number of child-loads are written in the parenthesis.

Secondary substaion

B10001/B20001
N
B20003/ 38 B20006/ B20007/
B30001 .9 B30005 B30004
(1 load) @ (O loads) (1 load)
3
N
o | B20006-B20007
N
B20002-B20003 820002 §
(&)
B20002-B20004 B20002-B20005 |8
3
o
(o]
B20004/ B20005/
B30002 B30003
(1 load) (2 loads)

Figure 28: A simplified model of the high-voltage distribution grid of Radial B.

The temperature corrected aggregated peak loads seen from each of the cables in the radial during
the three-year period are shown in Figure 29. The line ratings are represented by the red line.

The transformers B20003/B30001 and B20003/B30002 are located in the same distribution sub-
station as the node B20002, and their line ratings are unknown. It is assumed that the connections
in the substation are not the limiting factor for the power flow in the network. Thus, the line
ratings of the branches B20002-B20003 and B20002-B20004 are set equal to the highest line rating
in the radial.
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Figure 29: The aggregated peak load for each branch in the 11 kV grid of Radial B during the
three-year period and the corresponding line ratings.

From Figure 29, it can be seen that all the branches in Radial B had an abundance of remaining
capacity in the whole three-year period. The calculated remaining capacity in the peak load
situations are presented in Table 4.

Table 4: Line rating, aggregated peak load and corresponding capacity margin for the branches in
Radial B.

Line rating | Peak load | Capacity margin
Branch kW] [kWh/h] [kWh/h]
B20001 - B20002 11431.5 2101.2 9330.3
B20002 - B20003 11431.5 482.0 10949.5
B20002 - B20004 11431.5 304.5 11126.5
B20002 - B20005 8668.9 1563.3 7105.6
B20005 - B20006 8668.9 1287.4 7381.5
B20006 - B20007 3238.9 1287.4 1951.5

As seen from Figure 29 and the corresponding capacity margins presented in Table 4, in general,
the line ratings of the branches are sufficient to cover the load demand from the end users i Radial
B under normal operation. 5 of the 6 branches in the radial had a capacity margin greater than
7.1 MWh/h throughout the whole three-year period. The branch B20006-B20007 has distinctly
the lowest rating in the radial, and the capacity margin would have been the lowest regardless of
the demand of the connected end user.

Figure 25 shows the aggregated peak load during the three-year seen from the distribution trans-
formers in Radial A. and the corresponding power ratings of the transformers represented by the
red line.
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Figure 30: The aggregated peak load seen from each distribution transformer in Radial B and the
corresponding transformer power ratings.

As seen from Figure 30, the power rating is not exceeded for any of the distribution transformers
in Radial B during the three-year period. The capacity margins for the transformers under peak
load are calculated, and presented in Table 5.

Table 5: Power rating, aggregated peak load and corresponding capacity margin for the distribution
transformers in Radial B.

Power rating | Peak load | Capacity margin
Transformer [KVA] [KWh/h] [KWh/h]
B20003 / B30001 1250 482.0 768.0
B20004 / B30002 1250 304.5 945.5
B20005 / B30003 1000 358.7 641.3
B20006 / B30005 1600 0 1600.0
B20007 / B30004 1600 1287.4 312.6

The transformer B20006/B30005 is not connected to any load point, and hence, this is the trans-
former with the most remaining capacity for future load increase. Additionally, the transformers
placed to the left in the figure, , B20003/B30001, B20004/B30002 and B20005/B30003, all have
relatively generous room for an increase in the demand from the connected load points. The dis-
tribution transformer labeled as B20007/B30004 sees the highest peak load and has the narrowest
margin between the peak load and the transformer rating for Radial B.

In summary, under normal operation, all the branches and distribution transformers in Radial B
have sufficient power rating to cover the load demand for all the hours during the three-year period.
The results shows that the dimensioning of the network provides a good opportunity to connect
new end users to the radial and increase the load for the existing end users.

5.2 Outage situation

In this part, the parts of the grid where potential outages are most critical will be pointed out,
and the consequences of failures in these parts will be evaluated in more detail.
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5.2.1 Possible outage situations

Although the given distribution network is categorized as a meshed grid, for most of the connections
and substations in the simplified model of the grid, the reserve branch will not be able to take over
the supply. An example is illustrated in Figure 31, where a failure has occurred on the branch
B20002-B20006. This results in the downstream loads points, highlighted in the red dotted box,
being isolated from the power source of Radial B. Since there is not possible to supply the load
points from Radial A neither, the end users in this part of the grid will not be supplied until the
failure is repaired.

Radial A Radial B
A10001 B10001 Isolated part
A40002 A40003 A20001 A40007 - A40037 A40038 - A40040 B20001 ' B40005 .
D— . — 1
A30002 A30006 E B30005 B30004 i
Failure, '
A20003 A20007 B20002 1 B20006 B20007 H

| —"TD§§ | |

: | | . :
A20004 A20002 A20005 B20003 B20004 : B20005 :
A30007 A30001 A30003 A30004 B30001 B300028 E B30003 E

A40001  A40004 A40005 A40006 B40001 B40002 E B40003 B40004 E

Figure 31: A simplified model of the distribution grid with a failure where the reserve branch can
not be used to supply the affected load points.

The situation in Figure 31 where the failure causes isolation of load points will apply for fault
situations located in most parts of the grid. This includes the low-voltage segment and all the
distribution substations of the distribution system. A failure will also result in isolated parts if
the failure is located in the high-voltage branches downstream of the faulted radial’s main node,
i.e., downstream of A20002 or B20002, seen from both the secondary substation transformers in
the system. To specify, this applies for all the 11 kV branches, except the main branch of each
radial and the branches A20002-A20006 and A20006-A20006 that is upstream of A20002 seen from
Radial B. In this simplified model, these parts of the grid, where a failure leads to isolated load
points, will not fulfill the N-1 criterion.

For this contingency analysis, the outages where the reserve branch between Radial A and Radial
B can be used as reserve, is the main focus. Therefore, in the following, these situations, where
the N-1 criterion is fulfilled with the help of the reserve branch, is investigated more extensively.

An example of a fault situation where the reserve branch is utilized is shown in Figure 32. Here,
the failure, located on the branch A20002-A20006, isolates the load points A40007-A40040 from
the power source of Radial A. After the breaker of the reserve branch is closed, the loads can
instead be supplied from Radial B via the reserve branch. In this example, the reserve branch
provides improved flexibility and will probably reduce the duration of the interruption, seen from
the perspective of the affected load points.
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Figure 32: A simplified model of the distribution grid where the isolated part is supplied via the
reserve branch.

All the relevant branches where the reserve branch can be used in case of an outage are highlighted
with thickened blue lines in the simplified network in Figure 33.
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Figure 33: A simplified model of Radial A and Radial B, where the branches that can be replaced
by the reserve branch are highlighted with thickened blue lines.

As illustrated in Figure 33, there are four branches in the 11 kV distribution grid where the reserve
branch can take over the supply in case of an outage. The four branches can be labeled based
on the connected nodes; A10001-A20001, A20002-A20006, A20006-A20007 and B20001-B20002.
As mentioned earlier, the main branch coming out from the secondary substation for each radial,
A10001-A20001 and B20001-B20002, will under normal operation see the aggregated load from
all the end users in Radial A and Radial B, respectively. The aggregated load time series for
the radials were shown in Figure 20 and 21 in Chapter 4.3. The two other branches in Radial
A highlighted in 33, only see the end users located downstream from the branches under normal
operation, i.e., A20002-A20006 sees the aggregated load from 31 end users (A40007-A40040), while
A20006-A20007 only sees the load from the three child-loads (A400038, A400039 and A40040). The
aggregated load that is seen from the fault location, is the load the reserve branch will need to
cover.

For the relevant branches, the severity of an outage can be categorized based on the aggregated
load from the end users the reserve branch will have to supply. This aggregated load equals the
extra load that must be covered by the secondary substation transformer of the non-faulted radial.
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For a failure in the main branch of one of the two radials, A20001-A20002 or B20001-B20002,
the secondary substation transformer in the faulted radial will not be able to supply any load
points. Subsequently, the reserve branch must cover the aggregated load from all the end users in
the faulted radial, while the remaining secondary substation transformer must supply all the load
points in both Radial A and Radial B. Therefore, an outage of this type will be the most critical
for the given system.

For an outage in one of two remaining relevant branches in Radial A, A20002-A20006 and A20006-
A20007, the secondary substation transformer of Radial A will still be able to supply some of the
end users in the radial. Hence, the aggregated load seen from the reserve branch and the Radial
B secondary substation transformer will decrease compared to the main branch outage scenario.
The number of load points from Radial A that must be covered given an outage in A20002-A20006
or A20006-A20007 is 34 and 3, respectively. Comparing with the main branch outage scenario,
where the branches will see 40 and 37 load points, respectively, it is obvious that these outages
put a smaller burden on the branches. As described in Chapter 4.3, based on the specialization
project results, the largest load in Radial A, A40001, was responsible for close to half the radial’s
consumption during the three-year period. As a result, there is a remarkable difference in the load
demand between the scenario where all load points in Radial 1 must be supplied via the reserve
branch and the scenarios where only some of the load points must be covered.

In summary, there are four relevant branches in the network where the reserve branch can be
utilized to supply the isolated load points in case of an outage; A20001-A20002, B20001-B20002,
A20002-A20006 and A20006-A20007. Given an outage in the main branch in one of the radials,
i.e., A20001-A20002 or B20001-B20002, all the load points in the faulted radial must be supplied
from the secondary substation transformer of the non-faulted radial, via the reserve branch. For
an outage in one of the two remaining relevant branches in Radial A, only the aggregated load of
the isolated load points is covered via the reserve branch. As a result, the supplied load demand
will be notably higher for an outage in one of the two main branches.

5.2.2 Limiting factors in outage situation

According to Norgesnett, the network capacity, is the limiting factor in the coming electrification
process. The main focus of this contingency analysis is the high-voltage part of the distribution
network and the outage situations where the reserve branch is utilized. Therefore, the load seen
from the distribution substations will not change compared to normal operation. Hence, the
capacity margins of the transformers are the same as for normal operation for all the relevant
outage scenarios.

As the load demand seen from the distribution transformers are not affected by outages of the
relevant branches, the line ratings of the cables will be considered as the limiting factor in the
contingency analysis. In the following, the line ratings of the relevant branches are presented and
briefly discussed.

As illustrated and described in Chapter 5.2.1, there are four relevant branches in the distribution
network that are particularly interesting to study in relation to possible outage situations where
the reserve branch can be utilized. The line ratings of the relevant branches and the reserve branch
are shown in Table 6. The line ratings are calculated according to Equation 5 and based on values
for maximum operating current given by Norgesnett. As described in Chapter 2.7.1, the line rating
of short power lines is typically determined by thermal limits.
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Table 6: Ampacity, voltage level and resulting line rating for the relevant branches and the reserve
branch.

Ampacity | Voltage | Line rating
Dranch A | v | [w)
A20001-A20002 400 11 7621.0
A20002-A20006 455 11 8668.9
A20006-A20007 465 11 8859.4
B20001-B20002 600 11 11421.5
A20007-B20002 (Reserve) 465 11 8859.4

It should already be noted that the calculated power transfer capacities, presented in Table 6, are
relatively high compared to today’s load demand in the network. As presented in Chapter 4.3,
the temperature corrected peak load for Radial A and Radial B individually was both found to
be around 2 MWh/h, while the aggregated peak load for all the loads was close to 3.8 MWh/h.
Thus, the total load demand in the network is remarkable lower than the calculated capacities of
the relevant branches. Subsequently, as presented for normal operation in Chapter 5.1, the line
ratings of the cables will not limit the power distribution in outage situation with today’s load
demand.

Although the DSO probably does not experience capacity problems with the current load demand,
it is useful to analyze how the system handles failures and how the remaining capacity in the
network varies over time in relation to future electrification issues. As described in Chapter 2.6,
in large and complex power systems, it is an extensive number of contingencies that must be
considered, and it is often hard to cover all combinations in the planning stage. However, for this
distribution grid, the limited complexity of the network makes it possible to study the consequences
of the outage scenarios more exhaustively.

5.3 OQOutage scenarios

Based on the outage situations discussed in Chapter 5.2.1 and the power transfer limits presented
in Chapter 5.2.2, the outage scenarios of the analysis can be decided.

As described in Chapter 5.2.1, an outage of a power line in the high-voltage distribution grid,
i.e., the 11 kV part of the network, will in most cases lead to isolation of load points. There are
four branches in the system where the reserve branch can be utilized to cover the demand from
the isolated parts. The four relevant branches, in cooperation with the reserve branch, compose
the connection between the secondary transformers of the two radials. Therefore, for an outage
situation where the reserve branch is used, there are only the power flowing in these branches that
will change compared to the normal operation situation covered in Chapter 5.1.

An outage of the main branch of Radial A or Radial B was found to be most severe in term of
the extra load that must be supplied via the reserve branch. Therefore, these two outage scenarios
are investigated in more detail. Table 7 gives an overview of the two scenarios and the child-loads
each of the affected branches must supply in the outage scenarios.
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Table 7: Outage branch and child-loads for each of the affected branches in Outage Scenario 1 and
2.

Outage scenario 1 2

Outage branch A20001-A20002 | B20001-B20002
A40001-A40040
A20001-A20002 - B40001-B40005

Child-loads (45)
A40007-A40040
(number of child loads) | A20002-A20006 A40001é?40006 B40001-B40005

(39)

A40038-A40040

A20006-A20007 A40001-A40037 B40001-B40005
(37) (8)

A40001-A40040

B20001-B20002 | B40001-B40005 -

(45)
A20007-B20002 A4ooo(i-£4oo4o B4000g])340005

5.3.1 Outage scenario 1

In Scenario 1, an outage occurs on the main branch (A20001-A20002) or secondary transformer
(A10001/A20001) of Radial A. As a result, all the 40 load points of Radial A must be supplied
from the secondary transformer of Radial B, via the Radial B main branch (B20001-B20002), the
reserve branch (A20007-B20002) and the two remaining relevant branches of Radial A (A20006-
A20007 and A20002-A20006). In addition, the secondary transformer and the main branch must
continue to supply the five load points of Radial B.

Scenario 1 is illustrated in the simplified distribution grid model in Figure 34.

Radial A Radial B
A10001 B10001
A40002 A40003 A20001 A40007 - A40037 A40038 - A40040 B20001 @_ B40005
Failure
A30002 E A30005 A30006 B30005 B30004
A20003 7 A20006 A20007 320002 B20006 B200(L
| —
— =

A20004 A20002 A20005 B20003 - B20004 B20005
A30007 A30001 A30003 A30004 B30001 % B30002 8 B30003 8

A40001 A40004 A40005 A40006 B40001 B40002 B40003 B40004

Figure 34: A simplified model of Scenario 1 where a failure occurs on the main branch of Radial A,
and all the load points int he network must be supplied from the secondary substation transformer
of Radial B.

In this situation, the main branch of Radial B is the power line that must carry the greatest load
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in the system. The total demand is the same as the aggregated load of the entire system shown
in Figure 22, with a peak load of 3917.9 kWh/h. However, as presented in Chapter 5.2.2, this
branch has a line rating of 11.4 MW, which is the highest of all the branches in the system. The
other relevant branches cover lower load demands, but also have lower line rating. Therefore, in
order to identify the limiting line rating for load increase in this situation, the remaining capacity
throughout the time period for each of the branches is drawn in Figure 35.
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Figure 35: The remaining capacity of the relevant branches in Scenario 1 during the three-year
period.

Figure 35 confirms that all the relevant branches have sufficient capacity to cover the load demand
in Scenario 1. For three of the branches, A20002-A20006, A20006-A20007 and B20001-B20002,
the remaining capacity is greater than 7 MWh/h for the entire three-year period.

The reserve branch, A20007-B20002, supplies all the load points in Radial A and has the smallest
margin of the branches, with a minimal remaining capacity of 6836.9 kWh/h. This margin occurs
in the peak load hour of Radial A. Since the reserve branch supplies a higher or the same number
of load points in Radial A compared to the branches A20002-A20006, A20006-A20007 and B20001-
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B20002, the line rating of the reserve branch will be the limiting factor for load increase in Radial
A for Scenario 1.

The cumulative distribution of the remaining capacity for the reserve branch during the three-
year period is drawn in Figure 36a. Figure 36b shows a zoom-in of the 25 hours with the lowest
remaining capacity.
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Figure 36: The cumulative distribution function for the remaining capacity of B20001-B20002 in
Scenario 1 during the three-year period.

The cumulative distribution function of the reserve branch has a slow growth for the lowest re-
maining capacity values. This indicates that the highest peaks only occurs for some few hours
during the three-year period. From the zoom-in in Figure 36a, it can be seen that the remaining
capacity is smaller than 7 MWh/h for only 24 hours during the period. This equals approximately
0.09% of the hours.

The remaining capacity plots in Figure 35 shows that B20001-B20002, the main branch of Radial
B, has the highest margin during peak load. The remaining capacity of the branch is never lower
than 7.5 MWh/h during the three-year period. However, this is the only one of the relevant
branches that supplies the load points of Radial B in Scenario 1. Hence, for a load increase in
Radial B, the remaining capacity of B20001-B20002 will decrease, while the remaining capacity
of A20002-A20006, A20006-A20007 and A20007-B20002 will be unchanged. Therefore, the line
rating of the main branch B20001-B20002 will be the limiting factor for increased demand from
the existing end-users or connection of new load points in Radial B in Scenario 1.

The cumulative distribution of the remaining capacity for the main branch of Radial B is shown i
Figure 37.
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Figure 37: The cumulative distribution function for the remaining capacity of the Radial B main
branch B20001-B20002 in Scenario 1 during the three-year period.

The cumulative distribution function illustrates the room for load increase in Radial B for Scenario
1. The smallest remaining capacity, which occurs in the peak load hour for the aggregated load of
all the end users in the network, is calculated to 7514.1 MWh/h. It can be seen that for around
90% of the time period, the remaining capacity of the branch is greater than 8.5 MWh/h

In summary, the line ratings of the branches in the network are sufficient to still supply all the
load points in case of an outage of the main branch of Radial A (A20001-A20002). Based on
the historical load data from the three-year period, the reserve branch (A20007-B20002) has the
smallest remaining capacity, with a minimum of 6.8 MWh/h. The line rating of this branch will be
the limiting factor for a load increase in Radial A. For a load increase in Radial B, the line rating
of the main branch of Radial B (B20001-B20002) will be the limiting factor.

5.3.2 Outage scenario 2

The second of the two most critical outage scenarios, Scenario 2, is a failure on the power source
or the main branch (B20001-B20002) of Radial B. In this situation, the secondary substation
transformer of Radial A will need to supply the five load points of Radial B, in addition to the 40
load points in Radial A that are already supplied by the transformer. Hence, the total load that
must be supplied is the aggregated load of all the load points in the two radials. This is the same
load as was supplied from the Radial B secondary substation transformer in Scenario 1.

Scenario 2 is illustrated in the simplified distribution grid model in Figure 38.
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Figure 38: A simplified model of Scenario 2 where a failure occurs on the main branch of Radial B,
and all the load points in the network must be supplied from the secondary substation transformer
of Radial A.

As seen from Figure 38, the load points of Radial B is supplied via the high-voltage branches
A20001-A20002, A20002-A20006 and A20006-A20007, as well as the reserve branch (A20007-
B20002). The line ratings of the branches were presented in Table 6 in Chapter 5.2.2. Based
on the combination of the highest supplied load demand and the lowest line rating, the main
branch (A20001-A20002) will be the limiting factor in this scenario, both for a load increase in
Radial A and load increase in Radial B.

As presented in Chapter 5.2.2, the main branch has a line rating of 7621.0 kW, and is under
normal operation already covering the aggregated load of the Radial A load points. In Scenario
2, the branch must supply all the 45 end users in the network. As stated earlier, the temperature
corrected peak load of the system is 3917.9 kWh/h. Thus, base on the historical load data, the
line rating of A20001-A20002 is sufficient to cover the load demand in Scenario 2.

The remaining capacity of the Radial A main branch A20001-A20002 for Scenario 2 during the
three-year period is shown in Figure 39.
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Figure 39: The excess capacity of the Radial A main branch A20001-A20002 during the three-year
period in Scenario 2.

Figure 39 illustrates the variation in the remaining capacity over time. Since the remaining capacity
is positive for the entire three-year period, Figure 39 confirms that the line rating of the branch
is high enough to handle the additional demand from the end users of Radial B. Therefore, the
N-1 reliability criterion is fulfilled for this scenario. However, the remaining capacity is clearly
decreased after of the connection of the two extra end users (B40001 and B40002) in Radial B at
08.09.2020. This is as expected, due to an increase of the aggregated load of Radial B.

The cumulative distribution of the remaining capacity of the Radial A main branch during the

three-year period is shown in Figure 40a. Figure 40b shows a zoom-in of the 100 hours with the
lowest remaining capacity.
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Figure 40: The cumulative distribution function for the remaining capacity of A20001-A20002 in
Scenario 2 during the three-year period.

It can be seen that for about 80% of the three-year period, the remaining capacity of the main
branch of Radial A in Scenario 2 was greater than 5 MWh/h. Despite the increase of the demand
from the extra end users in Radial B, the remaining capacity is never less than 3703.1 kWh/h.
As a result, based on the historical load data, a load point with constant demand of 3700 MW
could be added to the system, without violating the N-1 criterion related to outage of the branch
B20001-B20002 for this three-year period.

In summary, the line ratings of the branches in the network are sufficient to still supply all the
load points in case of an outage of the main branch of Radial B (A20001-A20002). In this scenario,
the line rating of the Radial A main branch A20001-A20002 will be the limiting factor, both for a
load increase in Radial A and a load increase in Radial B. The smallest remaining capacity of the
branch during the three-year period was calculated to 3.7 MWh/h.

5.4 Future scenario

As presented and discussed in Chapter 5.1, based on the consumption from the last three years,
the thermal capacity of this part of the @ra grid is not a problem today. However, electrification of
industrial processes and new power-intensive industries will possibly put pressure on the existing
grid and challenge the DSO in the coming years. Therefore, a scenario with increased load demand
in the industrial area is investigated in this part, both for normal operation and for the most
critical outage situations.

In Chapter 5.1, the power ratings of the distribution transformers was compared to the historical
load demand of the connected load points. The results showed that there was an abundance of
remaining capacity in most of the transformers during all the three years. Thus, in the coming
electrification process, a measure to limit the costs of grid investments is to improve the utilization
of the existing grid infrastructure. Therefore, in this part, the consequences of increased load
demand from the existing distribution transformers on the remaining capacity in other parts of
the grid is investigated.

To simulate an improved utilization of the capacity of the distribution transformers, the aggregated
load time series supplied by each distribution substations is scaled such that the peak load equals
the power rating of the transformer. With this approach, today’s load profiles of the individual
end users are retained.
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As an example of the load scaling, the aggregated load for the distribution substation A20003/A30002
is shown in Figure 41. The load seen from the transformer before the scaling is illustrated with
the blue curve, while the load after the scaling is represented by the red curve. The load is limited
by the orange line, the power rating of the transformer,
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Figure 41: Comparison of aggregated load time series for distribution transformer A20007/A30006
before and after scaling.

The power rating of the transformer in Figure 41 is constant equal to 1000 kVA, and the load is
the aggregation of the demand from the load points A40038, A40039 and A40040. As illustrated,
the peak load will still occur in the same hour, but the demand in this hour is increased from 268.8
kW to 1000 kW. Thus, all the load points supplied by the transformer under normal operation are
increased with a scaling factor equal to the ratio of the transformer power rating to the base peak
load, calculated to 3.72 for this example.

The power rating and aggregated peak load for all the distribution transformers in the network
are presented in Table 8. Based on these values, the scaling factors are calculated and presented
to the right in the table.

Table 8: Power rating of the distribution transformers and the aggregated peak load of the con-
nected load points for the distribution transformers.

Distribution transformer | Power rating | Base peak load | Scaling factor
A20002/A30001 1600 984.2 1.626
A20003/A30002 1600 90.9 17.602
A20004/A30007 1600 - -

A20005/A30003/A30004 500/300/200 354.9 1.409
A20006/A30005 1000 507.0 1.972
A20007/A30006 1000 268.8 3.720
B20003/B30001 1250 482.0 2.593
B20004,/B30002 1250 304.5 4.105
B20005/B30003 1000 358.7 2.788
B20006,/B30005 1600 - -
B20007/B30004 1600 1287.4 1.243

For the distribution substations with no connected loads, a new load point is introduced. This
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applies for one substation in each radial, A20004/A30007 and B20006/B20005. The new load
points will have a load profile equal to the aggregated load of the radial and peak load equal to
the distribution transformer’s power rating. Since the new loads will have their individual peaks
at the same time as the aggregated loads, the coincidence factors will be slightly increased. A
possible problem with this approach is that the load profiles of the new load points will enhance
the existing peaks. However, at the same time, this will move the future scenario towards a
”worst-case” scenario.

After the modification, Radial A has 41 end users and Radial B has 6 end users. The two new load
points are labeled A40041 and B40006. Figure 42 shows the simplified model of the network after
the connection of the two extra end users. The new end users are connected to the low-voltage
sides of the distribution transformers A20004/A30007 and B20006,/B30005.

Radial A Radial B
A10001 B10001 1~
A40002 A40003 A20001 @_ A40007 - A40037 A40038 - A40040 520001_8_ B40006 B40005
fpgp B LD
A30002 A30005 A30006 B30005 B30004 @
A20003 A20006 A20007 Bzoooz B20006 B20007
| 1l |
A20004 A20002 A20005 B20003 B20004 B20005
A30007$ A30001 @ A30003 A30004 moo@ B30002 8 B30003
A40041 A40001  A40004 A40005 A40006 B40001 B40002 B40003 B40004

Figure 42: A simplified model of Radial A and Radial B.

The effect of the load scaling and addition of the two new loads on the load aggregation of the
system, represented by the coincidence factor, is shown in Figure 43. Here, the coincidence factor
of the entire system, i.e., the coincidence factor based on all the load points in the two radials, is
calculated for each of the three years. For each year, the factor is calculated for three situations;
the base case with the temperature-corrected initial load data, after the load scaling according to
Table 8 and after both the load scaling and addition of the two new loads.
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Figure 43: Coincidence factors of the distribution grid for the three years for the base case, after
load increase and after both load increase and addition of two new loads.

As shown in the bar chart, after the load modifications, the coincidence factor is slightly decreased
for the first two years and slightly increased for the last year compared to the base case. In overall,
it seems like the aggregation between the load points in the network is well retained through the
modification of the load data.

5.4.1 Normal operation

First, the situation after the load modification for Radial A under normal operation is investigated.

Figure 44 shows the peak load seen from each cable in Radial A during the three-year period after
the modification of the load demand in the radial. The red line illustrates the corresponding line
ratings. As in Chapter 5.1, for the branch A20002-A20003 with unknown line rating, the lowest of
the known rating values was used.
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Figure 44: The aggregated peak load for each branch in the 11 kV grid of Radial A during the
three-year period after the load modification and the corresponding line ratings.

As a result of the increased load demand, the burden on the branches in the network is increased.
The remaining capacity for each branch in peak load situation is shown in Table 9.

Table 9: Line rating, aggregated peak load and corresponding remaining capacity for the branches
in Radial A after the load modification.

Line rating | Peak load | Remaining capacity
Branch (kW] [kWh/h] [kWh/h]
A20001 - A20002 7621.0 6768.3 852.7
A20002 - A20003 4572.6 1600.0 2972.6
A20002 - A20004 4572.6 1600.0 2972.6
A20002 - A20005 7621.0 500.0 7121.0
A20002 - A20006 8668.9 1814.1 6854.8
A20006 - A20007 8859.4 1000.0 7859.4

Figure 44 and Table 9 show that the branches in the radial still have an abundance of remaining
capacity during the three-year period. However, the margin of the main branch A20001-A20002
is decreased from 5598.9 kWh/h in the base case in Chapter 5.1 to 852.7 kWh/h after the load
modification. This indicates that the main branch is the limiting factor for a load increase in
Radial A.

The cumulative distribution of the remaining capacity of the branch is drawn in Figure 45a. Figure
45b shows a zoom-in of the 100 hours with the lowest remaining capacity.
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Figure 45: The cumulative distribution of the remaining capacity for the main branch of Radial A
under normal operation after the load modification.

The cumulative distribution function clearly has a slow growth for the hours with the lowest
remaining capacity, placed to the left in Figure 45a. The zoom-in of the 100 hours with the lowest
remaining capacity in Figure 45b shows a difference of more than 1 MWh/h between the lowest
value and the 100th lowest value. This indicates that the aggregated load of Radial A has several
hours with distinctly higher demand. One of the reasons for this could be the connection of the
new load point, A40041, with the peak demands in the same hours as the aggregated load of the
rest of the load points.

During the three-year period, the lowest remaining capacity of the branches in the radial is calcu-
lated to 852.7 kWh/h. This shows that the current grid of Radial A, with basis in the historical
load data, is able to handle this situation with increased load demand and improved utilization of
the power ratings of the existing distribution substations under normal operation.

In the following, the situation after the load modification for Radial B under normal operation is
investigated.

The temperature corrected aggregated peak loads supplied by each of the cables in the radial
during the three-year period after the load modification are shown in Figure 46. The line ratings
are represented by the red line. As in Chapter 5.1, it is assumed that the unknown ratings of the
branches B20002-B20003 and B20002-B20004 are not the limiting factor for the power flow in the
network. Thus, the line ratings are set equal to the highest of the known line ratings in the radial.
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Figure 46: The aggregated peak load for each branch in the 11 kV grid of Radial B during the
three-year period after the load modification and the corresponding line ratings.

From Figure 46, it can be seen that all the branches in Radial B still has an abundance of remaining
capacity during the entire three-year period. The calculated remaining capacity in the peak load
situations are presented in Table 10.

Table 10: Line rating, aggregated peak load and corresponding capacity margin for the branches
in Radial B.

Line rating | Peak load | Capacity margin
Branch kW] [kWh/h] [kWh/h]
B20001 - B20002 11431.5 6142.0 5289.5
B20002 - B20003 11431.5 1250.0 10181.5
B20002 - B20004 11431.5 1250.0 10181.5
B20002 - B20005 8668.9 3969.2 4699.7
B20005 - B20006 8668.9 3200.0 5468.9
B20006 - B20007 3238.9 1600.0 1638.9

Figure 46 and Table 10 show that the branches in the radial still have an abundance of remaining
capacity during the three-year period. The margin of the main branch B20001-B20002 is decreased
from 9330.3 kWh/h in the base case in Chapter 5.1 to 5298.5 kWh/h after the load modification.
The heavy change indicates that this branch will be the limiting factor for a load increase in Radial
B.

As a result of the high line rating of the branch, the remaining capacity is, in general, greater for
the Radial B main branch than the Radial A main branch under normal operation. However, it
could be valuable to investigate the remaining capacity of the branch in normal operation. The
cumulative distribution of the remaining capacity of the branch is drawn in Figure 47a. Figure
47b shows a zoom-in of the 100 hours with the lowest remaining capacity.
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Figure 47: The cumulative distribution of the remaining capacity for the main branch of Radial B
under normal operation after the load modification.

Figure 47 confirms an abundance of remaining capacity for the entire period. The steep slope
between 8000 and 9000 kWh /h indicates that the remain ing capacity is in this interval for around
60% of the three-year period. The difference between the lowest and 100th lowest remaining
capacity value is not as large as for the main branch of Radial A.

In summary, the line ratings of the main branches of the two radials are sufficient to cover the
new load demand after the modification under normal operation. The results indicated that the
line ratings of the main branches will be the limiting factors for load increase in the radials. The
remaining capacity was, in general, greater for the main branch of Radial B (B20001-B20002) than
the main branch of Radial A (A20001-A20002). However, the remaining capacity of both radials
are clearly reduced compared to the base case situation from Chapter 5.1.

5.4.2 Outage scenario 3

In the following, the consequences of an outage of the main branch of Radial A is investigated.
This situation is similar to Outage Scenario 1 from Chapter 5.2, but here, the load demand is
increased according to the description in Chapter 5.4.

The only differences from Scenario 1 in the overview in Table 7 is that all the relevant branches
must supply the new load point A40041 and the main branch of Radial B must additionally supply
the new load point B40006.

In order to identify the limiting line rating for load increase in this situation, the remaining capacity
throughout the time period for each of the branches is drawn in Figure 48.
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(d) B20001-B20002
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(c) A20007-B20002 (reserve branch)
substation of Radial B. Since the branches closer to the substation must supply the load demand

from more load points, this is expected.
for load increase in this outage scenario. The cumulative distribution function of the remaining

capacity of B20001-B20002 is drawn in Figure 49a. Figure 49b shows a zoom-in of the 10 hours

with the lowest remaining capacity.

Figure 48: The remaining capacity of the relevant branches in Scenario 1 during the three-year
The figure illustrates that the remaining capacity decreases for the branches closer to the secondary
Figure 48d shows that the line rating of the main branch of Radial B is exceeded for several hours
during the three-year period. This confirms the indications about this branch as the limiting factor

period after the load modification.
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Figure 49: The cumulative distribution of the remaining capacity for the main branch of Radial B
in Scenario 3.

Figure 49b confirms that the line rating of the branch is only exceeded for some few hours during
the three-year period. The highest overload is calculated to 338.0 kWh/h, i.e., 3% of the line
rating. In most cases, this risk should be accepted by the DSO.

In summary, three out of four relevant branches had positive remaining capacity throughout the
entire time period. However, the line rating of the main branch of Radial B, B20001-B20002, was
exceeded for 8 hours. In other words, the N-1 criterion is fulfilled for 99.97% of the period.

5.4.3 Outage scenario 4

In the following, the consequences of an outage of the main branch of Radial B is investigated.
This situation is similar to Outage Scenario 2 from Chapter 5.2, but here, the load demand is
increased according to the description in Chapter 5.4.

The only differences from Scenario 2 in the overview in Table 7 is that all the relevant branches

must supply the new load point B40006 and the main branch of Radial A must additionally supply
the new load point A40041.

As described in Chapter 5.2, in this situation, all the load points in the system must be supplied
by the secondary substation of Radial A, and the line rating of the Radial A main branch will be
the limiting factor. The total aggregated load is plotted against the line rating in Figure 50.
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Figure 50: The aggregated load of all Radial A and Radial B load points after the load modification

and the line rating of the main branch of Radial A (A20001-A20002).

The figure illustrates that after the load modification, this outage scenario would lead to overload
events for a considerable number of hours during the three-year period. Calculations give that the
aggregated load time series exceeds the capacity of the branch for 4907 hours, which equals 18.7
% of the time. Especially after the addition of the load points B40001 and B40002, the peaks of
the aggregated load are clearly above the capacity line.

The cumulative distribution function of the remaining capacity of A20001-A20002 is drawn in

Figure 51a. Figure 51b shows a zoom-in of the 4907 hours with exceeded capacity.
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Figure 51: The cumulative distribution of the remaining capacity for the main branch of Radial A

in Scenario 4.
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The line rating is clearly exceeded during large parts of the three-year period. In the peak hour
of the aggregated load of all the load points in the system, the line rating is exceeded by 4149
kWh/h. This is a overload of 54.4% of the line rating. This, in combination with that the line
rating is exceeded for 18.7% of the hours, would in most cases probably not be accepted by the
DSO. In this scenario, the need for measures should be evaluated.
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6 Conclusion and future work

6.1 Conclusion

The main objective of this master project is to investigate how smart meter load data can be
used to provide better insight into the available capacity of distribution grids and the potential for
increase of load demand.

A methodology for evaluation of available capacity in distribution grids is proposed. The method-
ological approach can be used to provide better insight into the room for connection of new end
users and increased load demand. The main focus of the approach is on the remaining capacity of
the grid components during normal operation and during outage situations.

The methodological approach is utilized on a part of the distribution grid of the industrial area
@ra in Fredrikstad. The available capacity of the grid is evaluated for normal operation and for
outage situations. In the coming years, electrification of industrial processes and connection of
new power-intensive industries will possibly put pressure on the existing grid and challenge the
DSO. Therefore, a scenario with increased load demand in the industrial grid is investigated, both
for normal operation and for the most critical outage scenarios. The analysis is based on network
data and historical hourly load measurements for two radials, referred to as Radial A and Radial
B, of the industrial distribution grid.

The results from the evaluation of the two radials in the industrial distribution grid of @ra can be
summarized as following:

e Under normal operation, the ratings of the power lines and transformers in the two radials
are, in general, sufficient to cover today’s load demand, based on the historical load data
from the last three years. Except one of the distribution transformers in Radial A, that had
the power rating exceeded for 4% of the hours, all the power lines and transformers in the
system had remaining capacity during the entire three-year period.

e Four relevant branches in the high-voltage part of the distribution grid, where the reserve
branch can take over the supply in case of an outage, are identified. Further, an outage of one
of the main branches, i.e., the branches connecting the distribution grids to the secondary
transformer substations, is identified as the most critical outage scenario for this network.
However, the contingency analysis shows that the system could handle an outage of any of
the relevant branches without violating the power transfer capacities.

e For the future scenario, the historical aggregated load demand supplied by each distribution
transformer in the grid is scaled such that the peak demand is equal to the nameplate
rating of the transformer. Additionally, new end users are connected to the two distribution
substations without end users in today’s grid. The results show that, under normal operation,
the ratings of the power lines in the two radials are still sufficient to cover the new demand
after the load modifications. However, during outage of the main branch of Radial A or the
main branch Radial B, the line rating of the remaining main branch is exceeded. An outage
of the main branch of Radial B is most critical in terms of the size and number of overload
events.

6.2 Future work

Finally, some suggestions for future work are presented.

The investigations performed in this project thesis are based on historical hourly load data from the
last three years, of which the load data from two of the years is affected by restrictive measures in
relation to the Covid-19 pandemic. As discussed earlier, it is not implicit that the future demand
will be similar to the past demand. Therefore, in order to improve the analysis, it could be of
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interest to dedicate more attention to the load forecasting. For instance, a forecasting model that
takes into account future scenarios and the DSO’s plans for the grid regarding new end users and
increased demand from existing end users, could provide a more realistic picture of the future
situation of the distribution grid.

In the evaluation of the distribution grid of @ra, only the severity and consequences of different
outage scenarios is investigated and discussed. It could be useful to see how a more risk based
approach taking into account the probability of failures and outages could be used in the distribu-
tion grid evaluation. For instance, the fault frequency and repair time of different grid components
could be included to improve the analyzation of the reliability of the grid.

Additionally, for future work, it would be of interest to focus on the last step of the methodological
approach presented in this project thesis; to assess the need for active and passive measures in
the distribution grid. For some grid planning cases, traditional and passive measures such as grid
reinforcement is the preferred solution, while for other cases, active measures such as flexibility
measure might be a better opportunity. Some times, occasional and short-time overloading could
be accepted by the DSO. Hence, it would be valuable to investigate in which situations the different
measures are suitable, based on the evaluation of the available capacity in the distribution grid.

The main focus of this master project was evaluation of the relationship between the load supplied
by a grid component and the capacity of the component in order to provide better insight into
the room for increased load demand. Often the DSOs are requested connections, e.g., from power-
intensive industries, that will exceed by far the existing capacity of the grid. Since this is out of
the scope of this project, a alternative for future work would be to investigate how the DSO should
meet these requests in order to maintain a socio-economic development of the grid.
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Appendix
A Component data

Table 11: Nameplate rating and voltage levels of all transformers in the distribution system.

. Voltage levels
Transformer Nameplate rating Primary / Secondary ( / Tertiary)
High-voltage node / Low-voltage node [kVA] kV]
A10001 / A20001 15000 47 / 11
A20002 / A30001 1600 11 / 0.400
A20003 / A30002 1600 11 / 0.400
A20004 / A30007 1600 11 / 0.400
A20005 / A30003 / A30004 500 / 300 / 200 11 / 0.400 / 0.230
B10001 / B20001 15000 47 / 11
B20003 / B30001 1250 11 / 0.400
B20004 / B30002 1250 11 / 0.400
B20005 / B30003 1000 11 / 0.400
B20006 / B30005 1600 11 / 0.400
B20007 / B30004 1600 11 / 0.400

Table 12: Ampacity, voltage level and line rating for all the branches in the distribution system.

Branch Ampacity | Voltage level Line rating
From node - To node [A] kV] kW]

A20001 - A20002 400 11 7621.0
A20002 - A20003 ? 11 ?
A20002 - A20004 240 11 4572.6
A20002 - A20005 400 11 7621.0
A20002 - A20006 455 / 465 11 8668.9 / 8859.4
A20006 - A20007 465 11 8859.4
A20007 - B20002 465 11 8859.4
B20001 - B20002 600 11 11431.5
B20002 - B20003 - 11 -
B20002 -B20004 - 11 -
B20002 - B20005 455 / 465 11 8668.9 / 8859.4
B20005 - B20006 455 / 465 11 8668.9 / 8859.4
B20006 - B20007 170 11 3238.9
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B Summary of specialization project

In the specialization project, the traditional methods of load modelling in the distribution network
was investigated for a part of the industrial grid of @ra in Fredrikstad. The analyzed part of the
grid was the same as Radial A in this master project. The traditional methods used, was based
on the deterministic methodology of distribution system planning, presented by Tgnne in [6]. The
sufficiency of these methods for an industrial distribution network, like @Dra, was discussed, based
on comparison between the results calculated with the traditional methods and the actual metered
values. In addition, the characteristics of the network was investigated regarding load aggregation
and the underlying behaviour of the different loads in peak load situations.

The results can be summarized as following;:

e The aggregated daily load demand of the industrial area was found to be, to some extent,
dependent on the outdoor temperature. The temperature dependent part of the consumption
was estimated to 9.1% for workweek days and 15.6% for weekend days. Based on a weighted
average of these results, the temperature dependent part of the consumption was decided to
11% for the further analysis. Despite this, other factors, like holiday seasons or weekends,
was found to be more determining for the daily consumption.

e The calculations of the utilization time for the different nodes in one of the radials in the
network showed that, in general, a higher number of child-loads gives higher utilization times,
as well as lower variability for the utilization times between different time periods. For the
loads, the load profile of the loads with the highest utilization times was found to be more
consistent throughout the week, compared to the loads with lower utilization times.

e Calculations of the peak demand for the different nodes in the network, based on the derived
expressions for the Velander coefficients, gave a clear mismatch between the calculated and
measured peak values for the nodes with more than one child-load. In general the calculated
peak load was lower than the measured peak loads. Most likely, this is a result of large
differences between the size and profile of the different child-loads, and hence, less load
aggregation than assumed in the derivation of the coefficients.

e In general, the coincidence factor calculations showed a trend of higher coincidence factors
for the nodes in the system with a lower number of child-loads. This is a result of less load
aggregation effect when the number of underlying loads is decreased.

e The responsibility factor was calculated to be highest for the largest load in the system, Load
40001 (A40001). Further investigation illustrated a strong correlation between this load and
the aggregation of all the loads in the network. The large size difference between the different
loads, especially Load 40001 (A40001) compared to the rest of the loads, had influence on
the results and was discussed in several parts of the analysis.
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