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Evaluating future challenges and possibilities of electrical substations

A review of future power system conditions and environmental aspects of substations
Viktor Strandberg

Department of Electrical engineering

Chalmers University of Technology

Abstract

The future entails a significant expansion of the electrical power system in every as-
pect from production to distribution. The electrification is a necessity for addressing
the future environmental challenges. With the electrification and expansion of the
electrical power production comes the integration of high amounts of renewable
energy sources. This thesis aims to evaluate what challenges arise from such an in-
tegration. Furthermore, the thesis aims to review the alternatives to the insulating
gas SFg and the consequences of the alternatives on a substation design level.

It was found that renewable energy sources impact the frequency stability, volt-
age stability, rotor-angle stability, system protection while also injecting harmonic
content to the system. These challenges may be mitigated using Flexible AC Trans-
mission System (FACTS) -devices, battery energy storage and digitization of sub-
stations.

The fluorinated gas SFg, one of the strongest green house gases known, is heavily
used as insulating medium in high voltage switchgear. Due to its superior insulating
and electronegative characteristics, the quest for an alternative insulating material
in high voltage applications is, and will continue to be, a major challenge.

Several alternatives to SFg circuit breakers are highlighted in the thesis. Gas mix-
tures containing the compound C4-FN is found to be the most promising alternative.
Electrostatic simulation on gas mixtures containing C4-FN and COs found that the
gas mixtures containing C4-FN was able to perform at the same level as SFg while
maintaining the demanded size constraints.

Keywords: SFg alternatives, Future power system, RES integration
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AIS Air Insulated Switchgear

BESS Battery Energy Storage Solution
DG Distributed Generator

C4-FN C4-fluoronitrile (CF3);CFC=N
cT Current Transformer

DTB Dead Tank Breaker

DVR Dynamic Voltage Restorer
FACTS Flexible AC Transmission System
GIL Gas Insulated Line

GIS Gas Insulated Switchgear

GWP Global Warming Potential

HV High Voltage

HVAC High Voltage Alternating Current
HVDC High Voltage Direct Current
LTB Live Tank Breaker

MV Medium Voltage

ODP Ozone Depletion Potential

PD Partial Discharge

RES Renewable Energy Sources
RoCoF Rate of Change of Frequency

SG Synchronous Generator
STATCOM Static Synchronous Compensator
SVK Svenska kraftnat

TCR Thyristor Controlled Rectifier
THD Total Harmonic Distortion

TSO Transmission System Operator

VT Voltage Transformer
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1

Introduction

1.1 Background

As the demand for green electrical power continues to rise, our electrical power sys-
tem is undergoing a significant expansion. The transition into a decarbonized society
poses new opportunities for the society, as well as various challenges, particularly
challenges reflected in the electrical infrastructure[1].

At the core of the electrical infrastructure lie the substations, serving a pivotal role
for a efficient transmission and distribution of electricity. The ambition to reduce
greenhouse gas emissions extends beyond the electrical power production, encom-
passing every aspect of the electrical system.

One key element of this adaptation is the reduction of sulphur hexafluoride (SF),
a gas commonly utilized in high-voltage switchgear due to its exceptional insulating
properties and electronegative characteristics. While providing excellent dielectric
properties, the gas at the same time possesses one major drawback. The gas is one
of the strongest greenhouse gases known, with a global warming potential (GWP) of
23500, in relation to CO9[2]. The impending ban on the gas will drastically reduce
the environmental footprint of the electrical infrastructure[3].

While the ban will significantly reduce the carbon footprint of substations and as-
sociated equipment, it also presents a series of challenges. The transition away from
SFg necessitates the development and implementation of alternative insulation tech-
nologies that can match or surpass its performance while also achieving a lowered
environmental footprint.

1.2 Scope and aim

The aim of the thesis is to evaluate the future challenges posed on substations in
the Swedish electrical grid as a result of the transition into an electrified society. In
order to evaluate said challenges the thesis is separated into two segments. Firstly,
the conditions of the future Swedish power system will be addressed with its corre-
sponding challenges and plausible solutions. Secondly, as the ambition for a carbon
free society not only relates to the power production, but also directly affects the
infrastructure within the electrical grid, environmental aspects of substation will be
addressed. The main overarching questions of the thesis are summarized in bullet
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points below.

o Power system
— How will the future Swedish energy mix likely be compromised?
— How will higher penetration of renewable energy solutions (RES) affect
the power system?
— What possible solutions exist to accommodate the challenges stemming
from higher contribution of RES?
o Environmental
— What SFg-free alternatives are highlighted by research and what exists
on the market?
— What are the alternatives for mineral oil as insulation in power trans-
formers?
— How will the SFg-free alternatives affect substation on a design level?



2

Theoretical background

The theoretical background have been divided into three sections. Power system
theory, high voltage physics theory and a section on substations.

2.1 Power system theory

This section introduces concepts of power system theory with emphasis on power
system stability.

2.1.1 Swing equation

The Swing equation in an electrical power engineering context describes the elec-
tromechanical dynamics of a synchronous generator (SG). The equation can be used
in order to determine the dynamics of disturbances. In this section a short deriva-
tion of the swing equation is presented from [4] and [5].

The kinetic energy of a SG can be expressed as
Lo

where, J, is the inertia and €2, angular velocity of the rotor. The inertia constant,
H, can be expressed as
Sn On

where, S,,, is the rated apparent power of the SG.

(2.2)

Applying Newton’s second law of motion the behaviour for small deviations results
in

dE ds)
Ty=Tp—T,=— =JQOQ—"=Tm—-T 2.

, where , T}, is the net torque acceleration during an imbalance, 7},,, the mechanical
torque and 7, the electrical torque.

During a disturbance the difference between the speed deviation, Ad, and the syn-
chronous speed,Aw;, is small. The generator speed is almost equal to the synchronous
speed which implies that torque is equal to the power expressed in per unit base,
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which gives, combined with 2.2 and 2.3, the following equation.

dw/ / ’
=P —P 2.4
b, P (2.4)

2H

From the Swing equation it may be observed that during a power imbalance, P, —
P # 0, the system frequency will either increase or decrease depending on the
mechanical and electrical power difference. As such, the inertia constant, H, has a
dampening effect on the frequency acceleration following a disturbance.

2.1.2 Power system stability

Power system stability may be defined as[6]:

"Power system stability is the ability of an electric power system, for a

given initial operating condition, to regain a state of operating equilib-

rium after being subjected to a physical disturbance, with most system

variables bounded so that practically the entire system remains intact"
Power system stability can divided into three different sections with corresponding
subsections. The classification is based on the size of the disturbance, time duration
and the devices which are all important factors when addressing and evaluating
issues related to power system stability[6]. The classifications are given in figure
2.1.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
| \
Small-Disturbance Transient Large Disturbance Small Disturbance
Angle Stability Stability Voltage Stability Voltage Stability
[ ] T T

I ]
Short Term ‘ Short Term }74{ Long Term ‘ ‘ Short Term ‘ ‘ Long Term ‘

Figure 2.1: Stability classification

The three main categories are, rotor angle stability, frequency stability and voltage
stability. All three concepts will be further discussed below.

Rotor angle stability

When multiple synchronous machines are interconnected, the machines must have
the same frequency for the stator voltages and currents and the mechanical speed of
the rotors must be synchronized to the same speed. This state is refereed to as syn-
chronism and rotor angle stability refers to the ability to maintain its synchronism
in the event of a disturbance of the system. In order to maintain synchronism the
machines needs to be able to restore equilibrium between mechanical and electrical

4
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torque. Losing synchronism causes large fluctuations in the machine’s output cur-
rent, voltage and power and the protection system may need to isolate the unstable
machine from the system|7][6]. Rotor angle stability can be further divided into two
subcategories, namely, small-disturbance/small-signal stability and transient stabil-
ity, which will be discussed below.

Small-disturbance stability

Small-disturbance stability refers to the ability to remain in synchronism with the
power system during smaller disturbances ranging from 10-20 seconds. Small-
disturbance stability issues can be local, i.e, when a local power system is being
subjected to rotor oscillations from a larger power power plant. Damping is an im-
portant factor during these types of disturbances which depends on both generator
characteristics and the characteristics of the local transmission system[6][5].

Transient stability

Transient stability is the ability to remain in synchronism during the event of a
severe disturbance, i.e. short-circuit of a transmission line. The disturbance time
ranges from 3-5 seconds. Transient stability are dependent on the initial state of
operation and the disturbance size and can be analysed with the aid of the power-
angle curve[6]. Such a curve is given in figure 2.2, where the red curve, P,., is the
electrical power output of a generator, P,,, is the mechanical power, J, the rotor
angle and 0,,stape the unstable point of operation. In equilibrium, the electrical
power and mechanical power are equal and the rotor angle, 9, settles at the point of
intersection. If the angles increases beyond 0y, stapie, Synchronism is lost.

Consider a disturbance, i.e, short circuit on a line. High short circuit current causes
voltage to drop and as a result, the electrical power immediately decreases. Figure
2.3 depicts the power angle curve following a disturbance. The blue curve is the elec-
trical power during fault conditions. The mechanical power is larger than electrical
power and, as a consequence from 2.4, the rotor starts to accelerate. The rotor angle
will continue to accelerate to an angle 0..cq1 before starting to decelerate. If the
unstable point is point is reached before the speed reaches its synchronous speed,
the generator will continue to accelerate and lose synchronism with the grid.

The critical angle and critical fault clearing time can be evaluated using the equal
area criterion. The equal area criterion is a graphical method of evaluating transient
stability, see figure 2.4. The criterion of maintaining transient stability is that the
acceleration area, A, is smaller or equal to the deceleration area, B[S].

Frequency stability

The term frequency stability refers to the capability of upholding a steady frequency
following a disturbance that results in a significant imbalance between the power
consumption and production. Frequency instability results in frequency fluctuations
which may result in disconnection of generating devices for protection purposes|6],

5
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P

b P. = %.&-:m[ﬁ}

"'Dfi‘.'

'5 ﬁn!lii.'if'lihllr

Figure 2.2: Arbitrary Power/Voltage curve for evaluation of transient stability

load shedding, accelerated aging of equipment and complete blackout[4]. Further-
more, there is a risk of voltage magnitude swings during frequency excursions which
could result in undesirable operation of the concerned protection systems.

Frequency stability of a power system is determined by the disturbance size and time,
availability of power reserves, system inertia and properties of the power system such
as load frequency dependence. The rate of change of frequency(RoCoF) describes
the initial change of frequency with respect to time. In order to limit the RoCoF
and as a result, limit the transient frequency dip inertia is an important factor.
Inertia refers to the amount of rotational energy stored in the system. During a
disturbance, the heavy rotating masses of the various generating units will continue
to rotate, mitigating the RoCoF magnitude.

Voltage stability

The term voltage stability refers to the capability of upholding steady voltages for
each bus in the system following a disturbance. Maintaining equilibrium between
supply and demand is an important ability related to voltage stability. Voltage in-
stability in the form of over/under-voltages may result in, area outages, increased
ageing, flashovers, dielectric breakdown and line tripping from protection systems

6
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N P= %wn[ﬁ}
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'5 ﬁéui.ﬂh:hfﬁ

Figure 2.3: PV-curve during fault

which could result in cascading disconnections of loads. Undervoltages are the most
common due to the mostly inductive loads of the Nordic synchronous system, but
overvoltages may still occur[6][9].

Voltage stability may be divided into two sub-categories, namely small- and large-
disturbance voltage stability. Large-disturbance voltage stability concerns the ability
to maintaining adequate bus voltage magnitudes following a large disturbance, such
as faults or loss of generating units, whereas small-disturbance voltage stability
refers to smaller perturbations, such as incremental increases in the power demand.
Furthermore, voltage stability can be separated into long- and short-term. Short
term voltage stability is related to the dynamics of loads and HVDC-converters in
a time-scope of seconds. Long-term voltage stability, on the other hand, is related
to equipment such as tap-changers and current limiters of generating units. The
time-scope of long-term voltage stability may exceed into minutes.
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Pe
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Figure 2.4: Equal area criterion
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2.2 High voltage physics

High voltage physics refers to the physical phenomenons occurring during conditions
of high electric potentials and strong electric fields. The power system, for trans-
mission and distribution purposes, operates on high voltages which facilitates the
need of understanding subject. This section introduces basic concepts in the field
of high voltage technology.

2.2.1 Basic electrical field theory

The electric field (E-field), denoted as E, represents a fundamental concept in elec-
tromagnetism, characterizing the influence exerted by electric charges on the sur-
rounding space. At its core, the electric field is defined as the force experienced by
a unit charge placed within it.

Several equations govern the behaviour of electric fields, but the most fundamental
in describing the dynamics of electric fields are Faraday’s law and Gauss’ law.
Faraday’s law, expressed mathematically as:

0B
VXE=—— 2.5
ot (25)
, which describes the relationship between changes in the electric field, F, and the
time rate of change of the magnetic flux density %—?. One direct product of Faraday’s
law is electromagnetic induction, which is a fundamental principle behind operation
of transformers and generators.

The electric field, F, may also be expressed as the divergence of the electric potential,
or

E=-VV (2.6)
Gauss’s law, another fundamental equation governing electric fields, states:
v.g=" (2.7)
€o€r

Here, p represents the charge density, €, is the relative permittivity, a non linear
material property and ¢; is the permittivity of free space.

2.2.2 Breakdown

Electrical discharge and breakdown are important phenomenons occurring within
electrically stressed systems. As it is an inevitable consequence of high voltage sys-
tems it is important to have a grasp on the underlying physical mechanisms that
interplay.

Electrical breakdown is the phenomenon that occurs when an electric field stronger
than the dielectric strength is applied to a dielectric material. When the conditions
of a dielectric breakdown are achieved, the previously insulating dielectric is able



2. Theoretical background

to transport charge and have consequently become conductive. The corresponding
discharge manifests as an electrical arc, a result from the created plasma channel
that is formed during the discharge[10]. There are several types of discharges occur-
ring under widely different circumstances and manifesting different behaviours. In
this report, electrical breakdown in gaseous medium is of particular interest. The
physical mechanisms behind breakdown in gas is presented in the following section.

2.2.2.1 Breakdown in gas

Consider a parallel plate geometry in figure 2.5 surrounded by air with the applied
voltage, U, over the anode, seperated by a distance, d, to the cathode. Due to
cosmic radiation, air molecules are ionized and ion/electron pairs are generated.
Being in the presence of a uniform electric field, E, the free electrons are accelerated
towards the cathode. The accelerated electrons collide with ambient air molecules
and, if achieved a certain kinetic energy (ionization energy), will ionize the molecule.
The second free electron undergo the same process and, as a result, an avalanche is
generated connecting the anode and cathode by a plasma channel[11]. This hypoth-
esis is commonly referred to as the Townsend’s breakdown phenomena and will be
approached mathematically below.

Figure 2.5: Basic electric field

Townsend’s breakdown

The ionization energy, W;, is a characteristic property of each gas. The first ioniza-
tion potential may be defined as,
%74

(&

, where, e, is the elementary charge. If the collision is ionizing the electron must
travel a distance x > x;, where, w;, is the ionization distance. 2.8 may be rewritten
as,

Ex;, =u; (2.9)

10
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Assuming the electron travels in a straight line and the probability of a collision
during the traveled distance, Az, is %, where, A, is the mean free path. The

probability for no collisions during traveled distance, Ax, may be defined as

S(z + Az) = S(z)(1 - AA”“").

Letting Az — 0 yields,
dS(zx) S(z)  dS(x) dx

dr A 8@ A
Integration yields,
T /-
(S @50 =~ (515

As such, the probability for no collisions may be expressed as

>|8

S(z) =e" (2.10)

The number of ionizing collision per unit length may be expressed as
L5k (2.11)
= — AE .
a=e

, where, «, is Townsend’s first ionization coefficient.

The average current may be expressed as

Qe

I = I()e
Secondary process at the cathode may be defined as
Iy =i + I (0) = ig + vIp(ed — 1) (2.12)

, where, 7, is Townsend’s second ionization coefficient. It refers to the number of
generated electrons at the cathode when hit by an ion. Combining 2.11 and 2.12
yields

- ad
1p€
I = 2.13
1—ry(e* —1) (213)
From 2.13 it can be observed that if
1—7(e*=1)=0=1 = 0
This is reffered to as, Townsend’s breakdown criterion which occurs at
ad 1
e =1+ — (2.14)
Y
or at 1
ad =In(1+ -) (2.15)
Y

11
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Paschen’s law
The mean free path, A\, may expressed as inversely proportional to the product of

pressure, p, and a constant, A.

1 «
A=— =" =AcF
Ap p
, where B is another constant. Combing with 2.15 results in the following expression,
Bpd

1 _ Bpd
ln(l + f) = Apde Ubd
Y

Solving for, Uy, resulting the following equation

Bpd
Upg = ﬁm] (2.16)

l”[zn(1+§)

2.16 is known as Paschen’s law and it can be observed that breakdown voltage for a
given gaseous medium, is a function of the gas pressure and the separation distance
between the anode and cathode.

2.2.3 Electronegativity and electron affinity

As suggested in the section on Townsend’s breakdown phenomena, the dynamics of
free electrons is a vital parameter in regards to formation of electron avalanches and,
ultimately, electric breakdown. Hence, it may be established that the attachment of
electrons for a given gas plays an integral role to the dielectric strength. The con-
cept of electron affinity and electronegativity is directly related to the attachment
of electrons.

Consider an electron with low kinetic energy which collides with a neutral gas where
the electron becomes attached. If the electron can find a position of lower potential
energy in the gas molecule, the negative ion is stable. Electron affinity refers to the
energy difference between the final and initial state, in other words, the released en-
ergy from the attachment process. Regarding high dielectric strength, it is required
to have a high electron affinity[12].

Historically, the term electronegative gases have been applied to gases demonstrat-
ing high electron affinity. Such description is, from a physical point of view, false.
Electronegativity relates to an atom’s ability to attract electrons to itself.[13]. Al-
though electron affinity is the relevant parameter when describing dielectric strength
for gases, electronegativity and electron affinity demonstrates correlation. Elec-
tronegative gases create new energy levels where free electrons may be attached.
Thus, electronegativity contributes to a higher electron affinity. This is the reason
why fluorinated gases, which are highly electronegative, often display high dielectric
strength[12].
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2. Theoretical background

2.2.4 SF

Sulfur hexaflouride, SFg, is a highly electronegative gas with high electron affinity
used widely in high voltage engineering applications. The molecular composition of
SF¢ is given in figure 2.6. The dielectric strength of SF¢ is roughly 3 times higher
than air[14], making SFg an unparalleled insulator. Thus, SFy finds a distinguished
usage in GIS applications where the volume of the apparatus may be significantly
reduced owning to the superior dielectric strength of SF.

Additionally, SF¢ displays favourable characteristics such as high thermal conductiv-
ity and arc quenching ability. As a result, SF¢ is highly used as insulating medium

in high voltage circuit breaker[15]. Being able to quench arcs is not a direct result
from high electron affinity, but rather rate of recovery of dielectric strength[16].

As stated in the introduction of the report, SF¢ is extremely effective at trapping
infrared radiation, making SFg on of the strongest greenhouse gases ever known.
Therefor there have been extensive research in finding alternatives with comparable
electrical characteristics and lower climate footprint.

F
N v
F,—SwE o ©
\ 0
F

Figure 2.6: SFgz molecule
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2.3 Substation

A substation is a facility that plays a pivotal role in transmission and distribution of
electricity. The primary role of the substation is to transform the voltage to either a
higher or lower level, depending on the role of the particular station. Furthermore,
the substation also serves as a hub for monitoring and control of the power grid.
Substations varies in size and function. A typical substation consists of transform-
ers, switchgear, protection systems, monitoring systems, and control systems. This
section will provide a description high voltage circuit breakers, which are further
discussed in this report.

2.3.1 Circuit breaker

A circuit breaker is a device found within electrical systems with the objective to
carry and, when necessary, break the passing current. The circuit breaker mechani-
cally separates the energized contacts and in applications with high voltage ratings,
a resulting electrical arc is formed between the contacts. Hence, the objective is to
additionally extinguish the arc, making medium with high electron affinity a require-
ment. The device come in several types, air blast circuit breaker, oil circuit breaker,
vacuum circuit breaker and SFg circuit breaker[17]. The latter will be focused upon
in this section.

2.3.1.1 SFg circuit breaker

Due to the excellent dielectric and arc-extinguishing characteristics of SFg, SFg cir-
cuit breakers are widely used as switchgear in the distribution of electricity. There
are two main categories of the breaker, dead-tank breaker and live tank breaker.
Both offering advantages and disadvantages over the other[18]. A figure highlight-
ing the components of a live tank circuit breaker is given in figure 2.7

The most crucial component of the circuit breaker is the interrupter. The objective of
the interrupter is to separate the circuit breaker contacts, extinguish the arc between
the contacts and as a result, interrupt the passing current. An axisymmetric drawing
of an interrupter in open position is provided in figure 2.8. Additionally, a figure of
a circuit breaker in closed position is provided in figure 2.9
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! Interrupter

Support insulation

Meachnism box

Metal body

Figure 2.7: Parts of SFg circuit breaker, interrupter highlighted in red
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Open

Gas

Insulator

Upper terminal
Lower terminal
Upper contact (fixed)

Lower contact (moving)

Figure 2.8: Sketch of interrupter in open position
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Closed

Figure 2.9: Sketch of interrupter in closed position
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Methods

3.1 Mechanical drawing

To be able to evaluate the results of replacing an SFg breaker with an alternative a
mechanical model of a substation needs to be made. The substation will be a 50 /
10 kV, air insulated substation with a design voltage of 72.5 kV. Furthermore, the
model will focus the primary side of the substation. The model will contain: power
transformer, disconnector, voltage transformer, current transformer, busbar, cable
tray and circuit breakers. A two dimensional sketch of the substation is provided in
figure 3.1. The station model will be created with the CAD software SolidWorks.

The SFg circuit breaker dimensions will be, to a certain extent, based on the live
tank circuit breaker from Hitachi, refer to figure A.1 in Appendix 1.

VT Circuit Bus Circuit tray

T breaker breaker Power

Figure 3.1: 2D sketch of substation model

3.2 Simulation

To be able to evaluate how the SFg-free alternatives will affect the circuit breaker size
electrostatic simulation will be conducted in COMSOL Multiphysics. The simulated
geometry will be an interrupter from a SFg-circuit breaker, see figure 3.2.

19
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Figure 3.2: Simulated interrupter geometry

The steps of the simulation are summarized below.
1. Simulate electric field, E,
Calculate critical field for the gas E..;
Find ratio o
Compare ratio with alternatives
Find scale factor that yields the same result as SFg

Cu N

3.2.1 Limitations

Since the simulated geometry is based on an SFg-circuit breaker the alternative gases
needs to be able to operate based on the same technology. Due to this, alternatives
such as vacuum will not be able to assessed in the simulation. Furthermore, the ge-
ometry will be provided from the CAD-model of the substation. Hence, the breaker
will be of Live-tank breaker type and should, theoretically, be able to operate in a
minimum ambient temperature of - 40 ° C[19].

3.2.2 Critical field

Breakdown voltage may be derived by bond energy calculation. The bond energy
refers to the required energy needed to break the chemical bonds in the molecule.
Bond energy for certain chemical bonds are provided in table 3.1. Furthermore, the
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Table 3.1: Bond energy in eV for various certain bonds

Bond | Bond energy [eV]

C=0 |83
S-F 3.4
C-F 4.6
C=N 1923
C-C |36
O=0 |5.18
Data from [20]

breakdown voltage may be expressed as

U
o

, where, (), is the amount of charge that is required for breaking the electric field
(226.6 * 107°C" at atmospheric pressure and 1 cm[20]).

v, (3.1)

3.2.3 Comparing to alternative gases

From the simulation the normal electric field along the symmetrical axis may be
extracted, see figure 3.2, black curve. Now the ratio between the normal electric
field and critical electric field may be calculated. This process is iterated for every
gas alternative.

To be able to find at what size the alternative gases corresponds to the same field

ratio as SFg the scale function will be used in combination with a parametric sweep
solution.

21



3. Methods

22



4

Literature study - Power system
aspects

4.1 Swedish power production today

The Swedish power production 2022 is given by SVK|[21]. The power production
is distributed among hydroelectric power (=~ 43 %), nuclear power (~ 31 %), wind
power (~ 20 %), thermal, such as, combined heat and power (CHP) (~ 5 %) and <
1 % of solar and unspecified power. The hourly and annual production reported by
SVK is presented in figures 4.1 4.2 and 4.3 respectively[22]. Nuclear plant are con-
tinuously operated throughout the year, with power dips during the summer from
maintenance. Hydroelectric power production is used in a regulatory manner in
order to regulate the remaining required power demand. Swedish power production
is characterized by large export and high power quality.

4.2 Future power system

In order to assess the future challenges for substations the future conditions of the
Swedish power system needs to be evaluated. The consequences of integration of
renewable based power production following the electrification of the transport and
industry will be reviewed.

4.2.1 Electrification

The Paris agreement’s long term goal is to keep the increased global temperature be-
low 2° C. In order to accomplish the necessary goals to maintain the global warming
within the desired limit, drastic reductions of greenhouse gases needs to be realized.
One key element of addressing decarbonization is electrification of several sectors.

4.2.1.1 Industry

The transition from previously fossil fueled Swedish industry into an electrified sec-
tor is the most energy demanding part of the green transition. Today the required
energy demand of the entire industry is 45 TWh[23]. The Swedish steel industry is
introducing a new technology that allows for production of manufacturing of iron
where the oxygen is removed by hydrogen gas. The removal of oxygen from the iron
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Figure 4.1: Hourly Swedish power production 2022 - wind, hyrdo, nuclear, CHP
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Power production 2022
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Figure 4.3: Swedish energy mix 2022

is essential for steel production and by using hydrogen gas, the byproduct is water
instead of COy which is the byproduct from traditional steel production[24]. Addi-
tionally, as new mineral reserves are being found, the steel production increases|25].
The required annual energy from the steel production is expected to be 55 TWh[26]
electrical energy.

4.2.1.2 Transport

The electrification of the transport sector is essential to achieve the necessary climate
goals. As of 2023, 80 percent of the vehicle energy consumption is supplied by fossil
fuels[26]. Companies such as Volvo and Scania are completely replacing their fossil
fueled car sand trucks with electrified vehicles[27].

4.2.1.3 Hydrogen gas

Production of hydrogen gas is expected to be a huge consumer of future power
production as it is coupled with the electrification of the industry, see 4.2.1.1. The
expected energy demand is predicted to be in the range of 22 - 100 TWh annually
by 2050[28]. Due to the huge energy demands, hydrogen technology will have a
considerable impact of shaping the future electrical system. The technology could
also be applied to the transport and vehicle industry in order to reduce emissions,
but is currently not economically possible in an industrial scale[29]. Furthermore,
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the technology also has potential in energy storage applications|30].

4.2.2 TSO’s future analysis

The Swedish power system will expand in the future in order to fulfill the Paris
agreement, where electrification is one of the most fundamental parts. In 2021
and 2024 the Swedish TSO(Transmission System Operator) Svenska Kraftnit(SVK)
have made a long term market analysis with 4 different scenarios regarding the fu-
ture power production and its corresponding challenges and required actions on the
transmission system[31][32]. The four different scenarios are:

o SF - Small scale renewable (Smakaligt Fornybart)

o FM - Flight plans mixed (Fardplaner Mixat)

o EP - Electrification planable (Elektrifiering Planerbart)
» EF - Electrification renewable (Eletrifiering Férnybart)

Each scenario will be discussed below. The analyses both use the same four sce-
narios, but in the 2024 analysis, the consumption in each scenario is drastically
increased. The differences in production predictions by the year 2045 from the
analyses are presented in table 4.1.

Table 4.1: Prediction differences 2021 and 2024 analysis

2021 \ 2024 | 2021 \ 2024 | 2021 \ 2024 | 2021 \ 2024
SF FM EP EF
Consumption 174 | 200 | 188 | 250 | 266 | 343 | 286 | 342
Nuclear 0 0 14 58 55 110 0 0
Wind on-shore 76 133 | 88 96 85 96 98 168
Wind off-shore 6 3 29 7 39 24 113 | 66
Solar 28 13 8 15 11 16 18 22

Data from [32][31]

Scenario - SF

In the SF scenario from 2024 the electricity consumption will rise to around 200
TWh in 2045, where the power demand primarily is a result of the electrification of
the industry, albeit less extensive than the other scenarios, and transport sectors.
The SF scenario predicts a high focus on energy efficiency and governing of re-
sources. Small scaled, decentralized production due to economical incitements with
high integration of both wind and solar. Nuclear reactors are expected to gradually
close and fully decommissioned by 2045.

As a result of the decommissioning of the southern nuclear power plants large power
flow will occur between the north and south, making reinforcement of the trans-
mission grid necessary. The increase of renewable based power production, which
causes fluctuations in frequency and voltage, as well as lowered utility of planable
power results in challenges related to operation and stability.

27



4. Literature study - Power system aspects

Scenario - FM

The FM scenario predicts an annual power demand of 250 TWh in 2045. Increased
power production from renewable based production and 2 remaining nuclear reac-
tors. Great expansion of solar energy due to lowered prices, but in a smaller extent
in comparison of SF.

Scenario - EP

In the EP scenario a drastic power demand is predicted in Sweden as well as the
whole of Europe. The renewable based production is expanded as well as the plan-
ble. The Swedish demand is predicted to be around 343 TWh, with a slightly higher
production.

Investments in nuclear power results in a prolonged lifetime. In this scenario sup-
port of new nuclear power is found politically and new reactors built in area SE3.
Furthermore, hydrogen gas is an important feature to the system.

Scenario - EF

The EF scenario predicts the highest power demand with almost doubled consump-
tion around 342 TWh, annually and a slightly higher production. EF also predicts
a huge expansion of power delivered to Hs-gas applications, with a consumption of
86 TWh by 2045. Furthermore, in the scenario off-shore wind power is predicted to
be the main contributor of the annual power production.

4.2.3 Swedish Energy Agency’s future analysis

The Swedish Energy Agency published a long term analysis of the Swedish electrical
power system in 2023[28]. The Swedish government has launched a plan for inte-
gration of new nuclear power plants, see 4.2.4, but as the reforms have only been
announced and not yet decided, the publication have not been able to consider the
reforms in the proposed future scenarios.

The publication suggests three different future scenarios: Higher electrification,
Lower electrification, Sensitivity case industry.

Higher electrification

The scenario Higher electrification predicts a considerable electrification of society.
The scenario predicts a higher electrification grade in the Nordic countries com-
pared to the EU average. Establishment of highly energy demanding industries
are assumed, a result of the demand of sustainable products from the consumers,
such as: carbon free steel and batteries. The transport sector is electrified to a large
extent. Increased energy demand from servers and electrified machinery is predicted.

In the scenario an annual expansion of power production in order to meet the de-
mand needs to be in the range of 3.5 TWh/year between the years 2021 to 2030.
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Afterwards, between the years 2030-2035 the expansion rate is further increased to
12 TWh/year. In terms of power production, each power type needs to be expanded.
The greatest potential is found in new nuclear power and off/on-shore wind. The
energy balance presented in table 4.2.

Table 4.2: Predicted energy usage/supply - Higher electrification case

Higher electrification - energy balance [TWh]

Data from [28], A.2: table 11 | 2020 | 2025 | 2035 | 2045 | 2050
Usage Industry 47 54 128 172 187
Transport 2.9 7.3 23 37 41

Nuclear 47 52 52 66 66

Supply Wind 28 51 123 156 179
Solar 10 31 74 18 32

Import-export -25 41 -18 42 -13

Lower electrification

The Lower electrification scenario, as Higher electrification, predicts an expansion
of the power production. But several complications are expected, such as, too slow
expansion of the electrical power production and electrical grid compared to the
increasing demand. The electrification of industry is predicted to be lowered than
in Higher electrification due to no increase in the extraction of iron to the steel
industry, disabling the high energy demands. Lower electrification is also predicted
for the transport sector as compared to Higher electrification.

Three existing nuclear power plants see a prolonged lifetime, with new plants being
established in the future. The greatest increase in energy production can be found
in wind power. Lower electrification predicts a lower expansion of off shore wind,
21 TWh by 2050, in comparison to Higher electrification, 57 TWh 2050. Energy
export is assumed to be lower than import. The energy balance presented in table
4.3.

Table 4.3: Predicted energy usage/supply - Lower electrification case

Lower electrification - energy balance [TWh]

Data from [28], A.1: table 3 | 2020 | 2025 | 2035 | 2045 | 2050
Usage Industry 47 50 104 130 132
Transport 29 6.6 18 27 30

Nuclear 47 52 52 28 31

Supply Wind 28 51 8 130 130
Solar 1.0 31 71 94 13

Import-export =25 47 -18 28 6.0

Sensitivity case industry

Sensitivity case industry has the same foundation as Lower electrification but the
industry’s and transport sector transition into being electrified is delayed.
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The sensitivity case predicts a prolonged lifetime of existing nuclear power plants,
but with investments into new nuclear power is non-profitable. Sweden remains a
large exporter of power throughout the sensitivity case. The energy balance pre-
sented in table 4.4.

Table 4.4: Predicted energy usage/supply - Sensitive case industry

Sensitivity case industry - energy balance [TWh]

Data from [28], A.3: table 19 | 2020 | 2025 | 2035 | 2045 | 2050
Usage Industry A7 50 67 91 97
Transport 2.9 6.7 18 29 32

Nuclear A7 52 52 28 28

Supply Wind 28 51 70 116 127
Solar 1.0 31 74 94 94

Import-export -25 48 -39 25 21

4.2.4 Political aspects

The Kristersson Cabinet launched November 2023 a plan for an expansion of new
nuclear power with a massive long term expansion. The ambition of the proposition
is that around ten new reactors should be operating by 2045. A coordinator has
been elected with the purpose of simplifying the process[33].

Continuous operation of old nuclear power plants and, if necessary, the establish-
ment of new nuclear power have found support from a majority of the Swedish
citizens in opinion polls, with only 1/10 of the participants possessing the opinion
that Swedish nuclear power should be decommissioned. The support of new nuclear
power have increased significantly over the past decade[34][35][36].

The Kristersson Cabinet has given permission for three different applications of off-
shore wind power parks as of November 2023 with an additional 14 applications
under review. These permitted parks include, Kriegers flak, Galene and Kattegatt
syd, which are expected to produce 2.7, 1.7 and 5 TWh respectively. Offshore
wind power is believed to play an important role in the future European energy
generation[37][38][39][40].

4.3 Integration of renewables - Consequences

Regardless of a future expansion of the Swedish nuclear power generation the Swedish
energy mix will posses RES with high penetration. This sections reviews the con-
sequences of having a high share of renewable based power production in the power
system. It should be emphasized that this section only reviews the downsides of
RES integration. There are several beneficial aspects of RES integration, but they
are not reflected upon in this section.
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4.3.1 Power quality

Traditionally, the power generation is found in large power plants that are centrally
controlled. Renewables, on the other hand, are usually smaller scaled and distributed
within both the transmission and distribution system and independently controlled.
Due to wind and solar being, to some extent, unpredictable in their power produc-
tion as a result of the weather dependency, power quality issues related to frequency
and voltage are found[41].

From 2.4, frequency will increase when the produced power is larger than the con-
sumed and decrease when the power production is smaller than the power consump-
tion. As a result from the variations in power production from renewables, as well
as negligible inertia, the risk of frequency instability increases. The Swedish TSO
has reported a negative trend in frequency stability. Maintaining nominal frequency
is crucial for maintaining stability in the system. Over/under frequencies leads to
increased aging of equipment, higher losses, temperatures rises, insulation damage
and more [4]. Frequency instability could result in load shedding, generator tripping
and activation of other protection equipment, resulting in a cascading effect.

Additionally, voltage fluctuations are correlated to power fluctuations. Maintain-
ing voltage stability is crucial for maintaining continuous operation. Overvoltages
have potential consequences such as, potentially harming people, damaged insula-
tion, flashovers, overheating. Undervoltages increases power losses since current is
increased, higher heating losses and risk of equipment damage and failure. Voltage
instability have serious consequences on the operation of the power system. Power
losses, damaging/aging equipment, overheating, line tripping and flashovers are all
consequences related to both transient and continous voltage instability.

Harmonics are distorted waveforms of the fundamental voltage and current wave-
form. Since only the fundamental components deliver active power, high harmonic
content leads to increased reactive power and power losses, malfunctions of genera-
tors, unwanted trippings of circuit breakers or fuses, disturbances in electronics and
more[42][43].

Solar power generates DC, which must be converted to AC in order to be intercon-
nected with the synchronous AC power system. For solar as well as wind power
plants, the DC to AC conversion is carried out by utilization of power electronic
converters. Power electronic converters offers several beneficial advantages, such as,
reliability, cost effective, simple. However, the converter additionally generates low
order harmonics. In the case of wind power, power converters are used to be able
to utilize variable speed and power control. Harmonic components are injected to
the system from wind power[44].

Harmonics generated by the switching of the power electronics devices is not the
only source of harmonics from RES. Harmonics generated as multiples of the grid
frequency may be found at the point of common coupling[45].
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4.3.2 Distributed generation

The term distributed generator (DG) finds no fully accepted definition within the
available literature regarding the technology. The US department of energy provides
a definition of DG as a application of a small either standalone or integrated energy
production installed in the vicinity of load centers. Technologies such as, PV, wind
turbines, fuel cells, combustion turbines, micro-hydro turbines and are all examples
of DG units. IEEE provides a definition as a power generator smaller than 10 MW
that may be interconnected at any point in the grid[46].

DG-units also come with their disadvantages. When a DG is added to a power net-
work, the flow of power will become more complicated. Different current magnitudes
will be found in different locations of the network under normal operating conditions
as well as during fault conditions. Integrating multiple smaller power sources alters
the system topology from a traditionally radial network into a meshed bidirectional
system. Such a transformation inflicts challenges for the protection system of the
network|[47].

Consider a simple power network with a source and two feeders protected with
a overcurrent relay, see figure 4.4. Downstream short circuit on line 1 leads to
fault current flowing from the source, through the breaker. The overcurrent relay
measures the current amplitude and sends a signal to the circuit breaker which trips
the line. The fault is successfully cleared.

Now consider the same network with two DG’s connected to each feeder, see figure
4.5. Same fault is applied as before, now fault current from the power source as well
as the two DG’s flow to the fault. If the fault current magnitude from DG 2 is large
enough, an unwanted tripping of breaker 2 will occur. A new protection scheme
needs to be utilized after connecting the DG’s.

[48] specifies five power system protection related issues emerging from interconnec-
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tion of DG units. The identified issues include:
1. Relay desensitization

Unintentional islanding

Nuisance trippping

Automatic reclosers out of synchronism

AN

Ferroresonance

1. Relay desensitization

Fault current contribution from a DG results in a voltage increase along the feeder.
The voltage difference between the feeder and generator terminal decreases, result-
ing in a smaller magnitude fault current seen by the relay. The relay has become
desensitized, and may not operate as intended during fault conditions.

2. Unintentional islanding

Unintentional islanding refers to the state when a fraction of the distribution system
is isolated from the rest, and still being energized by the connected DG. Island
operation for DGs are undesirable as it may negatively affect the power quality of
the system.

3. Nuisance tripping

Nuisance tripping refers to the event of unwanted tripping during normal operation,
without fault. For instance, transient current from starting an induction motor. As
DGs alters the impedance characteristics of the system, conventional relay coordi-
nation may not be able to distinguish transients from fault.
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4. Automatic reclosers out of synchronism

DG may continue operating during the open interval of the automatic recloser,
resulting in a continued feed of the fault which could lead to failed arc extinction
of the automatic recloser, leading to an unsucessful reclosing. The reliability of the
system is weakened as failing to reclose will result in a complete trip of the breaker.

5. Ferroresonance

During island operation with the DG as the primary source, ferroresonance may
occur. During ferroresnonance, voltage magnitdues reaching 3-4 p.u. is a possibility
for both SG and induction generators. According to [48], there are 4 conditions that
needs be satisfied in order for ferroresonance to occur. The DG must be operat-
ing in islanding condition, the DG must be abple to supply the nessecary load, a
transformer must be wihtin the island of operation as a non-linear reactance and a
capactive coupling to ground in the range of 30-400 % must be present.

4.4 Integration of renewables - Solutions

In summary, integration of renewables causes challenges for configuration of protec-
tion schemes, owning to the fact that renewable energy sources are intermittent and
distributed within the system. Issues related to power quality can be summarized
as:

» Frequency oscillations

» Voltage oscillations

o Harmonics
Strategies to deal with discussed issues will be addressed below.

4.4.1 Maintaining stability

Power quality is closely related to the stability of the system. Strategies how to
increase stability will be discussed in this section.

4.4.1.1 Frequency ancillary services

SVK utilizes several services in the context of frequency stability. These services
are market based and are composed of power reserves purchased from actors on the
balance market. The power reserves are categorized into three categories. These
include, Fast Frequency Reserve(FRR), Frequency Containment Reserve(FCR) and
Frequency Restoration Response(FFR), which exhibits different characteristics and
purposes[49][50]. An overview of the Nordic ancillary services are provided in table
4.5.
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Table 4.5: Frequency ancillary services in the Nordic synchronous system

FCR-D

FCR-D

FFR FCR-N aFRR mFRR
up down
Regulating
purpose Up Up Down Up/down | Up/down | Up/down
Automatic at
frequency | Automatic | Automatic | Automatic :
P . - . Automatic
Activatio deviations within within within at 50 Lz Manual
tvation at low 49.9-50.1 | 50.1-50.5 | 49.9-50.1 | C° ¥ | by request
rotational Hz Hz Hz v
energy
Endurance | 30 s alt. 5s 20 min 20 min 1h 1h 1h

The purpose of FFR is to achieve the necessary utility in order to manage the tran-
sient frequency deviations that occurs when operating with low rotational energy in
the system[51].

The purpose of FCR is to stabilize the frequency following a deviation. FCR in the
Nordic system is compromised of Frequency Containment Reserve Normal(FCR-N)
and Frequency Containment Reserve - Disturbance(FCR-D) which are further com-
posed of FCR-D up and FCR-D down. FCR-N is activated following a frequency
deviation under normal operation wheras FCR-D is activated following a distur-
bance providing appropriate upwards or downwards regulation[52][53].

In order to restore the frequency back to nominal following a disturbance Frequency
Restoration Response(FRR) is used. The service can either be activated automati-
cally (aFRR) or manually (mFRR)[50].

Battery energy storage have the potential of becoming an important tool in the
future, following the expansion of renewable based production[54]. The technology
can be used for, among other applications, FCR-D and FRR. The increasing demand
of stabilizing back up power in the system have resulted in investments from several
actors in the energy market[55].

4.4.1.2 Energy storage

With the ongoing trend of decommissioning of nuclear power in addition to a sig-
nificant increase in power electronic converter based generation from RES system
is inertia is steadily reduced. From 2.4, reduced inertia results in a higher rate of
change of frequency and, subsequently, a weakened frequency stability[56]. Power
system inertia reflects the system’s rotational energy which is, for a transient time
period, maintained following a disturbance in the system power balance. Inertia may
be provided by other means, such as discharge of an energy storage. Energy stor-
age exists in widely different forms such as hydroelectric dams, rotating flywheels,
supercapacitors and batteries.
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Battery energy storage solutions (BESS) offers heightened reliability and power qual-
ity to the power system by providing frequency support and mitigation of peak load.
The technology is expected to play a major role in the future decarbonization of hu-
man civilization[57].

4.4.1.3 FACTS

Reactive power is an important factor related to voltage magnitudes. Voltage drops
occurs due to flow of apparent power through the inductive reactances exhibited
by the transmission system. Power transfer and voltage support becomes limited
due when high reactive power is being transferred. When reactive power demand is
increased following a disturbance with limited reactive power generating resources,
voltage stability is threatened|6].

FACTS are devices found in both transmission and distribution systems that enable
control of reactive power flow in a given location and as a result, provides controlla-
bility of voltage and active power flow. Several devices exists in the FACTS-family
and may be categorized into series and shunt compensators.

One example of a shunt compensating device is the Thyristor controlled rectifier
(TCR). The TCR is a device that consists of two anti-parallel connected thyristor in
series with an inductor, see figure 4.6. By changing the firing angle of the thyristors
and as result, the current through the device, the reactance of the device is changed
from a system point of view. As a result, voltage may be controlled[58].

Series compensation can be realized by both active and passive devices. Since the
reactance of a series device is

2
Qcompensator = [ Xcompensator (41)

, the device provides reactive power compensation passively and as a result, only a
capacitor or inductor is needed to perform series compensation.

Series compensators are able to increase active power flow to a greater extent than
shunt compensators[59]. As a result, transient stability is increased due to the
increased active power flow[60], which results in a larger deacceleartion area consid-
ering the equal area criterion, refer to figure 2.4.

In comparison to shunt compensators, series compensators require more extensive
protection. In the event a fault, since the device is connected in series, the full
fault current will run through the device. A typical protection system of a series
compensator may consist of a bypass breaker, spark gap, damping inductor, varistor
and more.

FACTS-devices mainly concerns the transmission system. FACTS in the distribution
system are sometimes refereed to as D-FACTS. One example of a device in the
D-FACTS category is the dynamic voltage restorer (DVR). The DVR is a series
connected voltage source converter that injects voltage to a line in order to mitigate

36



4. Literature study - Power system aspects

iLp(0)

Figure 4.6: TCR: Circuit diagram

voltage dips by injecting reactive power, see figure 4.7. It is also capable of acting
as an active filter. The disadvantages of the device is that it is unable to mitigate
voltage interruptions and similar to that of the series compensator, require extensive
protection[61].

A device found both in distribution as well as transmission system application is the
static VAR compensator (STATCOM). STATCOM is a shunt connected VSC that
injects current into the line. The device is used as for voltage dip mitigation, reactive
power compensation and active current filtering. It can also be used to suppress
flicker and voltage fluctuations[61] and mitigate harmonics. Circuit diagram of a
STATCOM is presented in figure 4.8.

D-FACTS are mainly deployed and paid directly by customers with high power
quality demands. FACTS are deployed, as the name suggests, in the transmission
system by the TSO. Although FACTS devices have several positive qualities, they
have disadvantages that disable them from widespread usage. FACTS-devices are
expensive, both investment cost and maintenance[62].

4.4.2 Reducing harmonic content

As previously discussed, integration of renewable based power results in higher har-
monic content. Harmonic mitigation strategies are presented below.
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Figure 4.8: STATCOM: Circuit diagram
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Figure 4.9: Passive filter - principle

4.4.2.1 Passive filtering

Passive filtering can be realized by adding LC filters which can be tuned to a spe-
cific frequency, see figure 4.9, which results in a zero impedance path for the specific
frequency. As a result, the harmonic content is trapped in the LC-circuit, removing
it from the system[63].

Passive filtering is cheap and easily implemented. The disadvantages are that the
filter may cause resonance with the rest of the system and each specific harmonic
needs its own filter.

4.4.2.2 Active filtering

The principle of active filtering is to inject the same harmonic in the opposite direc-
tion, see figure 4.10, causing the waveforms to cancel out[63].

Active filters are expensive and require complex control strategy, which is the main

disadvantages of the technology. In comparison of passive filters, active filters have
the ability to compensate different frequencies with the same device, less sensitive
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to aging and a lowered risk of overloading.

4.4.2.3 STATCOM

In [64], harmonic mitigation by introducing a static synchronous compensator,
STATCOM, is investigated. The study investigates THD of a Australian distribution
system with various penetrations of RES. A case scenario with 100 % penetration
of RES found resulted in 2.5 - 3 % THD of voltage and 3.5 % THD in current across
the distribution network. The paper integrated a STATCOM model which was able
to significantly reduce the voltage THD to 0.5 - 1 %. The STATCOM was also able
to reduce the current THD to 2-2.5 %.

4.4.3 Protection of DG networks

As discussed in section 4.3.2, the system topology is altered when interconnected
with DG and conventional relay schemes risk becoming ineffective. [48] identified
5 different protection related challenges concerning interconnection of DG’s. Addi-
tionally, the paper proposes solution for mitigating the emerging errors.

The first example in 4.3.2 dealt with unwanted tripping due to altered fault current
contributions as a result of integrating DG units, see figure 4.4 and 4.5. Such a
problem can be resolved by adding a designated feeder. Another solution is to force
a generator tripping - this means coordination between generator and feeder relay
must be realized[65].
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Relay desensitization can be resolved by ensuring that the DG and feeder relay can,
independently and non sequentially, detect faults. Sequential fault detection refers
to the event when one relay is unable to distinguish a fault until another relay has
operated and the fault conditions is altered, enabling the first relay to detect the
fault. Sequential fault detection is undesirable, and if the issue cannot be resolved
by changing the relay settings, a Direct Transfer Trip Scheme can be deployed. The
scheme relies on communication between the breakers in order to simultaneously
open during fault.

Nuisance tripping can be avoided by adequate coordination between the DG and
utility grid. In the case where this is invalid, waveform analysis can be used. Infor-
mation on voltage, current and power flow can be used to determine fault location
and if the trip was correct. If the trip is determined as a nuisance trip, pick up and
time delay of the relay may be adjusted.

The proposed method for avoiding the issue of out of phase automatic reclosers is to
use over- and under-frequency and voltage relays. This allows for delay of reclosing
until the machines are disconnected from the system.

It is difficult to accomplish a satisfactory anti-island protection. The paper points
out two methods of avoiding island operation. Transfer trip scheme may be used.
By monitoring the affected circuit breakers that could island the DG. By the use of
an algorithm, one is able to distinguish island operation. If the condition is fulfilled,
the affected DG’s are tripped.

Over /undervoltage relays can be used in order to detect the voltage swells/dips. If
ferroresonance is detected the immediate action will be to trip the line. The negative
consequences that follow ferroresonance can be mitigated by adjusting the reactance
at the affected location.

4.4.3.1 Digital substations

It can be concluded that the integration of RES in the power system has, among
other things, consequences on the system protection. One common thread through-
out the proposed actions in order to handle the resulting protection related issues is
information. By having access to necessary real-time system data system protection
becomes enhanced. This can be achieved by the usage of a digital substation.

Substations today use analog and binary data for monitoring and operation of pro-
tection systems. Processing analog data is power demanding and requires a large
amount of labor. Digital substations with the help of fibre-optical cables and soft-
ware, digitizes the data and, as a result, have the ability to enhance reliability and
flexibility of the station[66].

There several beneficial aspects following a digitization of a substation. Design,
construction and maintenance cost are lowered. With the transition to an electri-
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fied society, substations will become the naval point of information in the electrical
infrastructure. Digital substations are necessary in order to quickly integrate Wide
Area Monitoring, Al-tools and more[67].

4.5 Summary

In order to achieve satisfactory decarbonization several instances of the society re-
quires electrification. As a result, a substantial expansion of RES may be expected.
Integration of RES with high penetration yields several challenges for the future
power system. Power quality challenges, voltage/frequency stability, harmonic con-
tent and increased complexity of power system protection. Several methods of main-
taining high quality power and reducing harmonic content exists, such as FACTS
devices, filtering, energy storage and digital substation.

This chapter has evaluated future challenges from a power system point of view.
Decarbonization in the field of electric power engineering encompasses additional
topics. The following chapter focuses on environmental challenges from the electrical
infrastructure itself, where primarily alternatives to the insulating gas SFg will be
assessed.
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The environmental section evaluates the future environmental coupled challenges
related to substations. Firstly, replacement for the insulating gas SFg is considered.
Alternatives pointed out by recent research are assessed and alternatives offered
by manufacturers are presented. Lastly, alternatives for transformer insulation are
reviewed, both liquid and solid insulation.

5.1 Environmental impacts of substations

In order to assess the environmental impacts contributed by the usage of electrical
switchgear and substations several LCA-studies are reviewed. The results found
from the studies are presented below.

Paper [68] provides a life cycle assessment (LCA) concerning a 132 kV hybrid sub-
station insulated with SFg. The LCA found that SFg losses contributed the greatest
impact related to global warming. The second largest contributor in the global
warming category was found to be the operating phase of the substation. The LCA
is utilizing the 2018 Italian energy production mix.

In [69], an LCA on the Danish distribution network from 2013 is conducted. The
study concluded that the impact is more significant in the distribution network
compared to the transmission network because the power losses are greater in the
distribution network. SFg emissions in electricity transmission were found to be a
significant factor in the climate change category, while emissions in the distribution
network were negligible in comparison. Metal depletion can be linked to the electri-
cal infrastructure, with emphasis on cables and transformers.

The paper [70] reviews 16 studies that deals with LCA’s of electrical grids. The pa-
per found that power losses was a major contributor in the climate change category
(62 %). Results show that the applied energy mix is of major significance. High
penetration of renewables results in significantly lower impact of power losses when
compared to fossil-based mix.

The LCA in [71] aims to characterize the environmental impacts from substation
equipment, adopting an average European energy mix. The LCA on transformers
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found that power losses had the greatest environmental impacts, followed by infras-
tructure related processes: transport, manufacturing, maintenance and end of life.

The paper theorizes that higher equipment efficiency could result in higher energy
and material input. The trade-off between increased equipment efficiency and ma-
terial usage is an aspect that should be considered during grid planning.

Transformer transport is highlighted to have impact on climate change, fossil deple-
tion, terrestrial ecotoxicity and ozone depletion. Disposal of transformer oil gener-
ates high transformer end of life impact.

In regards of substation equipment, SFg leakages are found to be of major signifi-
cance as it contributes with 78 % of the total GWP 100 score in the LCA.

Summarizing [68], [69], [70] and [71] it may be concluded that the most significant
factors concerning environmental impacts are: power losses, which is heavily influ-
enced by the applied energy mix, SFg emissions, material extraction, infrastructure
and transformer oil.

5.2 Replacing SF

SF¢ is an exceptional gas insulator, which is a result of its electronegative proper-
ties. The attachment of electrons plays a vital part in the formation of an electron
avalanche, which ultimately results in a breakdown. Therefore, electronegativity and
electron affinity are important characteristics in the context of dielectric strength.
SFg with its excellent electron affinity properties manifests superior insulation qual-
ities, enabling drastically reduced equipment sizes, see figure 5.1. Additionally, the
electronegative qualities of the gas provides excellent arc-extinguishing properties.
As a result, SFg plays a dominant role as insulation/extinguishing medium in high
voltage circuit breakers, where arcs are an inevitable consequence of separating the
energized contacts while operating. The gas also exhibits favorable properties such
as, non-toxicity and as a result of its molecular composition, the atoms immedi-
ately recombine following an arc where the molecule is broken down to its core
components|[12][72].

The major disadvantage of SFg is the environmental impact of the gas. The global
warming potential (GWP) is estimated to be in the range of 25000, relative to COy
with an estimated life time of 800-3200 years. There is no evidence that SFg con-
tributes the ozone depletion|[73].

In terms of global warming, radiative forcing from fluorinated gases (F-gases) make
up 12.5 % of man made green house gases and, as of 2015, SFg contributes to 0.15
% to the global radiative forcing. Furthermore, 58 % of the global emissions of
SFg originates from electrical equipment where the main contributors to SFg related
emissions is linked to production and operation[74].
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100 % N2
0.5 MPa
@ 1600 mm

100 % SF6
0.5 MPa
@ 400 mm

Figure 5.1: GIL dimensions under same pressure based on breakdown voltage -
SF¢ (left) in comparison of No (right)

SF¢ is expected to be banned by 2026 in the EU. The number of substations that
utilizes SF¢ is expected to be around 10 million and the amount of substations is
expected to increase by 40 % by 2050, as a result of the electrification. The ban
is expected to mandate SF6-free substations up to 24 kV by 2026 and in 2030 also
includes substations up to 52 kV. Substations that already utilizes the gas will be
allowed to continue its usage during its lifetime since replacing the gas would require
a redesign of the switchgear.

5.2.1 Alternatives - research

The search of alternative gases is divided into two sections. The first, aims to
evaluate what alternatives are pointed out by research. The second section aims to
introduce alternatives offered by manufacturers of high voltage equipment.

5.2.1.1 C4-FN & C5-FK

Paper [75] points out several important factors related to safety and environment
when substituting SFg to an alternative gas. These are, non-flammable, non-toxic,
low global warming potential and no ozone depletion potential. Additionally, the pa-
per points out important properties for high voltage insulation applications. These
include, dielectric strength, heat dissipation, thermal and chemical stability, boiling
point, arc-quenching and dielectric recovery.
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The paper concludes that usage of natural gases as mixture component have several
beneficial aspects. Reduction of the boiling point, enhanced arc-quenching abilities
and lowered GWP. Furthermore, the paper points out C,F;N (C4-FN) as reasonable
alternative. By adding COs a lower GWP is attained and arc-quenching ability is
enhanced. The paper also highlights that C4F;N (C5-FK) is at an early stage of
development and that further research is necessary.

In [76] SF¢ emissions are studied under large uncertainties. Emissions from SFg are
compared to the gas mixtures using C5-FK and C4-FN, which have been demon-
strated to posses satisfactory arc-quenching and insulation properties. The emissions
from SFg are estimated to 1.6-3.3 Mt COs-eq annually from operational leakage.
Switching to C5-FK or C4-FN for 145 kV GIS estimates saving in the range of
50-360 t COs-eq over the equipment’s lifespan. Furthermore, the paper estimates
reduction of carbon footprint by 14 Mt COs-eq over a period of 50 years, considering
a phase out scenario starting from 2020.

Important requirements for alternative gases in circuit breaker applications are high-
lighted in [77]. These include, high dielectric strength, no ozone depletion potential
(ODP), non-flammability, low GWP, arc quenching, stability, material compatibility,
heat dissipation capability and availability on the market. The paper lists properties
of SFg, given in table 5.1.

Table 5.1: Properties of SFg and alternatives

Data from [77] | Gwp | PO PO | prapaisy | T Diclctnic
SFe 23500 | -64 No 1000 1
CO, 1 -78.5 No 5000 0.3
C5-PFK 265 | <1 No 225 2
C4-PFN 2100 | -4.7 No 65 2

The paper points out several promising alternative gases given the requirements.
The most likely candidates are C5 perfluoroketone (C5-PFK) and C4 perfluoroni-
trile (C4-PFN), although, the paper concludes that the market will likely converge
into a single alternative in the future. In pure form, the gases demonstrates superior
dielectric strength in comparison of SFg, but it can also be observed that high di-
electric strength is correlated with a high boiling point, see table 5.1. A high boiling
point is an undesirable quality in electrical switchgear applications where low tem-
perature requirements are found. Therefore, a buffer gas needs to be implemented.
In HV applications CO, is used and air in MV applications. The properties of the
gas mixtures are given in table 5.2.
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Table 5.2: Properties of gas mixtures in MV /HV switchgear

Data from [77] | GWP DS Thin [© C] | VA
SFg 23500 1 -41...-31 -
COq 1 0.4-0.7 < -48 -
CO,/C5-PFK/O, | 1 0.86 -5...5 HV
CO,/C4-PFN 327-690 0.87-0.96 | -25...-10 HV
Air/C5-PFK 0.6 0.85 -25...-15 MV
N,/C4-PFN 1300-1800 | 0.9-1.2 -25...-20 MV
DS Dielectric strength at 0.55 MPa

Tonin Minimum operating temperature

VA Voltage application

Chapter 18 in [78] provides an historical overview of alternative gases as well as an
overview of the market as of 2023. The most important quality of an alternative gas
is dielectric strength, which can be related to how strongly electronegative the gas
is, or specifically, the gas molecule’s ability to attach free electrons.

The two most promising gas insulator candidates as SFg alternatives from more
recent research are fluoronitrile (C4F7N) and fluoroketone (Cs5F130O) which both
exhibits low toxicity levels and adequate GWP values. These compounds exists on
the market from 3M™ namely, SM™Novec™4710 and 3M™NovecT™5110, which
have begun seeing applications within electrical equipment. For instance, a mixture
of COy, Oy and 3M™Novec™4710 labeled green gas for grid (g*) from GE has been
developed and seen usage for GIS and gas insulated lines (GIL). Another solution
for GIS and GIL applications is AirPlus™ from ABB which combines 3M™Novec
T™M 5110 with dry air.

5.2.1.2 Vacuum

Paper [79] compares the electromechanical properties of SFg and vacuum circuit
breakers in the medium voltage range. The paper states that in oil and air were
the dominant insulating materials for circuit breakers until the 1980’s, when SFg
entered the market and became dominant for medium and high voltage applica-
tions. The paper predicts that vacuum based circuit breakers will see technological
advancement in the coming future. Vacuum breakers have higher dielectric strength
at small distances, requires less periodic maintenance and have a higher rate of rise
recovery voltage.

The paper investigates opening and closing time of the breaker in aid of the motion
curve, which is an important parameter that provides desired information about the
device. The parameters from [79] are given in table 5.3.
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Table 5.3: Results from the vacuum breaker test

Parameter SF¢ Vacuum
Opening time [ms] 54.40 | 22.30
Closing time [ms] 71.90 | 44.20
Contact wipe [mm] | 25.20 | 4.34
Contact stroke [mm)] | 56.90 | 18.37
Total distance [mm] | 82.70 | 22.70
Data from [79]

The opening time is an important parameter in terms of protection of transmission
and distribution facilities. Closing time is important due to the fact that during
closing, unwanted arcs between the electrodes may occur that could result in ex-
plosion. The contact wipe refers to the required distance for the contacts to not
separate following a vibration as a result of the motion during operation. In order
to dampen the arc during a malfunction of the system, the fixed and moving con-
tact must reach a certain distance between each other, which is refereed to as the
contact stroke. The final parameter, total distance, is the sum of the contact wipe
and contact stroke.

From the results, the paper concludes that vacuum breakers operates faster, has to
move a shorter distance and is less complicated than the SFg breaker and demon-
strates more favourable properties than its counterpart.

Additionally, [78] also highlights vacuum breaker technology as an attractive solu-
tion. Using vacuum between the contacts and as a result, quenching the resulting
arc from operating the device, combined with either solid dielectric or dry air as in-
sulation around the vacuum interrupter and in the bushings eliminates the need of
SFg completely. Such technologies are, as of 2023, being developed by Siemens and
Mitsubishi. The devices exists for applications within the MV range (< 72.5 kV),
higher voltage applications are expected to become available in the future, albeit
being a challenge technically.

When summarizing the results from [76], [75], [80], [79], [77] and [78] it can be
concluded that the compounds fluoronitrile and fluoroketone as well as vacuum are
promising alternatives.

5.2.2 Alternatives - market

The following section reviews the present SFg-free alternatives offered by manufac-
turers on the market.
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5.2.2.1 C4-FN
3M™ Novec™ 4710 & 5110

The previously discussed compounds C4-FN and C5-FK is currently being marketed
as SM™ Novec™ 4710 and 3M™ Novec™ 5110, respectively. According to the
company, the gases are intended to be used as insulation within applications for
GIS, GIL and circuit breakers[81][82]. Parameters provided by the technical data
are provided in table 5.4.

In pure form, both gases demonstrates higher dielectric strength in comparison of
SF¢ at absolute pressures ranging from 20 - 100 kPa. The test conditions are uni-
form field distribution with a parallel plate geometry with a separation distance of
2.5 mm. 5110 mixed with air demonstrates a slightly lower breakdown voltage than
that of SFg which is also the case for 4710 mixed with CO,.

Table 5.4: Properties of Novec 5110 and Novec 4710 (C5-FK) & (C4-FN)

Data from [81][82] | 5110 (C5-FK) 4710 (C4-FN)
Flammability No No

Boiling point [°C] 26.9 -4.7

DBV [kV] 18.4 27.5

GWP <1 2100

ODP 0 0

DBYV: Dielectric breakdown voltage

In pure form, both gases demonstrates higher dielectric strength in comparison of
SF¢ at absolute pressures ranging from 20 - 100 kPa. The test conditions are uni-
form field distribution with a parallel plate geometry with a separation distance of
2.5 mm. 5110 mixed with air demonstrates a slightly lower breakdown voltage than
that of SFg which is also the case for 4710 mixed with COs.

One advantage of using a small dosage of C4-FN in mixture with either Ny, O5 or
CO, is that the arc-quenching capability is greatly enhanced, as well as the dielec-
tric strength. Using pure Ny, O or CO,, alternative gas breaker technology, such as
vacuum, needs to be deployed due to its reduced arc-quenching properties. However,
vacuum breaker technology have lackluster scalability since the dielectric strength
exhibits a saturation effect in relation to the electrode distance. Hence, vacuum
breaker technology does not see applications in the voltages above 145 kV[83]. By
using C4-FN and bypassing the need for vacuum interrupters C4-FN may be directly
adapted into already existing SFg-breaker technology and as a result, skipping the
need for complete re-innovation of breaker technology.

The mixture ratios varies, depending on the application. As pressure increases, the
dielectric strength of the gas mixture increases, but also the minimum operating
temperature. Table 5.5 lists multiple common mixture ratios that sees applications.
It should be mentioned that the minimum operating temperature may be decreased
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Table 5.5: Common C4-FN mixture ratios with corresponding minimum temper-
ature

C4-FN [%] | Oz [%] | CO5 [%] | Min. temp [°C

5 13 32 -25
3.5 10 86.5 -30
3.5 13 83.9 -30
3 0 95 -25

Data from [83]

by lowering the gas pressure.

Hitachi has recently launched an Eco-friendly brand which consist of an SFg-free
portfolio which is marketed under the name EconiQ™. The alternative gas is a
mixture of C4-FN, COy and 05[84]. As of 2021, over 150 breakers from the series
have been installed worldwide. The Econiq™ brand provides solutions for, live
tank breakers (LTB), dead tank breakers (DTB), current transformers, GIL, GIS
and plug and switch system hybrid switch gear (PASS)[85]. A roadmap over the
portfolio is provided in table 5.6.

Table 5.6: Roadmap of the Ecnoiq™ series

Data from [85] 2022 2023 2024 2025
Live Tank Breaker 72.5 kV
I TR 145 KV 420 kV 245 kV
Dead Tank Breaker 72.5 kV
DTB 420 kV 145 KV 550 kV 245 kV
Plug and SW.ltCh . 795 KV
System hybrid Switchgear 145 KV
PASS
) 72.5 kV
gzllg—lnsulated Switchgear 145 KV E50 KV 945 KV
420 kV
Gas-Insulated Line 245 kV
GIL 420 kv 550 kV

General electric promotes its alternative gas as green gas for grid (g*), which is a
mixture of C4-FN with either CO5 or N3[86]. The existing applications are GIS (145
& 420 kV), GIL (420 kV) and live tank circuit breakers (145 kV)[87].

5.2.2.2 Vacuum

Siemens utilizes vacuum technology and clean air as insulation medium. Clean air is
a composition of 80 % Ny and 20 % O, and offers solutions for 145 kV GIS, voltage
transformers (VT) up to 420 kV, LTB and DTB up to 145 kV[88].

50



5. Literature study - environmental aspects

5.3 Transformer insulation

Transformer insulation require high breakdown strength, partial discharge(PD)-
resistance, thermal and chemical stability, high electric resistance, low losses and
cooling properties. The dominant type of insulation are combination of liquids and
solids, specifically, oil and cellulose. Layers of paper are, under heat and pressure,
compressed into a solid mass which is called a pressboard. Oil is impregnated into
the paper mass, filling up pores and voids which enhances dielectric strength and
reduces dielectric losses in addition to providing excellent heat dissipation as the oil
is able to transport the heat[89][90].

5.3.1 Oilimpregnated paper insulation

The most common oil used for insulation purposes in transformers are mineral oils,
due to its relatively low cost and other relevant characteristics. Some important oil
qualities are

o Dielectric strength

o Viscosity

e Pour point

o Flash and fire point
Viscosity is a measurement of a fluid’s resistance of deformation or resistance of flow
at a given rate. Viscosity determines the circulation, thus heat transfer is greatly
affected by the viscosity of a fluid. The pour point is determined as the temperature
when oil stops flowing. The flash and fire point are related to the temperature at
which the oil will starts burning. The flash points is at which temperature the oil
vapour in combination with the ambient air becomes flammable and the fire point
is defined as the temperature where the fire will be sustained for 5 seconds[89]. Di-
electric breakdown in liquids can either be initiated by a formation of an electron
avalanche or initiated by liquid impurities. Containment’s such as gas bubbles or
moisture with lower dielectric strength in combination with high electric stress re-
sults in breakdown of the liquid.

Mineral oils also have a high ageing resistance. However, mineral oil possesses sev-
eral negative qualities. These are, low flash and fire point as well as a relatively weak
dielectric strength. The most negative aspect of usage of mineral oil are the envi-
ronmental related issues[91]. Mineral oils are non-degradable, a hazardous property
in the event of leakage. The relatively low flash and fire point is another concern as
mineral oil are highly combustible.

Mineral-based oil originates from fossilized materials such as algae and zooplankton.
Due to the extremely long-time process of fossilization the oil deposits will not be
replenished within the scope of the human timescale, requiring continuous discoveries
of such deposits. Therefor it cannot be guaranteed that mineral oil will be available
in the future[92].
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Esters

Esters or vegetable oils consists of triglycerides and have several appealing qualities.
Their sources are renewable with non-fossil origin and biodegradable. These charac-
teristics results in more environmentally friendly and safer alternative than mineral
oils for both off and on-shore applications[91][93].

Synthetic esters are obtained from alcohols. Synthetic esters are characterized by
high viscosity, high flash and fire points in comparison to mineral oils. Compared
to natural esters, the synthetic esters exhibits higher performance when operating
in lower temperatures. A comparison for certain relevant parameter are provided in

table 5.7.

Table 5.7: Properties of vegetable oil compared to mineral oil

. .. | Vegetable Oil | Vegetable Oil
Property Mineral oil Saturated Unsaturated
Viscosity at 40 ° C [cSt] | 13 29 37.6
Flash point [°C] 154 225 260
Pour point[°C| -40 20 -22
Breakdown voltage [kV]] | 45 60 56

Data from [94]

Although the alternatives to mineral oil posses several positive qualities such as,
high breakdown voltage, high flash and fire point and biodegradability, they also ex-
hibit several drawbacks. Drawbacks associated with natural esters are pour point,
ionization resistance, dielectric loss and oxidative stability.

One major drawback of natural esters as insulating medium in transformers is the
pour point. At low temperatures the oil exhibits high rate of crystallization. The
crystallization rate is heavily dependent on their saturation level. IEC 60296 requires
a pour point of -40°, which is accomplished by mineral oil, but not by natural esters.

5.3.2 Dry-type transformers

Solid insulated transformers, commonly refereed to as dry-type transformers, are
transformers where the transformer windings are either resin-encapsulated or resin-
bonded. This technology finds applications in voltage transformers and power trans-
formers in the medium voltage range. Due to air inclusions found within the layers
between the insulation high field strengths are unacceptable. In comparison to oil-
insulated type transformers, dry-type transformers exhibit worse heat dissipation
characteristics as heat is removed by conduction from the resin encapsulation. The
disadvantageous characteristics limits the dry-type transformers power ratings.

However, as the environmentally hazardous consequences of mineral oil are elimi-
nated, the dry-type transformers finds applications in the medium voltage range,
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undeterred by the increased price[12].

The absolute most advantageous property of oil/paper-insulated insulation is the
relatively cheap price in addition to its highly beneficial thermal properties. The
units offer the lowest losses in relation to price as well as being able to operate in
inauspicious conditions.

One possibility that is enabled from dry-type insulation is the ability to reduce
core and winding volume — a property which originates from the possibility of using
solid material with high temperature ratings. Although higher operation tempera-
ture leads to increased power losses the severe consequences of potential oil leakage
and ignition from oil units are bypassed. This property is the reason that dry-type
transformers have become available to an affordable price, albeit a higher price than
conventional oil-paper insulated transformers.

A drawback of the dry-type units is the fact that the ambient air has influence on
insulation characteristics. This is apparent in environments characterized by high
influence of contaminations such as moisture. The resulting weakened dielectric
strength have severe consequences on the transformers, particularly in higher voltage
ratings[95].

5.4 Summary

This chapter has highlighted several negative environmental aspects of the electrical
switchgear. One of the strongest environmental loads is related to SFg emissions.
The next chapter aims to determine how the alternative gases found in this chapter
will affect a studied substation on a design level.
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Technical study

6.1 Mechanical model of a substation

For visual aid a mechanical model of a substation is developed. The substation is
a 50 / 10 kV substation and the model contains the primary side of the substation.
It should be mentioned that the devices in the model are rated 72.5 kV, but in a
real application the devices would be subjected to a voltage of 50 kV. The modeled
components are inspired by real components and a real model of a similar substation.
The real mechanical substation model is provided in figure A.2 and A.3 in appendix
1. Figure 6.1 and 6.2 depicts the modeled station in a two-dimensional view as
well as an isometric view. The model components are summarized in table 6.1. It
should be noted that the substation model is of H-type configuration, meaning that
there are two equal series of apparatuses interconnected between the bus bars. For
convenience, only one series of the substation is henceforth depicted.

Table 6.1: Description of CAD model

Order | Component Figure | Function

1 VT 6.3 Voltage measurement

2 CT1 6.3 Current measurement

3 Circuit breaker 1 | 6.5 Break running current

4 Bus 6.4 Central point for distribution

D Disconnector 6.6 Isolate substation during maintenance
6 Circuit breaker 2 | 6.5 Break running current

7 CT 2 6.7 Current measurement

8 Cable tray 6.8 Mechanical support for secondary side
9 Power transformer | 6.9 Transform voltage

The circuit breaker is based on Hitachi’s SFg circuit breaker, rated 72.5 kV[96].
The circuit breaker interrupter is based on figure 2.8, and normalized to the size of
Hitachi’s circuit breaker.
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Figure 6.1: Substation - 2D sketch

Figure 6.2: Substation - Isometric

56



6. Technical study

Figure 6.3: Voltage and current transformer

The voltage transformer is mounted on the same frame as the second current trans-
former.
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Figure 6.4: Bus bar
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Figure 6.6: Disconnector
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Figure 6.7: Current transformer
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Figure 6.8: Cable tray
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Figure 6.9: Power transformer

The interrupter unit from the CAD model is given in 2D in figure 6.10a, as well as
in figure 6.10b as 3D.
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(a) Interrupter 2D (b) Interrupter 3D

Figure 6.10: Interrupter CAD model

6.2 Simulation results

The simulation uses the same geometry for SFg and the gas mixtures. Since the
breakdown voltages (critical fields) are lower than SFg, the gas mixtures are be
operating closer to breakdown. The purpose of the simulation is to find at what size
the gas mixtures will exhibit an equal electric field / breakdown ratio as SFg.

The alternative gases used for the electrostatic simulation are, g3, C4-FN-mixture
and a COs-mixture. A C4-FN ratio of 3.5 % is selected as it yields lower dew
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temperatures[83]. As the circuit breaker is operating outdoors, having a lower dew
temperature is more suitable for Swedish climate.

6.3 Breakdown - bond energy

SF
Upsr, = 6(S — F) = 6 %3.39 = 20.34 eV

C4-FN mix

The mixture ratio is, 3.5 % C4-FN, 10 % O, 86.5 % CO,. Bond energy for C4-
FN[97],

Ub702 = (O = O) =5.18 eV
The total bond energy for the mixture

Ub,carN—miz = 3.5% * 52.23 + 13% % 5.18 + 86.5% * 16.6 = 16.7 eV

CO, mix
The COy-mix contains 90 % CO, mixed with 10 % O
Ub,COg = (O =(C= O) =2%83=16.6 eV

Ub,cOy—miz = 90% % 16.6 + 10% % 5.18 = 15.45 eV

g? alternative

The mixture ratio is, 4 % C4-FN, 96 % COs,
The total bond energy for the mixture

Upgs = 4% % 52.23 +96% * 16.6 = 18 eV

Breakdown - Critical field

3.1 gives the breakdown voltage at 1 ¢cm and 1 atm. The critical electric field in
kV /cm is given in table 6.2

Table 6.2: Bond energy and critical electric field for the gas mixtures

Gas ‘ SFg C4-FN-mix COy-mix g3 ‘ Unit
U, 204 16.7 15.45 18.02 eV
Eeie | 90.026 73.72 68.21 79.546 | kV/cm
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6.4 Electric fields

The upper and lower contact and
The insulating components, shed

terminal of the interrupter is simulated as copper.
and nozzle are simulated as porcelain.

The permittivity for g® is simulated as ¢, = 0.88[97]. Since the C4-FN-mix largely
resembles the g® gas it is assumed that the permittivity of the C4-FN-mix is equal
to that of g®, ¢, = 0.88. The permittivity for the materials used in the electrostatic
simulation is provided in table 6.3.

Table 6.3: Values of relative per

Material

mittivity used in the simulation

Relative permittivity, e,

SFg
COgy-mix
C4FN-mix
o?
Porcelain

1 ]98]
1 [99]
0.88 [97]

5.5 [100]

The resulting electric field ratios (%) from the electrostatic simulation are given

in figure 6.11, 6.12, 6.13, 6.14.
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Figure 6.11: Interrupter electric

66

|

field - SFg



al study

6. Technic

Ll

e =

//// u_E\
NN

J_

Figure 6.12: Interrupter electric field - 3.5 % C4-FN

.FL.E??\K!

T

==

////ﬂ“ vy \\1:
SN

Figure 6.13: Interrupter electric field - g3
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—

Figure 6.14: Interrupter electric field - CO,

6.5 Scaling

The normal electric field along the symmetrical axis is extracted with a paramet-
ric sweep of the scaling factor, k, at different values until the local maximum of
the alternative gas matches the SFg local maximum, meaning the gas alternative
is operating as close to breakdown as SFg did originally. The field ratio along the
symmetrical axis for SFg is provided in figure 6.15. The parametric sweeps for C4-
FN, g® and CO, are provided in figure 6.16, 6.17 and 6.18, respectively.

The value of the scaling factor, k, are extracted from the figures. The scaling factor
as well as the resulting widest distance of the interrupter is presented in table 6.4.
The distance requirement refers to the distance between the circuit breaker and cur-
rent transformer. Since the interrupter unit is scaled up, the distance between the
devices will decrease. It can be observed that the COy does not comply with the
minimum distance requirement in the CAD model.
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Table 6.4: Scale factor results

Gas alternative

Scaling | Length* [mm] | Distance to adjacent apparatus ** [mm]

SFg
COy-mix
C4-FN-mix
o?

- 588 3115
1.5 882 2968
1.2 706 3056
1.1 647 3086

*Widest distance of the interrupter

** Distance requirement 3000 mm [19]

Parametric sweep of scaling ratio k - C4FN
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Figure 6.16:
- C4-FN
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Normal /Critical field ratio along symmetrical axis - SFy
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Figure 6.15: Ratio of normal and critical electric field along the symmetrical axis
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Parametric sweep of sealing ratio k - g*
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Parametric sweep of scaling ratio & - CO4
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Discussion

7.1 Power system

The results point out that there are several issues following an integration of renew-
able energy into the power system. The results does not specify that what extent
these issues will affect the power system. Without more data it is extremely diffi-
cult to predict the future power quality as well as the future stability of the system.
Although no such prediction is made, it is still certain that the future power system
will experience issues in power quality and stability.

From the future scenarios provided by the Swedish energy agency and SVK it can
be observed that nuclear power is expected, in several scenarios, to increase in the
coming future.

The penetration of RES depends on several factors. Future power demand and vol-
ume of nuclear power generation. From the future predictions and scenarios given
by the TSO and Energy Agency it is clear that both future power demand and
share of nuclear power is uncertain. There are substantial differences in the pre-
dictions made by the TSO from 2021 and 2024. One may argue that the increased
share of nuclear power in the 2024 analysis as well as the analysis from the Energy
agency is a direct result of the shift government from the 2022 Swedish election,
where the current government is more significantly more friendly towards nuclear
power than the prior. The ambition of the Kristersson cabinet is to expand the
nuclear generation of Sweden with prolonged lifetime of current reactors and devel-
opment of new nuclear power. If the ambition becomes reality remains to be seen,
but current public opinion demonstrates a positive attitude towards the proposition.

Even though the future scenarios may conflicting, they all predict an increased power
demand and heavily increased wind power production. The scenarios also predicts
that Sweden will go from a large power exporter to a being more reliant on energy
import. Combining the fact that the production/consumption ratio will be lower
together with more wind power, which is by nature irregular in its power produc-
tion, refer to figure 4.1, it is clear that the future will have negative consequences
on frequency stability. The need for ancillary services will increase.

The integration of RES will inevitably affect the voltage/frequency stability neg-
atively. It will also impose challenges related to protection of the power system.
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Due to the future issues related to power quality and harmonic content the need
for mitigating strategies will increase. FACTS have been demonstrated to posses
several beneficial characteristics that will be able to alleviate future challenges for
the power system by increasing, voltage stability, rotor-angle stability and mitiga-
tion of harmonics. If the FACTS devices will be play a major role in the future
remains to be seen. Conclusively, such an expansion is driven by economical fac-
tors. If the economical advantages outweigh the negative, such an expansion is likely.

7.2 Environmental

In the literature three different adequate SFg alternatives for circuit breakers were
found, C4-FN, C5-FK and vacuum breakers. Several articles highlights C4-FN and
C5-FK as the most promising alternatives. But as can be observed in 5.2.2, it seems
that C4-FN is the more favourable option as it sees usage by several manufacturers.

The greatest environmental footprint from substations was found to be power loss
related. It was also concluded that energy mix in which the station is operating un-
der plays a major role in the environmental footprint related to power losses. Since
this project is related specifically to the Swedish power system, it can be concluded
that SFg emissions is the dominant factor for the Swedish power system.

The original purpose of the substation model was to, apart from providing the circuit
breaker geometry, simulate the electric field surrounding the station and evaluate
the resulting electrical field after increasing the size. Unfortunately, this idea was
never realized as it would require an extensive workload in the simulation part. The
model itself should be considered realistic, as it is based upon real substation com-
ponents and the distances and mechanical support structures are provided by a real
CAD-model from a real substation.

There are several circumstances that make the results from the electrostatic simula-
tion ambiguous. The internal interrupter geometry is selected from researching the
subjected and then scaled to match the size of a real interrupter provided by Hi-
tachi. If the geometry on which the simulation is based upon is accurate is doubtful.
Additionally, the critical electric field calculation is based on calculating the bond
energy for the compounds along with the required energy to break the compound, a
method proposed by El-Zein[20] and used in a similar COMSOL study in [97]. In the
article by El-Zein, the breakdown voltages are calculated accurately in comparison
to traditional calculations and experimental results. The calculated critical fields in
this thesis could very well be correct on a theoretical level under ideal conditions,
but the results are applied to real applications. There are several physical entities
that interplay during the breakdown phenomenon, pressure and distance, which we
know from Paschen’s law, field homogeneity and several material dependent prop-
erties. Furthermore, the interrupter is studied under a static condition, whereas in
reality, the circuit breaker is a dynamic unit.
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Atmospheric pressure is assumed in the critical field calculation, meaning that the
values of the critical should be considerably lower than a real circuit breaker, where
gas pressures are significantly higher. However, incorporating a lower pressure is
beneficial as the studied circuit breaker needs to be able to operate under Swedish
temperature conditions, meaning that the lowest ambient temperature in which the
circuit breaker needs to able to operate under, is - 40 ° C (Southern Sweden). By
adopting a lower pressure, the temperature ratings are improved.

There are uncertainties in the calculated results in the technical study, but this does
not have to be of great concern. The purpose of the electrostatic simulation is not
to extract precise results, but to find at which scale does the gas alternative give
the same EEL ratio as SF.

crit

Furthermore, the simulation results concludes that the CO; circuit breaker does not
achieve the necessary distance demands. This is an interesting topic from a future
outlook. SFg will inevitably be banned, and once the SFg breakers in the substa-
tions are finally replaced, what happens if the substituting circuit breaker does not
achieve the distance demands. Will the each apparatus in the substation have to be
moved? If not, what are the electrical safety concerns?

Although the CO5 mixture option does not comply with current distance regulation,
the two other alternatives do. The C4-FN mixtures is able to maintain performance
without resulting in over sizing the device. Originally, one of the strengths from SFg
is the possibility of keeping a minimum size, which may also be realized by using
the C4-FN mixtures while significantly reducing the GWP.

In the thesis, transformer insulation is briefly reflected upon. It may be observed
that esters and dry-type transformer posses several beneficial qualities over mineral
oil, mainly fire safety aspects and higher dielectric strength. As mineral oil has an
undesirable environmental burden, it would be positive to be able to phase out the
usage in transformers, which needs large volumes. Although phasing out mineral
oil from the power system is desirable, it does not seem likely on a macroscopic
scale. Dry-type transformers suffers in the high voltage ratings and esters displays
poor performance in lower temperatures, which is inappropriate for application in
the Swedish climate.

Something that is not reflected upon in this report is the price of the SFg alternatives.
The reason for this is simply that such data is hard to find. However, since there is
a limited amount of worldwide installations it can be assumed that the alternatives
are significantly more expensive than the traditional circuit breakers. As SFy will
be banned in the future the demand for the alternative breakers will increase and
price decrease.
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7.3 Future work

This main background question of the thesis is regarding the future challenges im-
posed on substations. The report covers a wide surface of that question, but merely
scratches the surface on an array of subjects such as digitization, protection, etc.
This thesis mainly covers SFg alternatives specifically for AIS circuit breakers. How
the the proposed alternatives would perform in GIS applications is also an interest-
ing topic as SFg

As shortly reflected in the previous section in the discussion, what would happen if

the distance demands are not met when substituting the SF¢ circuit breakers. This
is an interesting topic that could be investigated in the future.
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Conclusion

In conclusion, this thesis has examined the future challenges facing substations in
the Swedish distribution and transmission system, particularly considering the an-
ticipated surge in renewable energy production. The inevitable transition towards
a power system characterized by a high penetration of renewable energy sources
presents various issues that cannot be overlooked.

As highlighted throughout this report, integrating significant amounts of renewable
energy into the power grid results in several negative effects. These include disrup-
tions to frequency stability, rotor angle stability, voltage stability, and power system
protection, in combination with the injection of harmonic content that further chal-
lenges the system’s overall power quality.

Technologies such as energy storage systems and Flexible Alternating Current Trans-
mission Systems (FACTS) devices have emerged as effective tools to mitigate the
highlighted consequences of renewable energy integration.

Moreover, the impending ban on sulfur hexafluoride (SFg), a highly potent green-
house gas widely used in the electric power industry, necessitates the need of alter-
native insulation gases. Among these alternatives, C4-FN stands out for its high
dielectric strength and significantly lower global warming potential. Its adoption
could significantly contribute to reducing the environmental impact of substations
in the Swedish power system.

7



8. Conclusion
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Figure A.1: LTB from Hitachi [96]
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A. Appendix 1

Figure A.2: Model from real substation of H-type configuration - top view

IT



A. Appendix 1

Figure A.3: Model from real substation of H-type configuration - isometric view
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