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Abstract

Abundance existence of solar energy from the sun on the globe has brought potential for
rapid growth of solar photovoltaic (PV) rooftops/power plants connection to existing grids at
transmission and distribution levels. The connections are likely to bring impact challenges of
integration and operations of the grids by utility companies. The steady state integration
impacts of solar PV power to existing grids were studied with focus on the distribution grids
of MdlIndal energy (10/0.4 kV) residential distribution grid and Orust energy (130/10 kV)
distribution grid. The steady state impacts on voltage level, voltage profile, voltage drop,
losses, line loading and voltage stability on the distribution grids were studied. The study
approached the integration impacts by comparison method of the distribution grids without
solar PV power integrated, with solar PV power integrated and with different penetration
levels (0%, 30%, 60% and 90%) of integrated solar PV power with aid of simulation software
NEPLAN, Paladin Designbase and PVSyst for solar PV power production for the grid areas.
The impacts study revealed that integration of solar PV power for the distribution grids
studied in general caused an increase in voltage profile, voltage level, decrease in voltage
drop and losses, and improvement in steady state voltage stability of the studied grids. In
addition, integration of rooftop PV systems caused a decrease in line loading of feeder cables
while integration of large ground utility PV systems caused an increase in line loading of the
feeder cable/line to the coupling substation to the grid. The increase in PV power penetrations
caused similar latter results in voltage level, voltage drop and voltage stability. However, the
grid losses decreased for 40% penetrations level and below for Orust energy distribution grid.
The losses started to increase at penetrations higher than 40%. From these results, there is a
limit to how much maximum PV power (hosting capacity) a grid could allow. For the grids
under study, the hosting capacities were determined. Hosting capacities of 30%, 40% and
25% penetration levels were found for Mdlndal area 1, Mdlndal area 2 and Orust area
distribution grids.

Key Words: Solar Integration, Grid Impacts, Hosting Capacity, Solar PV power, NEPLAN,
Paladin designbase, Steady State Voltage Stability, Distribution Grid.
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1 Introduction

This chapter introduces the background to the impacts of integrating solar PV power to an
existing grid. It describes the aims, problem tasks and scope that were used in studying the
topic of solar PV power integration. It introduces the skeleton structure of the thesis report.

1.1 Background

Solar power is the production of electric power by utilizing thermal energy of sunlight rays
from the sun. It consists of a solar power source and a converter of the energy from sunlight
to electric energy. This power can be independent of a conventional power grid or can be
integrated to an existing conventional electricity grid at transmission or distribution level.
Solar power is divided into two branches of technology that are popular today. These are
Concentrated Solar Power (CSP) and Photovoltaic (PV) solar power systems.

Solar power in form of CSP operates similar to thermal power plants and is sometimes
referred to as Concentrated Solar Thermal. It uses reflecting mirrors that reflect sunlight to a
common point and heat a fluid that can further drive a turbine to generate electricity. It is an
indirect solar power system. In a solar PV power, sunlight is converted to electrical energy
directly by using a photovoltaic material (semiconductor material). The sun hits this material
and by photovoltaic action in the material, electrical energy is generated. Concentrated Solar
Power system operates like conventional thermal power plants and their effects on the grid
can be understood by understanding a thermal power plant. Of much interest is the
Photovoltaic (PV) solar power system that operates different from conventional generating
systems and the effects to an existing transmission or distribution system need to be fully
understood before much integration can be made to any distribution or transmission system in
power system.

A solar photovoltaic (PV) power system can operate in isolation or connected to a power
grid. The system normally consists of a micro power source (solar) and some local loads.
Additionally, it can be a solar system without any loads connected but connected to a power
grid. When connected to a grid, the operating conditions of the grid are altered in either a
positive or negative way.

There has been rapid increase of grid connected solar PV power in rural, urban and city areas
around the globe (e.g. Sweden, Germany, India and some parts of Africa) [1]. This is to
enable solar PV Power systems to supply generated power locally and to other places through
the existing transmission and distribution power grid. This integration of solar PV power can
result in improvements of the grids or can have negative impacts on the steady state system
operation parameters.

Integration of solar PV power can have impact on the active and reactive power reliability
due to variations of power production and this could in turn impact on the voltage profile,
voltage stability and protection of the transmission and /or Distribution power grid after
integration.



A study, [2], was conducted at Uppsala University that looked at the hosting capacity of PV
and some integration issues in the Swedish distribution grid using Matlab and it was proposed
that software such as power system simulation software could be used to further investigate
the integration challenges and how much could be ok for a distribution grid.

It was with this background that the thesis was done to investigate the steady state impacts of
integrating solar PV power on a distribution power grid. After investigations at minimum and
maximum load demand, possible solutions to mitigating the impacts that the integration
caused are proposed.

1.2 Aim

The aim of the thesis was to investigate the impacts of integrating solar PV power to an
existing distribution power grid. This was done by modelling the distribution grids with and
without solar PV power in power system simulation software (Paladin designbase and
NEPLAN [28], [29]) to investigate steady state impacts on the distribution grid. The thesis
analysed the impacts of the different solar PV penetration levels and their impacts from zero
percent to ninety percent (0%, 30%, 60% and 90%). In the process, the hosting capacity of
the distribution grid under study is determined. The thesis attempted to answer the following
research questions:

1. What are the impacts of solar PV integration with different penetration levels of 0%,
30%, 60% and 90% on voltage level, voltage profile along a feeder, line losses and
loading and voltage stability (P-U and Q-U curves)? According to [3], penetration
level is defined as in equation (1.1):

PV Generated Capacity (kWh or MWh)

PV Penetration Level Network Peak Load (kWh or MWh) (1)

2. What is the maximum level of PV power capacity that can penetrate the distribution
grid before it causes unstable operation condition.

3. What are the mitigation solutions to the impacts and increasing of the hosting capacity
at maximum and minimum load demand?

1.3 Problem/Task

The task was to investigate the steady state impacts of integrating solar PV power to an
existing distribution grid in Sweden i.e. MdIndal Energy (mostly urban cable grid) and Orust
Energy (mostly rural grid) and propose some mitigation solutions. The thesis involved
literature studies/review of related studies on solar PV power impacts and modelling of
distribution grids. The task involved the following;

1. Literature review of solar PV power, theoretical integrating issues/challenges, and
voltage stability and profile.



2. Software familiarization on use, functions and capabilities of Paladin design base,
NEPLAN and PVSyst.

3. Analysis of normal case (without PV Integration).

4. Analysis of PV Integration (with aid of PVVSyst software).

5. Analysis of PV Integration scenarios (0%, 30%, 60% and 90% Penetration levels).
6. Hosting Capacity Determination.

7. Mitigation Solutions for PV Integration and Hosting capacity increase.

8. Thesis Report writing.

1.4 Scope

The thesis covered integration of solar power to an existing grid and study of the impacts that
the integration can cause on an existing grid. In the integration process, different penetration
levels (0%, 30%, 60% and 90%) of the solar PV power were integrated and analysed. It
involved literature studies and modelling of power distribution grids in power system
simulation software without solar PV power. The loading capacity and voltage
profile/stability in steady state of buses at point of connection were studied. Solar PV power
was modelled and added to the grid at different penetration levels. The steady state impacts
were investigated.

In this scope, steady state impacts on the line loading, losses, voltage level, voltage profile
and voltage stability of the distribution grid using power system simulation software of
Paladin Design Base and NEPLAN were studied.

1.5 Structure of the Thesis

The thesis is organized in a total of five (5) chapters. These are Introduction, Literature study,
Grid Modelling and System Study, Results and Discussions, and Conclusions and Future
work. The chapters present the topic of impacts of integrating solar PV power to an existing
grid.

The first chapter gives background, aim, tasks, scope and method of executing the study
topic. The second chapter reviews literature and theoretical background to the topic. It further
explains some concepts in understanding the problem and some expected outcome of the
integration of solar PV power.

The third chapter describes the method and approach to grid modelling of the grids to be
studied. It presents the processing of data, models built in the software environment, the
software used and the system studies to be performed in the studies.



The fourth chapter presents the results of simulations for the normal case and with solar PV
power integrated. The impacts in terms of results for Solar PV power integration and scenario
simulations of solar PV power penetration levels (0%, 30%, 60% and 90%) are presented.
Possible solutions to mitigating the possible problems and increasing the hosting capacity are
presented in this chapter. Finally, simulation results are discussed

The fifth and last chapter presents conclusions to the study and suggests future work that can
be carried out on the study topic presented.



2 Literature Study

This chapter introduces the concepts of literature that is in line to the subject of integrating
solar PV power to an existing grid. It describes the concept of solar PV power, voltage
profile, steady state voltage stability and related studies that have attempted to study some
impacts of distributed generation in various parts of the world. It will show the concept of
two port equations and attempt to explain integration issues of solar PV power to a bus
voltage level/profile, voltage drop, line losses and voltage stability.

2.1 Literature Review

The increase in the potential of solar power across the globe due abundant sunlight and aim to
reduction in carbon emitting generating systems has sparked interest in research and
development of solar PV power systems. This potential coupled with an increase in energy
demand and use that is estimated to reach 41% by 2035, [4], has led to an increase in
investment of research in Solar systems and the integration to already established grids.

To begin with, the sun does not shine equally on all parts of the earth due to difference in
latitude of places. The natural seasons and cloud cover reduces the amount of sunlight
reaching the surface of the earth. According to [5], it was discovered that cloud cover has a
huge impact on large scale PV power plant output and that the variability of clouds causes
variable output of the power from the generating PV plant. Furthermore, [6] explains the
modelling of the systems for better operations with varying climatic conditions. Therefore, it
is very important to consider the variability of cloud cover as an important parameter on the
power production when studying the effects or impacts of integrating solar PV power to a
grid.

In addition, integration of solar PV power is rising across the globe and this is a challenge for
power utility companies, transmission and distribution system operators. This is because, the
impacts of integration are not yet fully understood at both transmission and distribution level.
According to studies conducted by [1], the integration of solar PV has a lot of challenges
from the systems modelling and simulation point of view. The study looked at the stochastic
processes study of the impact of solar PV power voltage levels with extensive use of Matlab.

2.1.1 Impacts on Voltage Level and Profile

According to studies in [1], [2], and [7], the integration of solar photovoltaics to an existing
grid is likely to cause impacts on the voltage level and profile. Studies presented in [1] and
[2] attempted to establish the impacts of on voltage and determination the maximum
distributed photovoltaics generation to the distribution grids in Sweden. Three grids were
considered in the studies and showed increase in voltage rise at the bus. Of the three grids,
two had voltage rise but without voltage violation and one of the grids experienced
overvoltage at some buses. Additionally, the studies in [2] showed that voltage level and
profile is not the ultimate factor in determining the maximum penetration level. Other
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parameters, for example line loading and losses, should be analysed together with voltage
level and profile in determining the hosting capacity of the grids. Furthermore, in [8], [9] and
[10], the studies and report presented issue that are related with integration of photovoltaics
to a grid. One of the challenges of photovoltaics integration discussed in the papers was
voltage level and profile. The integration could cause an increase in voltage level and profile
but dependant on the grid configuration and how it is from the source of main power.
According to [11] and [12], feeders away from the main power source experience lower
voltage than the sending end voltage. Integration of photovoltaics in this case improves the
voltage profile along the feeders.

2.1.2 Impacts on Losses and Line Loading

Losses and line loading are very important parameters of a power system. Photovoltaics
integration to a grid has potential to alter the two parameters. Transmission lines and feeders
have a limit to which they can be loaded. Additionally, losses can either reduce or increase
the operation costs of a distribution grid [11]. The studies conducted in [1] and [13] presented
the effects of photovoltaics integration on the grid losses. Different penetration levels were
used to determine the impact of increased PV penetration on grid losses. According to [1],
grid losses decreased at lower photovoltaics penetrations and showed increase in grid losses
with increased penetration. However, according to [13], the increase in grid losses with
increased penetration levels were correlated with the likely of reverse power flow in a radial
grid. This is because reverse power flow increases the feeder line loading and consequently
the losses. In addition, it could interfere with protection operations in the grid.

In terms of feeder line loading, [13] and [12] presents the changes in line loading with
integration of photovoltaics. They present feeder line loading in a radial grid. With
distributed photovoltaics, the line loading reduces with increased photovoltaics penetration
until reverse power flow occurs. Reverse power flow increases the line loading with
additional increase in penetration levels.

2.1.3 Impacts on Steady State Voltage Stability

Voltage stability of a grid determines the potential of the grid to restore initial operating
voltage levels after being subjected to a disturbance [14], [15]. The integration of
photovoltaics at a feeder provides active power locally for a power factor of 1 and has
potential to provide added reactive power support for a power factor less than 1 [10], [12].
Studies in [7] investigated the effect on voltage stability for a grid in Saudi Arabia and in
[16] the steady state voltage stability was investigated. In these studies, it was found that the
integration of photovoltaics to a grid improved the steady state stability of the grids. The
studies also proposed methods that can used to determine the steady state voltage stability of
a grid. The method proposed in addition to Q-U and P-U curves are modal analysis and
sensitivity analysis. These are described in [14] and [15].



2.1.4 Summary of Photovoltaics Integration Impacts

In summary, the impacts of solar PV Power integration to a grid need extensive attention
from researchers and utility companies due to rapid growth of this renewable energy
resource. The effects/impacts cannot be generalized for all types of grids across the globe.
For effective understanding of the effects before integration, studies are needed to be carried
out for a particular grid in countries in which there is need to integrate more and more solar
PV system to their power transmission or distribution grids [12], [17]. The impacts of
photovoltaics integration has potential to cause:

» Changes to the feeder voltage level, voltage profile, line loading, power quality of the
system, system losses, power factor, fault currents, system stability (transient and
voltage stability), inertia of the system and mismatch in generation and load.

» Changes in operations of voltage-control and regulations devices (frequent
operations). This can in turn, impact on maintenance costs, reliability and life span of
the devices.

» Change in direction of power flow. There is a very high chance of reverse power flow
and this can impact on protections relays (directional).

2.2 Solar Power

Solar power, an important renewable power, has been on the increase in most parts of the
world in terms of installations [1]. This is as a result of abundant sunlight shining on the earth
from the sun every year and making conversion of this source to usable sustainable electric
power a top priority for most developed and developing countries. In Europe, Germany has
taken a major leading role in the installation and integration of solar power while Sweden
lags behind. Various technologies of solar power harnessing can be used, but today the
concentration has been more on two technologies. A technology utilizing the principle of
thermal power plants called concentrated solar power (CSP) or solar thermal (CST) is one of
them [18]. The other technology uses the photovoltaic effect and is known as solar
photovoltaic (PV) power.

In a concentrated solar power (CSP), thermal energy is reflected to a receiver and makes the
point on the receiver concentrated with thermal energy. The concentrated thermal energy is
used to heat a fluid that drives a turbine that is coupled to an alternator. The alternator
generates electric power. A CSP system operates and behaves like a conventional thermal
power plant [18].

In a solar PV system, a solar cell is used to convert energy (e.g. thermal and radiant) in
sunlight into a direct current (dc) power [12]. Figure 2.1 shows a simple process of
conversion from sunlight to electric power.
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Figure 2.1: Photovoltaic (PV) Cell System [12]

The material used in this solar cell is silicon and semi-conductive in nature. The materials in
use today for majority of solar cells are mono-crystalline, poly-crystalline and amorphous
silicon [35].

The current and voltage from a single cell is very small. For higher voltage and current, the
cells are connected in series to increase the output voltage and in parallel to increase the
output current. A combination of cells make up a solar PV module and a combination of
modules make up a PV array for high voltage, current and power output. A solar PV array
consists of series-parallel arrangement of modules. Since a direct current power is generated,
it can be used in two ways. The first way is to have a grid of dc loads that are able to utilise
the generated dc power. The second way is to connect power conditioning devices (power
electronics converters) to transform generated dc power to alternating current (ac) power.
This is because most of the electrical loads today operate with alternating current (ac) power.
Figure 2.2 shows a complete arrangement of a solar PV array with power conditioning
devices for conversion to alternating current output power.

> = et |
\ e+
—_— ¥ob a0y by - Uy(AC)

. v . - t t
> (IITTIN " u(bC) Ny ac outpu
> b 1 0 = — ~J

I : | —
Sun Photovoltaic (PV) array DC-DC Converter ~ DC-AC Converter

Figure 2.2: Typical Complete Solar PV System [7]

The output dc voltage (U) and current varies with irradiation reaching the array and
temperature changes. The DC-DC converter ensures that the dc (U;) fed to the dc-ac inverter
is stable. The inverter converts DC to AC (U,) which can be either single phase or three
phases depending on the requirement. For integration to a grid, cables, filter circuits and a
transformer are added at the output of the inverter.



2.2.1 Photovoltaic (PV) Solar Cell Theory

A PV solar cell made of silicon, a semiconductor, has properties similar to a p-n junction
diode. It has a p-region and an n-region. The p-region has more holes (+ positive particles)
than electrons (- negative particles) and the n-region has the opposite of the p-region [19].
Because of this, the natural movement of holes and electrons in the material create an electric
field in the p-n junction material. When a photon from sun’s radiation hits a p-n junction and
an electron is dislodged across the depletion region in the n-side, it is accelerated by the field
and pushed towards the n-region while the corresponding hole is pushed towards the p-
region. Figure 2.3 shows an arrangement of a p-n junction and the depletion layer with the
created electric field.

P-type material N-type material
¢ o} ¢ e o ® Hole
o o . ®
N N o Electron
e o e o _ .
+ Positive ion from
p N electron
e % * % = i+ __Negative ion
¢ ¢ o - from hole
® e —— ++
o o ® o o — +
o

Depletion region

Figure 2.3: P-N Junction [19], [20], [21]

As shown in Figure 2.3, more dislodgement of holes and electrons by photons from sun’s
radiation creates a field in the depletion region and a difference in polarity of the P and N
regions. If an external circuit is connected to the P and N regions, there is poised to be
recombination and a dc electric current would flow.

2.2.2 Solar PV Cell Circuit Representation

A solar PV cell for analysis is presented in Figure 2.4 as a constant current source which is a
function of the sun’s radiation, a diode with a series resistance (Rs) and a parallel resistance

(Re).
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Figure 2.4: Solar Cell Circuit Model

When there is no solar radiation (G) from the sun, there is a backward current that flows in a
p-n junction called a dark current (l,). When there is radiation from the sun, the current Ig is
produced by the cell and with a load connected; an electric current can flow and be measured
in the external circuit (I_). The resistor, R, is depicting a load connected to the solar cell,
which for now assumed resistive, and the voltage Uy is the open circuit voltage that can be
recorded when there is no load connected. The current lg is the maximum current that the cell
can produce at a particular solar radiation (G) and Isc is a current that can be produced with
shorted cell terminals. The output current I, is the current that can be recorded for a particular
load and solar irradiation (G). This is shown as a block model with power as the output in
Figure 2.5.

Solar PV Solar PV Solar PV
o Panel Isc Panel I Panel P-Power Out
G'Iﬁadm) Constant |5  Losses ~—» Voltage —>
Fx)=C (-LaodeTz) F(y)=U

Figure 2.5: Solar PV Block Model Representation

The current for a diode representation is given by the following equation [19]:

qUpiopE

= ]0(9 n.k.T (21)

IpiopE -1

where, Ipjope is diode current, k is the Boltzmann’s constant (8.62 X 10° eVI/K), q is the
number of electron charges per electron, Upope is the diode voltage, n: a material constant
between 1 and 2, T is the diode temperature in kelvin (K) and Iy is the dark current.

By using Figure 2.4 and Figure 2.5, the output current (I.) can be calculated as follows:
10



I =lsc- lpiope -Ir (2.2)

The short current Isc at a particular solar radiation G in equation (2.2) is given by equation
(2.3):

lsc = C.G (23)
where G is the solar irradiation and C is a constant for the solar cell.

By varying the irradiation on the solar cell and measuring the voltage and current output, a
current-voltage (I-U) characteristic of the solar cell can be plotted as shown in Figure 2.6.

By multiplying the output voltage and current, power of the solar cell can be calculated and a
plot of power against voltage (P-U) obtained. It is also shown in Figure 2.6.
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Figure 2.6: P-U and I-U Characteristics of a Solar PV Cell [12]

The power of the solar cell is the product of the current and voltage. It is the power that can
be delivered to the external circuit. At a particular voltage and current point, the solar cell
gives a maximum power. This point is termed the maximum power point (MPP) and is the
most desirable point of operation. The point is shown at the intersection of the blue and red
lines in Figure 2.6. In terms of efficiency, most commercial solar cell has an efficiency of
15-20 percent (%) and means a large area would be needed for higher power values.
Therefore, it is important at all times the solar cell is giving out maximum power. With
reference to Figure 2.2, the dc-dc converter part of the system incorporates maximum power
point tracking (MPPT) system. The MPPT ensures that at all times the solar cell is operating
at the maximum power point.
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2.2.3 Solar PV Cell Operation

The operation of a PV solar cell centres on the action of solar irradiation and movement of
holes/electrons in the p-n region and junction of the semiconductor material. The sun gives
the cell solar radiation, G, which results in a current according to equation (2.3). The
variation of solar irradiation causes different output currents from the cell and a shift in the
maximum power point for the cell. An increase in irradiation causes an increase in the current
and a decrease results in the decrease of the current. This is because the current produced is
direct proportional to solar irradiation. The behaviour of the cell with different solar
irradiance (G1, G2, G3 and G4) is shown in Figure 2.7.

—a— g = 3.34[A]
|
—a I = 434[A]
I =534[A]H
—a I = 634[A]
1y =734 [A]

0 I I L \ | 1 T
0 5 10 15 20 25 30 35 40 45
Voltage [V]

Figure 2.7: 1-U Characteristics for Different radiation [6]

The characteristic 1-U curves of Figure 2.7 show the change in current and voltage with
varying solar irradiation. It can also be seen from Figure 2.7 that the change in irradiance
causes a shift in the maximum power point of the cell.

Another parameter of interest is the solar cell temperature. The temperature increase has an
impact on the voltage of the cell. As the temperature increases, the voltage reduces. This is
mainly due to increasing internal carrier recombination rate as a result of higher carrier
concentration with increasing temperature [22]. At a particular solar irradiation G, an increase
in solar cell temperature results in a rapid decrease in power output.

The overall operation of a solar PV cell is affected by its efficiency, irradiance and
temperature. These parameters cause changes to the power output of the cell and
consequently the maximum power point (MPP).
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2.3 Voltage Profile and Stability

Voltage profile can be defined as the numerical representation of the voltage level at a point,
node or bus of an electric grid under different underlying operational conditions. For
example, the voltage level at no load, light load, full load and overload operation conditions.
For most power systems, it is important for the voltage profile of the grid to be within a
specified limit. This is because some loads are sensitive to large changes and fluctuations in
the voltage profile. In certain cases, large changes in the voltage profile may lead to wide
system parameter changes and voltage instability may result. To maintain a good voltage
profile, steady grid parameters and ensuring voltage stability are common goals of utility
companies, transmission and distribution grid operators. Even in times of system upgrades,
integration of new power generating units and operations, grid parameters must be
maintained within stable operating conditions. Additionally, the changes in operating
conditions may also affect power system loading and losses.

Voltage stability can be referred to a condition in which the power system or grid has the
ability to maintain steady voltages at all buses after being subjected to an abnormal
occurrence or condition different to the initial normal operating condition [15]. The grid
must be able to restore the equilibrium operating conditions between the load demand and
supply of the power system. If this does not happen and in turn the voltages at some buses or
points in the power system rises or falls beyond the limit, then instability occurs.

2.3.1 Two Port Voltage Profile, Voltage Drop and Losses

The concept of voltage profile and stability of an electric grid can be derived and explained
by considering a system that has a short transmission line (Z = R +jX), sending end voltage
(U,), receiving end voltage (U, ), and connection of a load (P,Q) at the receiving end in what
is known as a two (2) port grid. The two port grid is used to derive the concepts of system
behaviour in terms of voltage profile and voltage stability. Figure 2.8 shows a representation
of a two port system.

U; 20 Upz—6
I
* —- { Z=R+X }
4
1 2 LOAD (P,Q)

Figure 2.8: Two port Grid
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From analysis of Figure 2.8, equation (2.4) is derived for the voltage relationship between
bus 1 and bus 2;

From equation (2.4), the magnitude of the voltage at the receiving end can be expressed as
[23],

RP + XQ)

] (2.5)

vol = vl = (
The voltage magnitude level and profile (|U,|) for a particular operating condition and
loading at bus 2 can be expressed as in equation (2.5). The third term expresses the voltage
drop. The voltage drop (AU) is a product of the line parameters (R and X), the load active
and reactive power consumption at the receiving bus, bus 2. It is expressed as equation (2.6).

RP + X0

Voltage drop: AU =
ge arop A

(2.6)
For a given grid with feeders at points A, B, C and D, and with feeder distances of a, b, ¢ and
d kilometres from the sending end voltage, the voltage profile is shown in Figure 2.9. The
figure shows feeder voltage profile at distances from the sending end voltage which is the
desired voltage level and profile. The distances are in increasing order with distance a
kilometres closer to and distance d kilometres far away from the sending end point.

Voltage
(per unit) A

. Sending End Voltage-Desired Level and Profile

Feeder Voltage
GQMinimum Load Demand

Feeder Voltage
Maximum Load Demand

0 . . . —>
akm b km ¢ckm d km

Increasing Distance from Sending-End Point (km)

Figure 2.9: Feeder Voltage Level Profile [12]

The voltage profile and level reduces with increase in the distance from the sending end
voltage as shown in Figure 2.9. This is due to an increase in line parameters (R and X) shown
by equation (2.5) and (2.6) that causes the voltage level and profile to reduce.
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The active and reactive losses of the line can be expressed by equations (2.7) and (2.8) [23].

P? +Q?

Pross = |1|2R = W R (2-7)
P% +Q?

QLoss = |1|2X = W X (2-8)

2.3.2 Integration of Solar PV Power

The two port grid in Figure 2.8 integrated with a solar PV power at the load bus results in
Figure 2.10 shown below. The two port grid is modified (Figure 2.10) to include a solar PV
generator at bus 2 injecting active power into the bus and zero (0) reactive power or with a
power factor of 1.

U120 U,2—8  PVGEN(P)
Ppy
I
+ — 1 Z=R+X |
1 2 LOAD (P,Q)

Figure 2.10: Two port Grid with Solar PV Power

The solar PV generator is added at bus 2 and is generating power (Ppy) that is injected into
bus 2. When the inverter side is operating at a power factor of 1, the reactive power is zero
(0). The two port equations for voltage profile, voltage drop and lines are modified to include
solar PV power integrated as shown in Figure 2.11. They are modified to include solar PV
power and results in equations (2.9), (2.10), (2.11) and (2.12).

R(P — Ppy) + XQ
UAENTARY 8 2.9)
|U|
R(P—Ppy) + X
Voltage drop: AU = ( IIZII) ¢ (2.10)
P — Ppy)? + Q2
Poss= I?R = P = Pry) +Q p (2.11)
|U,|?
P — Ppy)? + Q*
Quoss = I*’X = ( rv) + 0 (2.12)

|U.|?
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With solar photovoltaics integrated, Figure 2.11 shows the feeder (A, B, C and D) voltage
profile and level with increase in feeder distance from sending end point (a, b, ¢ and d
kilometres). It shows the voltage level and profile at maximum and minimum load demand
with photovoltaics integrated.

Voltage Feeder Voltage
(per u:ﬂit)‘ Minimum Load Demand
1 d—— - Sending End Voltage-Desired Level and Profile
A - v
B CFeeder Voltage D
Maximum Load Demand
0 - - - - >
akm b km ckm d km

Increasing Distance from Sending-End Point (km)

Figure 2.11: Feeder Voltage Level and Profile with Photovoltaics Integrated [12]

Figure 2.11 shows the expected results that could occur along the feeders A, B, C and D with
photovoltaics integrated. At maximum load demand, the voltage profile increases but is less
than the desired voltage profile for the sending end, while at minimum load demand, the
voltage profile is likely to be more than the sending end voltage and could cause system
voltage violations.

By analysis and comparison of the above equations for the voltage profile and voltage drop,
for the case of solar PV power and without, it can be seen that the integration of the solar PV
power at bus 2 causes a reduction in the voltage drop along the line and an increase in the
voltage level at bus 2. This is due to a reduction in active power being drawn from the main
supply through bus 1. The reduction in the active power from the main causes a reduction in
the active component of the line current and reduction in active power losses and
consequently the total losses.

2.3.3 Voltage Stability

The concept of voltage stability for the two port grid as shown in Figure 2.10 can be
understood by assuming that the short transmission line is inductive (neglecting R) or
lossless. In the grid of Figure 2.10, the resistive part is neglected and the impedance is
approximated to the inductive reactance (X).
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The active and reactive power transmitted from bus 1 to bus 2 can be given by equation
(2.13) and (2.14) [15]:

_ Ul
_1U* Uhl1U,|

According to equation (2.13) and (2.14), the active power and reactive power depends on the
voltages at bus 1 and bus 2, the load angle (&) and line reactance (X). Equation (2.14) can be
written and expressed in terms of its cosine term. It is re-written as and shown in equation
(2.15).
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Using the trigonometry identity of sin?a + cos?a = 1, equations (2.13) and (2.15) can be
combined. A simplified version of the combination using the latter trigonometric identity is
given results in equation (2.16).

U,12\* A
<Q+ " ) +P? = (T)Z (2.16)

From equation (2.16), equations for the P-U and Q-U curves for the two port grid can be
derived. The equations that will be derived when plotted will illustrate the behaviour of
voltage at bus two with changes in the active and reactive power of the load. Using equation
(2.16), an expression for the voltage at bus 2 is derived and given by equation (2.17). The
equation shows the dependence of the voltage at bus 2 on the sending end voltage, the line
reactance, active and reactive power of the load at bus 2.

Uy |? U, |?
|U,| = |21| —QXi\/%—XZPZ—XQWﬂZ (2.17)

By keeping the reactive power at the load constant with variation of the voltage and the active
power gives the P-U curve for bus 2. Similarly, by varying the reactive power and voltage
with the load power being kept constant a Q-U curve can be plotted. The P-U curve shows
how much the voltage at the load bus 2 will be for different values of the power with Q being
kept constant. The Q-U curve shows how much of the reactive power support is needed in
order to be at a certain operating voltage provided that the load is maintained (P is constant).
Figure 2.12 shows the P-U curve and Figure 2.13 shows the Q-U curve for the two port grid.
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Figure 2.12: P-U Curves [15]

The P-U curves above show the behaviour of the voltage in relation to active power that can
be consumed at the bus by the load with a constant reactive power (Q). There is a maximum
power and a corresponding voltage level. These are the limits for the curve and it is critical to
operate at this point. The upper part of the curve above the critical voltage is the stable
operating region and the lower part of the curve below the critical voltage is the unstable
operating region [14].

U. |2 U. 12
|U;| = | 21| —QXi\/I ;I — X2(P — Ppy)? — XQ|U, |2 (2.18)

With integration of solar PV power at bus 2 as shown in Figure 2.10 and illustrated in
equation (2.18), the P-U curve would be shifted outwards. This would increase the maximum
power which the load can consume. Analysis of equation (2.18) shows an increase in the
critical voltage. But this does not show an increase in the stability of the grid. This is because,
in reality, operation at the maximum power and critical voltage is avoided at all cost.
Furthermore, operation below the critical voltage is also avoided even when theoretically it is
possible according to equation (2.17). According to equation (2.17), any power operation, P,
has possibility of operation at two voltage points. One voltage is above the critical voltage
and one is below the critical voltage [15].
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Figure 2.13 shows the relationship between voltage and reactive power support needed at the
receiving bus (bus 2) for a constant active power (P). The curve has a minimum point. This
point that can be found by differentiating the reactive power with respect to voltage and
equating to zero (dQ/dU=0). This is the voltage stability limit of the system. The points on
the curve to the right of the minimum point are voltage stable or the stable operating region
while the points to the left of the minimum point are voltage unstable or unstable operating
region. With solar PV power integration, as shown by equation (2.18), the voltage at the
receiving bus increases and reduces the reactive power demand from the sending end. This
increases the available reactive power reserve in the grid and consequently could improve the
voltage stability of the grid [14], [15].
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3 Grid Modelling and System Studies

This chapter introduces grid modelling of the grids studied and the system studies performed.
The grid voltage levels and characteristics of the grids under study are presented. It
describes a brief process of data processing for the grids studied, software used and system
studies. Models of grids built in Paladin designbase and NEPLAN for analysis are presented.

3.1 Distribution Grid Areas

The distribution grids to study are areas from two municipality energy companies in Sweden.
These grids are from MolIndal energy and Orust energy. The distribution grids are radial,
meshed and combination of both types. These areas have potential for solar PV power
installation.

3.1.1 MéIndal Energy Grid Areas

This area is a medium to low voltage distribution grid. It is a 10/0.4 kV distribution grid. A
total of two areas were chosen for the analysis of solar PV power integration. One area has a
radial distribution grid type and the other area has a meshed distribution grid type. These
areas are purely residential housing with houses of semi-detached, detached and terraced
types. The characteristic of the loads in this area is entirely residential loads. Figure 3.1
shows the area for the radial distribution grid from Mdolndal energy (captured on google maps
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Figure 3.1: MdIndal Grid Area-1
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The area is fed from a transformer rated at 500 kVA, 10/0.4 kV. The area has a total of forty
(40) housing units. It is bounded by borasvéagen road, rddavagen road and radasjon water
body. In this area, the available roof area has been measured and roof tops solar PV power
installation will be considered.

Figure 3.2 below shows the area for the meshed distribution grid under study from Mdlndal
energy (captured on google maps [30]).

Figure 3.2: MdIndal Grid Area-2

The area is called Solangen and has a total of one hundred and five (105) housing units that
are taken into consideration in the study. It is also a purely residential area. The area is fed
from a transformer rated at 800 kVA, 10/0.4 kV. Additionally, in this area, roof top areas
have been measured and solar PV installations on the roofs are considered.

In both areas (area 1 and 2), the power distribution grids are entirely by cable grid feeders.

3.1.2 Orust Energy Grid Areas

Orust energy provides power and energy to the municipality of Orust in the Véastra Gotaland
County of Western Sweden. The municipality covers areas of EllGs, Henan, Hallevissstrand,
Mollésund, Svanvik, Varekil and Svanesund. The majority of the loads in this area are
residential which accounts for ninety percent (90%) and large industries which accounts for
ten percent (10%). In ninety percent of residential loads, ninety-five percent (95%) are houses
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and five percent (5%) are apartments. In the study, the distribution grid to be studied is a
130/10 kV grid. The loads were aggregated at the 10 kV distribution substations.

The area is fed by two transformers rated at 16 MVA 130/10 kV (Bua substation) and 10
MVA 130/10 kV (Edshultshall substation). It has a switching substation at Slatthult. Some
areas of Orust Municipality that Orust energy supplies power to and are part of the study have
been shown in Figure A.1 to Figure A.4 in appendix A. The areas show the residential houses
and industries in aerial view as captured from google maps.

3.2 Data Processing and Software

The software PVSyst [32], Paladin designbase 4.0 from Power Analytics Company of the
United States of America [28] and NEPLAN V554 from NEPLAN AG in Switzerland [29]
were used in the study of the impacts of solar PV power integration. During modelling,
Paladin designbase was used as base software for data processing because of its capability to
calculate missing cable or overhead lines parameters from basic data given by the utility
companies (Molndal and Orust Energy). After establishment of base grid and complete grid
data, the grid was further modelled in NEPLAN with capability for load flow with load
profiles and static voltage stability analysis. In the complete analysis and results formulation,
both were used to complement each other.

The grid data for the distribution grids from Mdlndal and Orust energy were given in its raw
state with connectivity diagrams by the utility companies. The cables and lines parameters for
the grid were given in terms of resistance, inductance and charging capacitance. This data
was processed by calculating the positive, negative and zero sequence for the resistance,
inductive reactance and charging susceptance using Paladin designbase. These complete grid
information using Paladin designbase was used for modelling of the grid in NEPLAN
software. The total energy and power consumption for the areas were given by the utility
companies.

PVSyst, software that is dedicated entirely to solar PV design and analysis, was used to
model the required PV systems and production of results for integration to the built grids. By
using the roof top areas calculated ([30], [31]) for the residential houses in Mdélndal and the
solar irradiation data for the areas, solar PV power potential was designed, calculated and its
parameters used in Paladin designbase and NEPLAN for analysis. Appendix B show samples
of data given by the energy utility companies (Table B.1, Table B.2 and Table B.3), available
roof top areas for Mdlndal grids houses and solar PV power potential (kWp) as designed in
PVSyst (Table B.4 and Table B.5). Orust energy provided the parameters for solar PV power
plant and location of where they intend to construct (300 kW PV plant before 2017 at S6rbo
and 1 MW PV plant after 2017 at Mansemyr) and integrate to the grid. This was used as
additional (in addition to 0%, 30%, 60% and 90% penetration) study scenarios of PV impact
to their grid.
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3.3 Grid Models

The models for the processed data given by Orust and Mdlndal energy were built in the
software environment of Paladin and NEPLAN. These models were the normal cases for the
studies to be performed before integration of photovoltaics.

3.3.1 MéIndal Energy Grid Models

The grid models for Mélndal energy built in the software environment were two. The first
model represented the area shown in Figure 3.1, which is a radial distribution grid and the
second model represented the area shown in Figure 3.2, which is a meshed distribution grid.
In each of the models, the residential houses in the two areas are represented as electrical
loads in the grid. The grid model built for area 1 has a total of 56 buses and 40 loads
representing the houses in the area. Figure 3.3 and Figure 3.4 show the models as built in the
software environment.
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Figure 3.3: MdlIndal Area 1 Grid Model (Paladin designbase)
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MOLNDAL RADIAL 100 4 kV DISTRIBUTION NETWORK

Figure 3.4: MoIndal Area 1 Grid Model (NEPLAN)

These are the normal cases to be used for further studies for area 1 in Mdlndal. The buses
represent the transformer and grid substations. The transformer substation step down the
supply voltage of 10 kV to 400 V. The voltage level of 400 V is distributed in the area
through grid substations. The grid substations receives incoming power at 400 V, supply
houses within its perimeter and re-distribute to other grid substations. The area has a total
active power consumption of 245 kW at peak time. The residential houses are modelled using
ZIP load model in the software. That is a combination of constant impedance (Z), constant
current (1) and constant power (P) load characteristics. According to [11], when nothing has
been given of the load composition or characteristics of a residential area, a 70% and 30%
combination of constant power and impedance load can be assigned to the load model for
analysis and planning purposes. This was used for modelling of residential loads for analysis
in combination with power and energy values obtained from the utility company for power
consumption of the area.

Furthermore, Figure 3.5 and Figure 3.6 show the grid model built in the software
environment for area 2 in Moélndal. Additionally, figure A.9 to figure A.12 in appendix A
represents the grids as completely modelled in Paladin Designbase and NEPLAN.
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Figure 3.5: Mdlndal Area 2 Grid Model (Paladin Designbase)
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Figure 3.6: MdlIndal Area 2 Grid Model (NEPLAN)

The area grid model has a total of hundred and five (105) loads representing the housing units
in the area. The area is fed with power at 10 kV through the transformer substation and
stepped down to 400 V. The power is supplied to the houses through the grid substations.
This model formed the normal case for area 2 which is a meshed distribution grid type. It has
a total of one hundred and thirty-four (134) buses in total representing the transformer and
grid substations.

3.3.2 Orust Energy Grid Model

The grid model for Orust energy area was built in the software environment. It is a 130/10 kV
grid with two main power substations (at S1 and S2), switching substation (at S3) and
transformer substations. Figure A.13 in appendix A shows part of an as built circuit diagram
with S1, S2 and S3 areas. The area grid model has a total of one hundred and sixty-six (166)
buses. The aggregated loads at the transformer substations totals one hundred and fifty-eight
(158) loads that were modelled as a combination of residential and industrial loads (90% and
10%). The built implemented model is shown in appendix A as figures from Figure A.5 to
Figure A.8. The entire figures are a collection of the 130/10 kV distribution grid for Orust
energy.
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3.4 System Studies

The system studies that were used for the study of the impacts of Solar PV power integration
to an existing grid on voltage level, voltage profile, line losses, loading and voltage stability
are; Solar PV Power production analysis, load/power flow analysis, load/power analysis flow
with load profiles and steady state voltage stability.

3.4.1 System Study Methodology

The methodology of the studies conducted was through theoretical knowledge and system
simulation of the distribution grids under study. For system simulation studies, only steady
state analysis was done.

In theory, understanding of underlying principles of voltage level, profile, line loading,
system losses and steady state voltage stability was done for a simple two port system. An
extension of theoretical principles was done with photovoltaics integrated to a simple two
port system. Similar studies in other parts of the world and Sweden were looked at to get an
insight into likely issues that other scholars have looked at [1] [7].

Consequently, with theoretical understanding done, a method was developed for modelling
and simulating the distribution grids in the software environment. The software used was
industrial power system software. These are NEPLAN and Paladin designbase. In addition to
the power system simulation software, software for solar power feasibility study, design,
economic and technical analysis was used. This software is called PVSyt. It was used to
understand and simulate almost real system that can be installed in the areas under study.
Normalised power output with actual climatic conditions of the areas for the distribution
grids were used as input for Paladin designbase and NEPLAN modelled photovoltaics
systems.

The method adopted was to compare two cases of simulations. In one case, the grids are
presented without any photovoltaics integrated. This was the normal case for the distribution
grids. In the second case, photovoltaics were integrated to the grids to determine the impact
of its integration. In addition, different penetration levels were considered. The cases with
photovoltaics were compared with the normal. Figure 3.7 shows the methodology of studying
the systems that was adopted.
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Figure 3.7: System Studies Methodology Flow Chart

As shown in Figure 3.7, the comparison of the two cases yielded results that were compared.
In these studies, the normal case was considered at maximum load demand of the grids under
study. For the cases with photovoltaics, both scenarios of maximum and minimum load
demand for the grids were considered. In this process, the hosting capacity of the distribution
grids was determined.

3.4.2 Power/Load Flow Studies

The process of power flow studies is a concept that shows/outlines the flow of power in a
grid from one bus to another bus and/or power flow into a bus or leaving the bus. With
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reference to Figure 2.8 in Chapter 2, which shows a two port or bus grid, power was flowing
from bus 1 to bus 2. The power could be seen to enter and leave bus 2. The main aim of a
power flow study is to determine power system electrical quantities with some quantities
known while others unknown. These quantities are voltage magnitude (|U|), voltage or load
angle (d), active power (P), reactive power (Q) and apparent power (S). During the process of
power flow, line loadings, voltage drops and losses are also determined.

To determine unknown electrical quantities to a grid, a load flow analysis needs to be done
either manually or with an aid of power system simulation software. One way of determining
the voltages (U) and currents (1) at the bus is through the use of bus admittance (Y = —y)
matrix method [23]. This method and circuit analysis yields equations (3.1) and (3.2).

Igys = Ygys Upys (3-1)
Therefore, Ugys = Ygis Isus (3.2)

Equation (3.1) for a three bus grid yields,

11 Yl 1 Y12 Y13 Ul
12 = YZ 1 YZZ Y23 U2
I3 Y31 Y32 Y33 U3 (33)

The resultant individual equations from equation (3.3) for currents and voltages are non-
linear equations. To solve these non-linear equations, methods of solving non-linear
equations and by estimation are used. These are Gauss-Seidel Method, Newton-Raphson and
Fast Decoupled methods [23]. These are iteration methods that reduce an error to the first
estimated value of the unknown parameter until it is very small. In addition, the power flow
into a named bus (i) can be expressed by equation (3.4) [23] .

n n
j=0 j=1

Using Gauss-Seidel Method and Newton-Raphson, the equations for power (Q and P) and
voltage can be written for a three bus grid . These equations are non-linear and use of iteration
methods is done to estimate unknown values at the buses. The power system simulation
software, Paladin Design base and NEPLAN, has the power flow capabilities with the
iteration methods mentioned.

3.4.3 Power/Load Flow Studies with Load Profiles

Power/load flow with load profiles is load flow study that is an extension of the conventional
power/load flow but with an added function of performing the analysis on time based. This
analysis is able to determine the bus voltage and power consumption (active and reactive) of
a load against a period of time. Power flow studies do not take time into consideration and
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therefore gives the results of simulation on an instant based scenario. For the thesis study,
power flow with load profiles analysis is very important. This is because output from a solar
PV is not a constant output but varies depending on the time of the day and the climatic
conditions prevailing at that time [6]. Additionally, the consumption of active and reactive
power for residential and industrial loads equally varies with time.

In this analysis, the load profile over a period of time (twenty-four (24) hour period) was
defined and solar PV power output over the same period of time was defined. A single time
load flow calculation was then performed to determine the interaction of the two. The load
flow, bus voltages, losses and maximum loads over time (twenty-four (24) hour period) were
determined in this way.

3.4.4 Steady State Voltage Stability

Voltage stability analysis can be either dynamic or steady state. Dynamic voltage stability
takes into account the time simulation of the grid under study. Dynamic voltage stability
analysis gives a time sequence of events leading to an instability situation. This gives a much
detailed analysis of the collapse that can be used for protection coordination and control.
Static or steady state voltage analysis does not take time into account. It gives a state of
stability, point of start of instability, nature of problem and some key factors likely to
contribute to the phenomena of voltage stability. The static voltage stability is associated with
Q-U curves, P-U curves, Q-U sensitivity analysis and Q-U modal analysis [14] [15] [16].

A P-U curve gives the relational variation of the voltage at a bus to active power consumed
by a load. Figure 2.12 in Chapter 2 showed a P-U curve, which is a plot of power against
voltage. It also shows the critical voltage and maximum power beyond and below which
instability is very likely to occur. A Q-U curve, similarly to a P-U curve, gives a relational
variation of bus voltage to reactive power support needed at a bus. Figure 2.13 in Chapter 2
showed a Q-U curve plot of reactive power against voltage. It is from a Q-U curve that Q-U
sensitivity and modal analysis are determined from. Q-U sensitivity analysis takes into
account the rate of change of reactive power consumption with respect to the voltage. Q-U
modal analysis considers the eigenvalues of the buses under consideration, gives if the bus is
voltage stable or not and gives the degree of voltage stability depending on the value of the
eigenvalue that results from the analysis [14].

The concept of Q-U sensitivity can be explained by considering the following expression of
incremental changes in power flow, voltage magnitude and angle of a bus [14]:

(s0) = Ges 7)) @9

Where; AP is the incremental change of the bus active power.
AQ is the incremental reactive power change at the bus.

A6 is the incremental angle change at the bus.
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AU is the voltage incremental change at the bus.

The Jacobian matrix (J-2 x 2) represents the sensitivities between the power flow and the
change in the bus voltages at the bus. The slope of a Q-U curve for a given operating point is
given by the Q-U sensitivity. A positive Q-U sensitivity indicates a stable operation and a
negative one indicates an unstable operation. A smaller positive Q-U sensitivity is indicates a
more stable system while the opposite is a less stable system [14]. In a situation that the
stability of the system changes from a more stable operation to a less stable operation, the
magnitude of the sensitivity increases. At the point of stability limit, in theory, the sensitivity
is taken to be infinity. For a typical Q-U curve, points on the left hand side of the stability
limit have negative sensitivities values and are in the unstable region of operation. The points
on the right hand side of the stability limit have positive sensitivities values and are in the
stable region of operation.

The concept of Q-U modal analysis emanates from equation (3.5). It considers the elements
of the inverse of the Jacobian matrix (J) and the Jacobian matrix (J). The Jacobian matrix
can be expressed by equation (3.6) [14].

] =vA¢ (3.6)

The inverse of the Jacobian matrix is:
J7h=9A"re 3.7

In equation (3.6), ¥ and ¢ are the right and left hand eigenvector matrices. The symbol A,
represents the diagonal matrix of the Jacobian with eigenvalues along its diagonal. The
voltage and reactive power at the bus can be expressed in terms of the incremental changes
and the eigenvectors in equation (3.4). Combining of equation (3.6), (3.7) and incremental
change of voltage yields to equation (3.8) [14].

AU = PA~1pAQ (3.8)

In equation (3.8), a positive eigenvalue entails a stable system and a negative eigenvalue
entails an unstable system. A larger positive value of the eigenvalue gives a more stable
system and a small value gives a less stable system. A very small value close to zero (0)
gives the critical operating point of the system [14].

In this system study for voltage stability, the static stability of the distribution grids under
study will be determined and the impacts of adding solar PV power to the grids determined
with use of NEPLAN software.

3.4.5 Solar PV Power Production Analysis

The production analysis of solar PV power of a system was done using PVSyst software.
The software was used to design typical systems for the areas and a study of the solar PV
system to be used for integration in the areas of interest. The software has meteorological
information of the areas on the globe and with exact geographical area definition of the areas
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under study, a production profile for the designed PV system is obtained. This is because the
production of power/energy is depended on the climatic conditions of a geographical area
which is different for different areas [6]. A typical system model was designed with reference
to the available aerial area available for roof top and power level for ground mounting
system. Typical PV power systems for MdIndal and Orust areas were simulated in PVSyst
software. The results were obtained and are shown in Table B.6, Table B.7 and Table B.8 in
appendix B. These results were used to plot normalised power against a twenty-four hours
period for a day in June. The plots for normalised power production for the day chosen for
the areas are shown in Figure 3.8, Figure 3.9 and Figure 3.10.
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Figure 3.8: Solar PV Production-MdélIndal Area 1

The figure above (Figure 3.8) is a graph showing production from a typical designed solar PV
power from Mdolndal area 1. The power production is normalised to indicate likely production
pattern of a PV plant in the area. To plot this curve, a designed system was simulated and its
output power obtained for twenty-four hours. The maximum power output in this period was
used as a denominator for all the other results to obtain per unit normalised output. This was
plotted as shown in Figure 3.8. This is the characteristic curve for power production for PV
systems in this area and the systems will differ in power output magnitude due to difference
in potential of the roof tops as indicated in Table B.4.
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Figure 3.9: Solar PV Production-MdIndal Area 2

Similarly to Figure 3.8, Figure 3.9 show normalised power production for twenty-four hours
(1 day). The graph is characteristic of solar PV systems in Molndal area 2 and will differ in
power production due to different in roof to potential.
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Figure 3.10: Solar PV Production-Orust

34



The solar PV power characteristic curve for Orust area is shown in Figure 3.10. This is a
normalised power production graph. In Orust, the solar PV power system is higher in value
than the roof top systems in Mdlndal area. The power range is from 300 kW to 7.67 MW (4%
to 90% penetration). The power production will follow this curve with difference in power
output magnitudes.

The characteristic solar PV power shown in Figure 3.8, Figure 3.9 and Figure 3.10 was
simulated on a clear sky solar day that gives the most power that can be produced by a PV
plant or system. This solar day picked has a variability index (VI) of less than two (2) and
clearness index (CI) of greater than or equal to half (0.5). The other types that can be used to
simulate the conditions for solar production are high (VI >10) moderate (5< VI <10), mild
(2< VI <5) and overcast (VI <2, C1>0.5) [24] [25].

The characteristic graphs were used as input information for the system to be integrated in
Paladin designbase and NEPLAN software. The average production for the month of June
was used to determine impact of a particular penetration level and the profiles (Figure 3.8,
Figure 3.9 and Figure 3.10) were used for simulation with load profiles. The areas of interest
are Molndal (area 1 and 2) and Orust area. For Mdlndal areas, the PV systems are roof top
mounted on roofs of residential houses. For Orust, the PV systems are ground mounted and
for the Utility company (Orust energy).

Solar PV power was integrated at the load bus for Mdlndal area 1 and 2. These are rooftop
systems that the customers might install in future. For Orust grid, solar PV power plant was
integrated at S6rbo and Mansemyr. These were coupled to the substation in these areas. The
integration considered a power factor of 1 for the plants. This means active power production
only and no reactive power capability. In paladin designbase, there is a solar PV plant that
was used for integration and in NEPLAN a disperse generator is used for renewable
generation. Figure 3.11 shows how the integration was done in the software environment.

PV 55-1
396.547 V
Vd: 0.863 %

.y —

396.547 V .
Vd: 0.863 %

Figure 3.11: Paladin designbase and NEPLAN Photovoltaics Integration
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3.5 Hosting Capacity

The increased rate of renewable energy systems addition to conventional electric power
system grids and demands has potential to cause system parameters to be or not to be altered
beyond or below the operational limits set by international, national and system operations
standards. This has led to a term that has become common with renewable energy integration
called “hosting capacity” of a grid. Hosting capacity can be defined as the measure of how
much renewable energy can be added to an existing grid or power system just enough to
cause operation within operating regulations [2], [12]. When applied to Solar PV power
integration, which is a renewable energy resource, hosting capacity is the amount of Solar PV
power that can be added to a transmission and/or distribution grid enough not to cause power
system operational violations of set limits. This is the maximum penetration level, equation
(1.1), which can be allowed in a power system just to be within acceptable system operational
limits. Parameter operational limits of interest (voltage, loading or system losses) are used in
determining the hosting capacity of a grid. The system parameter that has been frequently
used in determining the hosting capacity of a grid is the bus/system voltage [2], [3], [10],
[12]. However, balance has to be established with other system parameters and ensured that
they are also within acceptable operating limits or margins. In the study, bus/system voltages,
loading and system losses were used in determining the hosting capacity of grids.

In line with determining the impacts of integrating Solar PV power for the grids of MdélIndal
and Orust energy, the hosting capacity of the grids need to be determined. While studying the
impacts of a different penetration level of 0%, 30%, 60% and 90%, the hosting capacity was
determined.

According to [12], there are two known theoretical methods of determining the hosting
capacity namely deterministic approach and statistical/probability approach. The third
approach that can be employed is by software simulation and monitoring of system
parameters to determine just when a system violation is recorded.

The probability and statistical approach to hosting capacity is based on stochastic processes
and probability theory. In this approach, parameters like active power, reactive power and
voltage are considered as random variables and the correlation among them need to be
determined statistically. On the other hand, parameters for transmission lines and cables (R,
X and Z) are considered to be deterministic in nature [1]. The association of the system
parameters with renewable energy integration is used to determine the probabilistic chance of
an over or under voltage for a particular value of a renewable energy source. If the chance is
high and causing operation beyond or above limit, then that is the hosting capacity of the
grid. This approach involves a long and detailed process to determining the hosting capacity
and is not used for this study.

The deterministic approach takes into account the system operational limits. For example, on
a 400 V distribution grid, the allowed rapid voltage changes limits from the nominal system
voltage are + 5% according to the standard EN50160. Using the limits, the hosting capacity
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can be determined with simple analytical estimation of the voltage drop of a system as shown
by equation (2.5) and (2.6). The voltage drop equation is re-written as equation (3.9) [12].

R(P — Ppy) + XQ)
U]

|AU| = ( (3.9)

From equation (3.9), the solar PV power at the bus can be estimated using equation (3.10).

Poy= P+ (%) _ <|U1|Rﬂ> (3.10)

This is an equation that can be used in general to estimate the hosting capacity at the bus
which depends on the voltage before integration, the acceptable voltage rise, reactive power
and the line parameters. For a low R/X ratio at the point of coupling, more PV power can be
integrated to the grid. From equation (3.10), the theoretical maximum hosting capacity can be
estimated when the bus voltage is as given in equation (3.11).

QX

Ul = ——

(3.11)
To determine the hosting capacity at a feeder, bus or entire grid, the yearly average power
consumption P, the minimum reactive power recorded, equivalent impedance parameters at
that point, maximum allowed voltage rise (with safety margin) and the maximum voltage
recorded at the point of coupling are considered.

In terms of steady state software simulations, three simulations were done and are:

1. No PV penetrations to obtain bus voltages (Base conditions for the grid)
2. Maximum PV power generation with maximum load consumption (minimum range)
3. Maximum PV power generation with minimum load consumption (maximum range)

Voltage levels and other parameters (loading and losses) are also observed. From results of
the three simulations, the hosting capacity of the grid under study was determined.
Deterministic approach to hosting capacity gives an estimate value and in combination with
results from simulations, an estimate near to the exact hosting capacity can be determined.
This approach was shorter than probability approach and hence used in this study.
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4 Results and Discussions

This chapter presents the simulation results for the distribution grids from Orust and
MolIndal energy utility companies. The results as obtained from the simulation softwares are
presented for the base (normal) cases and with integration of Solar PV power. These results
are for voltage level, voltage profile, system losses, line loading and steady state voltage
stability. Discussions of the results obtained by comparison of base cases and with Solar PV
power are presented.

4.1 Normal Cases

The normal cases of the grids were simulated in Paladin designbase and NEPLAN using load
flow analysis function. The distribution grid of Md&lndal for area 1 has a maximum power
consumption of 257.76 kW and 85.39 kVar and MdIndal area 2 has a maximum power
consumption of 543.02 kW and 178.61 kVar. In addition, the distribution grid of Orust has a
maximum power consumption of 8.525 MW and 3.512 MVar.

4.1.1 Voltage Level, Profile and Drop

As stated in the methodology, the distribution grids were simulated without any photovoltaics
power integrated. Table 4.1 shows base results for selected grid substation feeders and loads
in Mélndal and Orust Area.

Table 4.1: Normal Bus Voltage Level and Drop

Area Substation Load Voltage Level (kV) | Voltage Drop
(%)
Moélindal 1 SK2812 12-5 0.4 0.01
Mdlindal 2 SK0807 07-5 0.396 1.08
Orust 35010 L35010 10.06 -0.64

The results in Table 4.1 indicate the base case for the substations and loads of interest. The
voltage level and voltage drop for the substations have been shown. These will be compared
with the results that will be obtained with photovoltaics integrated to the grids. For voltage
drop, a decrease in voltage drop is represented by a small percentage towards negative sign.

In addition to Table 4.1, the base voltage profile for selected buses in Mdlndal and Orust
areas for a period of twenty-four (24) hours. These voltage profiles are shown in Figure 4.1
and Figure 4.2.
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Figure 4.1: Normal MélIndal Area Bus Voltage Profile
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Figure 4.2: Normal Orust Bus Voltage Profile

The voltage profiles shown in Figure 4.1 and Figure 4.2 are a function of time. They show
behaviour of a feeder bus over a period of one day or twenty-four (24) hours. These are
compared to cases with PV power. Furthermore, it is important to track the behaviour of the
bus feeders that are far away from the sending end bus feeder. Figure 4.3 shows the trend of
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feeders that are at distances away from the sending end voltage. Figure C.5 and Figure C.10
in appendix C shows a diagram of these feeders.
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Figure 4.3: Normal Voltage Profile along Feeders for MéIndal Areas

The voltage profiles along feeders shown in Figure 4.3 are the normal case for MdIndal area
1 and 2. MdlIndal area 1 is a radial grid and Mélndal area 2 is a meshed grid. Orust area is a
combination of both radial and meshed grid type hence it was not plotted. To determine the
characteristics of the grid voltages for the areas under study, scatter plots were plotted for the

normal cases. Figure 4.4 and Figure 4.5 show the voltage scatter plots.
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Figure 4.5: Orust Area Grid Voltage Scatter Plot

The voltage Scatter plots for the areas in Figure 4.4 and Figure 4.5 will help in attempting to
determine the overall impact of photovoltaics to the entire grids. The frequency on the x-axis
represents the number of buses at a particular voltage level on the y-axis. In addition,
monitoring of grid voltages to determine if voltage violations occur was aided by use of a

scatter plot.

4.1.2 Line Loading

From the simulated normal case for the areas, the feeder line loading for selected buses and
loads were obtained. In addition, the feeder line loading of additional feeders over a period of
twenty-four hours was obtained. Table 4.2 shows the line loadings for selected feeders for
MolIndal and Orust areas for the normal case.

Table 4.2: Selected Feeders Line Loadings-Normal Case

Area

Feeder/Cable/Line To

Line Loading (%)

Molndal Area 1

Substation SK2812 26.86

MolIndal Area 1 Load 12-5 28.75
MolIndal Area 2 Substation SK0807 12.20
Maolndal Area 2 Load 07-5 13.25
Orust Area Substation 35010 1.57

A line has a limit to which it cannot be loaded beyond that point. Therefore, the line loading
for the feeders shown in Table 4.2 are monitored.
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In addition, more feeders are selected for the grids and their loading monitored over a period
of one day. Figure 4.6 and Figure 4.7 shows the loadings of these selected feeders over a day.
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Figure 4.6: MdlIndal Area Line Loadings
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Figure 4.7: Orust Area Line Loadings

The loadings shown in Figure 4.6 and Figure 4.7 for feeders are monitored for the normal
cases and when photovoltaics are not integrated to the grids. The loadings show high values
during day for most feeders and less value during night times.
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4.1.3 Losses

In terms of losses for the normal cases, the grids were simulated at maximum load demand.
The total losses for MoIndal area 1 are 8.62 kW and 1.44 kVar at maximum load demand.
Molndal area 2 has 11.86 kW and 14.97 kVar at maximum demand and Orust area has 0.13
MW and 1.272 MVar power losses. In addition to power losses, energy losses were also
considered for the grids. These losses are 0.136 MWh for MélIndal area 1, 0.177 MWh for
Modlndal area 2 and 2.28 MWh for Orust area distribution grid. These are monitored in
attempting to determine the impacts of PV power.

4.1.4 Steady State Voltage Stability

The distribution grids for MdIndal and Orust areas were analysed for steady state voltage
stability. NEPLAN was used for this study. For the distribution grid for MéIndal area, Table
4.3 and Table 4.4 shows the results obtained for normal case.

Table 4.3: Base Bus Sensitivity Values (%U/MVar) for MéIndal Area 1

Bus SK0808 SK2812 SK2254 SK2194 SK2034 SK0321

Sensitivity | 15.4368 16.5818 15.6411 22.6006 9.5686 8.2183

Table 4.4: Normal Grid Eigenvalues for MéIndal Area 1

Value No. 1 2 3 4 5 6 7 8 9 10

Eigenvalue | 0.003 | 0.005 | 0.011 | 0.012 | 0.024 | 0.042 | 0.048 | 0.053 | 0.064 | 0.070

According to results obtained in Table 4.3 and Table 4.4 for the normal case, the distribution
grid for MdIndal area 1 is voltage stable. In addition to the modal analysis and sensitivity
value results for the normal case, Q-U and P-U curves were plotted for selected grid
substation bus. For Mdlndal area 1, grid substation bus SK0321 was selected. Figure 4.8
show the plots. The bus sensitivity values are expressed in percentage voltage per reactive
power (%U/Var) for the buses. For the eigenvalues, one hundred (100) values were specified
in the software (NEPLAN). However, the grid was able to give fifteen (15) stored values. All
the values were positive, an indication of stability. At this point, it was decided to use ten (10)
stored eigenvalues for all the grids under study to determining the steady state stability of the
grids and comparison of these values for scenarios with solar PV installed. For MdlIndal area
1, MdlIndal area 2 and Orust area grids, ten (10) eigenvalues were selected for modal analysis
method for determining steady state voltage stability.
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Figure 4.8: Q-U and P-U Curves for MéIndal Area 1 Grid-Normal Case

For P-U curves, it should be noted that the x-axis for power was plotted as a function of f
which is in percent (%) by the software (NEPLAN). This is not frequency but a symbol
representing percentage scaling up of loads connected to a bus. This was software generated
by NEPLAN and where the bus load power scaled up is expressed in terms of f which is in
percent (%). The function f in percent (%) is set equally for buses in the parameter settings
for steady state voltage stability of NEPLAN but it has different power values for the buses
and loads. The parameter of interest in this curve is the critical voltage or voltage collapse
point that is compared with other different case scenarios.

The normal distribution grid for MéIndal area 2 was simulated. The results for bus sensitivity
value, Eigen values, and Q-U curves were obtained. Table 4.5 and Table 4.6 show the
sensitivity values (%U/MVar) of buses. These are base sensitivity values for the grid in area
2. Sensitivity is expressed in percentage voltage (%U) per reactive power (MVar or kVar).

Table 4.5: Normal Bus Sensitivity Values (%U/MVar)-Mdlndal Area 2

Bus SK0319 | SK0348 | SK0156 | SK0326 | SK0325 | SK1004 | SK0304

Sensitivity | 4.9537 2.3964 3.6967 4.6266 3.0231 6.5788 6.6366

Table 4.6: Normal Grid Eigenvalues for MéIndal Area 2

Value No. 1 2 3 4 5 6 7 8 9 10

Eigenvalue | 0.004 | 0.007 | 0.014 | 0.021 | 0.026 | 0.035 | 0.038 | 0.039 | 0.056 | 0.068
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The results obtained in Table 4.5 and Table 4.6 indicates that the grid for MdélIndal area 2 is
voltage stable.

In addition, Q-U curves for some selected buses are shown in Figure 4.9. The bus for grid
substation T2 and SK0155 were selected for monitoring of the reactive power at the bus.
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Figure 4.9: Normal Q-U Curves for MéIndal Area 2 Grid

Similarly to results obtained for Mdlndal area distribution grids, results for Orust area grid
were obtained for steady state voltage stability for the normal case. Table 4.7 and Table 4.8
show steady state voltage stability obtained for Orust area grid.

Table 4.7: Normal Grid Eigenvalues for Orust Area

Value No. 1 2 3 4 5 6 7 8 9 10

Eigenvalue | 0.010 | 0.021 | 0.042 | 0.086 | 0.247 | 0.299 | 0.316 | 0.401 | 0.451 | 0.651

Table 4.8: Normal Bus Sensitivity Values (%U/MVar)-Orust Area

Bus 13180 K1 HKO08 23080 30010 35010

Sensitivity 1.5997 0.5888 1.1302 1.1276 0.5694 0.6568

According to the results obtained for Orust area grid for voltage stability, the normal case is
voltage stable. In addition to this, Q-U and P-U curves were obtained for the analysis. In
these curves, substation K1 was selected for monitoring purposes of voltage collapse point
and reactive power support of the bus. The curves are shown in Figure 4.10.
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Figure 4.10: Base Q-U and P-U Curves of Selected buses-Orust

The voltage collapse point for K1 was 75.34 percent (%) for the normal case. The reactive
power support at this bus was -2.4753 MVAr. These are shown in Figure 4.10.

4.2 Impacts of PV and Scenario Integration to an Existing Grid

The impacts of Solar PV power integration were determined using a penetration level of solar
PV power for a selected grid substation. Additionally, 30% penetration level was used for the
distribution grids. For Mdélndal area distribution grids, the power levels of 77.33 kW and
162.91 kW were used while 2.56 MW was used for Orust area distribution grid. Table 4.9
shows all the integration power levels for the distribution grids. The table shows the active
power that was integrated to the distribution grids to determine the impacts at different

penetration levels.

Table 4.9: Solar PV Power Penetration Levels

Penetration Level Molndal Area 1 Molndal Area 2 Orust Area
0% 0 kW 0 kW 0 kW
4 % N/A N/A 300 kW
15 % N/A N/A 1.30 MW
30 % 77.33 kW 162.91 kW 2.56 MW
60 % 154.66 kW 325.81 kW 5.12MW
90 % 231.98 kW 488.71 kW 7.67 MW
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The solar PV penetration levels for the areas in Mdélndal were distributed to the loads based
on the solar PV power potential of a house as a fraction of the total area potential to the
penetration level. This is shown in equation (4.1).

PV Potential per load
Total PV potential

Integrated PV = ( ) X (Watthour penetration level) (4.1)
For Molndal area 1 and 2 grids, rooftop systems were considered representing the desire of
households to installing these systems. For Orust grid, solar PV power plant was integrated at
Sorbo and Mansemyr. These were coupled to the substation in these areas. For photovoltaics
integration, a power factor of 1 was considered for the plants. This means active power
production only and no reactive power capability. Figure 4.11 and Figure 4.12 show samples
of a part of the grid with rooftop solar PV integrated to the load (households). The ground
mounted system is not shown in this case. This is because of its similarity to the rooftop
system integration in NEPLAN shown in Figure 4.12.
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Figure 4.11: Rooftop Solar PV Integration-Paladin designbase
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Figure 4.12: Rooftop Solar PV Integration-NEPLAN

4.2.1 Impacts on Voltage Level, Profile and Drop

With photovoltaics integrated to the grids, the impacts on voltage level, voltage profile and
voltage drop were studied. For selected buses, the results were obtained. Table 4.10 shows
the results obtained after integration.

Table 4.10: Bus Voltage Level and Drop with Photovoltaics

Area Substation Load Voltage Level (kV) | Voltage Drop
(%)
Molndal 1 SK2812 12-5 0.402 -0.58
Moélndal 2 SKO0807 07-5 0.397 1.01
Orust 35010 L35010 10.07 -0.71

Comparing the results obtained in Table 4.10 to the results in Table 4.1, it was seen that
voltage level of the bus in all the areas increase with integration of photovoltaics while a
reduction in voltage drop was obtained.

Additionally, Figure 4.13 and Figure 4.14 show the voltage profile of selected buses over a
period of twenty-four hours at a penetration level of 30%.
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Figure 4.14: Voltage Profile at 30 % Penetration Level-Orust

The voltage profiles in Figure 4.13 and Figure 4.14 show an increase in voltage during the
day time and when the PV plants are at maximum power production. When compared to
normal case results, integration of photovoltaics causes an increase in voltage profile for
selected buses. Additional plots for the voltage profile along feeders with increase in distance
from the sending end feeder. Figure 4.15 shows the plots for voltage profile without and with
photovoltaics. The feeders taken are shown in Figure C.5 and Figure C.10 of appendix C with
the length away from the sending end bus at main substation feeder T2.
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400

The voltage profiles shown in Figure 4.15 are at the same penetration level for the two areas
in MolIndal. In both areas, integration of PV increases the voltage profile along the feeders.

The impact of PV on the entire grid voltage level and profile was investigated. It was done
with use of penetration levels of 0%, 30%, 60% and 90%. Figure 4.16, Figure 4.17 and
Figure 4.18 show the grids voltage level scatter plots at 0 and 60% penetration level. Figure
D.5 Figure D.10 and Figure D.17 in appendix D show scatter plots for the penetration levels.
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Figure 4.17: Voltage Level Scatter Plots (0, 30, 60 and 90 % Penetration)-Md&Indal Area 2
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Figure 4.18: Voltage Level Scatter Plots at 0 and 60 % Penetration-Orust

It can be seen from the grids scatter plots figures for the areas that an increase in penetration
caused an increase in grids voltage levels. This was also obtained for selected feeders as it

was shown in Figure 4.15.
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To add to the results obtained for impacts on voltage level and profile, voltage drop results
for selected buses in the areas were obtained. These results are shown in Table 4.11, Table
4.12 and Table 4.13.

Table 4.11: Voltage Level and Drop for Substation 35010 and 30010-Orust

Voltage Drop 4% 15% 30% 60% 90%
(%) at Penetration Penetration Penetration Penetration Penetration
35010 -0.83 -1.12 -1.58 -2.49 -3.36
30010 -0.79 -1.09 -1.47 -2.22 -2.93

Table 4.12: Voltage Drops for Selected Buses-MoIndal Area 1

Voltage drop at 0% 30% 60% 90%
(%) Penetration Penetration Penetration Penetration
SK0808 1.1 -0.03 -1.13 -2.18
SK2812 0.19 -0.00 -1.07 -1.68
SK2254 0.69 -0.20 -1.08 -1.93
SK2194 2.21 0.87 -0.43 -1.69
SK2034 0.26 -0.50 -1.24 -1.96
SK0321 -0.65 -1.18 -1.70 -2.21
Table 4.13: Voltage Drops for Selected Buses-MdIndal Area 2
Voltage drop at 0% 30% 60% 90%
(%) Penetration Penetration Penetration Penetration
SK0319 0.45 -0.01 -0.51 -1.01
SK0348 -0.55 -0.74 -0.96 -1.20
SK0156 -0.01 -0.34 -0.70 -1.07
SK0326 0.50 0.02 -0.48 -0.99
SK0325 -0.19 -0.48 -0.80 -1.13
SK1004 0.42 -0.04 -0.53 -1.02
SK0304 0.38 -0.05 -0.52 -0.99

According to the results shown in Table 4.11, Table 4.12 and Table 4.13, integration of
photovoltaics and the increase in penetration level cause a reduction in the voltage drop at the
buses and feeders.
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4.2.2 Impacts on Line Loading

The results for simulated grids with photovoltaics integrated are presented. Table 4.14 shows
results of selected lines from the grids.

Table 4.14: Selected Feeders Line Loading with PV Integrated

Area Feeder/Cable/Line To Line Loading (%)
Molndal Area 1 Substation SK2812 18.92
MolIndal Area 1 Load 12-5 9.94
Molndal Area 2 Substation SK0807 10.28
MolIndal Area 2 Load 07-5 4.46

Orust Area Substation 35010 10.3

According to results in Table 4.14, integration of PV in Mdélndal area 1 and 2 grids caused a
reduction in line and feeder loadings. For Orust area, the loading for line feeder to substation
35010 increased with integration of photovoltaics. In addition, more feeders were selected
from the areas and 30% penetration of PV integrated to the grids. Figure 4.19 and Figure 4.20
shows the results obtained over a period of twenty-four hours.
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Figure 4.19: Molndal Area Line Loadings at 30% Penetration Level
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Figure 4.20: Orust Area Loadings at 30% Penetration Level

For a period of twenty-four (24) hours for selected lines, integration of 30% penetration level
in MolIndal area caused a reduction in loadings. For the feeders to the substation where PV
was coupled in Orust area, integration of 30% penetration level caused an increase in line
loading. Furthermore, line loading of the lines with all penetration levels was simulated.
Table 4.15, Table 4.16 and Table 4.17 shows obtained results for selected feeders and lines to

substation bus.

Table 4.15: Line Loading for Selected Buses-MdlIndal Area 1

Feeder Loading 0% 30% 60% 90%
(%) Penetration Penetration Penetration Penetration
SKO0808 Feeder 35 24 15 11
SK2812 Feeder 27 20 13 9
SK2254 Feeder 17 12 7 6
SK2194 Feeder 15 11 7 5
SK2034 Feeder 64 46 30 20
SK0321 Feeder 55 38 23 17
Table 4.16: Line Loading for Selected Buses-MdlIndal Area 2
Feeder Loading 0% 30% 60% 90%
(%) Penetration Penetration Penetration Penetration
SK0319 37 31 18 12
SK0348 45 36 22 14
SK0156 51 43 25 16
SK0326 39 33 19 13
SK0325 70 51 34 23
SK1004 37 31 18 12
SK0304 60 38 29 19
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Table 4.17: Line Loading for Feeders to Substation 35010 and 30010

Feeder 4% 15% 30% 60% 90%
Loading (%) | Penetration Penetration Penetration Penetration Penetration
35010 1.57 10.3 21.26 44.36 66.65
30010 1 38.54 76.45 152.57 227.39

Similarly to results obtained for simulation over a period of twenty-four hours with
photovoltaics integrated, integration of different penetration levels in Table 4.15, Table 4.16
and Table 4.17 showed similar trends for the grids. For Mdlndal area, the loading decreased
with increase in penetration levels while for Orust area it increased with increase in
penetration level.

4.2.3 Impacts on Losses

With PV integrated at 30% for Mdélndal area 1, the active and reactive power losses at this
level were 0.00534 MW and 0 MVar. Losses of 0.00694 MW and 0.01152 MVar for MéIndal
area 2 was obtained. Orust area grid lost 0.13 MW and 1.27 MVar. To begin with, Figure
4.21 shows power and energy losses for MélIndal Area.
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Figure 4.21: Grid Total Power and Energy Losses-MdoIndal Area 1

56




The power and energy loss for MoIndal area 1 grid decreased with an increase in
photovoltaics penetration level. This trend is shown Figure 4.21. At penetration levels of 0%,
30%, 60% and 90%, the power and energy loss were decreasing in value.

In addition, the losses for MéIndal area 2 and Orust area were also plotted. The power and

energy losses for Mdélndal area 2 are shown in Figure 4.22. To sum it all, the losses of Orust
are shown in Figure 4.23.
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Figure 4.22: Grid Total Power and Energy Losses-Mdlndal Area 2

Observation of the plots for power and energy loss for MélIndal area 2 shown in Figure 4.22
revealed a similar trend to results obtained for Mdlndal area 1 grid. Both results for power
and energy loss decreased with increase in PV penetration levels.
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Figure 4.23: Total Power and Energy Losses at 0, 30, 60 and 90 % Penetration Levels-Orust

Figure 4.23 show plots obtained for losses with increase in penetration level for Orust area
grid. According to the plots, power and energy loss for Orust area grid decreases with PV
integration. For active power and energy loss, this is up to 45% and 50% penetration. For
reactive power and energy loss, this is true up to 60% penetration level. After the latter
penetration levels for active and reactive power and energy, the losses start to increase with
increase in penetration levels. The losses were simulated at maximum load demand for the
grids.

4.2.4 Impacts on Steady State Voltage Stability

With solar PV power penetration levels integrated to the grid, the steady state voltage
analysis simulations were performed for the grids to the areas. These are sensitivity analysis,
modal analysis, P-U and Q-U curves.

To begin with, Table 4.18 and Table 4.19 present the grid sensitivity and modal analysis
results for MdélIndal area 1. In addition to this, Figure 4.24 shows the Q-U and P-U curves for
selected buses for the grid. For the purpose of monitoring reactive power support and voltage
collapse point, bus SK0321 is shown in bold.
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Table 4.18: Sensitivity Results (%U/MVar) of selected Buses-MélIndal Area 1

Substation Bus NO PV 30% PV 60% PV 90% PV
Penetration Penetration Penetration
SK0808 15.4368 15.2816 15.1323 14,9911
SK2812 16.5818 16.4910 16.4026 16.3164
SK2254 15.6411 15.5184 16.3999 16.2865
SK2194 22.6006 22.3367 22.0843 21.8447
SK2034 9.5686 9.5050 9.4444 9.3869
SK0321 8.2183 8.1813 8.1455 8.1112
Table 4.19: Eigenvalues at Different Penetrations —MdlIndal Area 1
Molndal Area 1
Eigenvalue Eigenvalue (NO 30% PV 60% PV 90% PV
Number PV) Penetration Penetration Penetration
1 0.003 0.003 0.003 0.003
2 0.005 0.005 0.006 0.006
3 0.011 0.011 0.011 0.011
4 0.012 0.012 0.012 0.012
5 0.024 0.024 0.025 0.025
6 0.042 0.043 0.043 0.043
7 0.048 0.048 0.049 0.049
8 0.053 0.053 0.053 0.053
9 0.064 0.065 0.066 0.066
10 0.07 0.071 0.072 0.073

REACTIVE POWER-Q (MVAr)

U]

SHIB0S

Figure 4.24: Q-U and P-U curves at 30% PV Penetration-Mdélndal Area 1
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Solar PV integration to the distribution grid of Mdlndal area 1 resulted in positive value
results for sensitivity and modal analysis (eigenvalues). The P-U and Q-U curves results
shown in Figure 4.24 outline an increase in the critical voltage for the bus at substation
SK0321 and an increase in reactive power support for the bus. Results of the P-U and Q-U
curves for 60% and 90% penetration levels shown in Figure D.3 and Figure D.4 (appendix D)
show the similar trends as 30% penetration level results shown in Figure 4.24.

Similarly to MdlIndal area 1 grid, modal and sensitivity analysis with plots of Q-U curves
were performed for Molndal grid area 2. The sensitivity analysis results for selected buses
and modal analysis results for the grid are presented in Table 4.20 and Table 4.21. In
addition, Figure 4.25 shows the Q-U curves for selected substation buses for the area.

Table 4.20: Sensitivity Results (%U/MVar) of selected Buses-MoéIndal Area 2

Solar PV Power NO PV 30 % 60 % 90 %

Penetration/Bus Penetration Penetration Penetration
SKO0319 4.9537 4.9303 49074 4.8854
SK0348 2.3964 2.3913 2.3863 2.3814
SK0156 3.6967 3.6840 3.6716 3.6594
SK0326 4.6266 4.6043 45824 4.5616
SK0325 3.0231 3.0139 3.0049 2.9962
SK1004 6.5788 6.5452 6.5124 6.4803
SK0304 6.6366 6.6088 6.5815 6.5548

Table 4.21: Eigenvalues at Different Penetrations-MoélIndal Area 2

Molndal Area 2

Eigenvalue Eigenvalue (NO 30% 60% 90%
Number PV) Penetration Penetration Penetration
1 0.004 0.004 0.004 0.004
2 0.007 0.007 0.007 0.007
3 0.014 0.014 0.014 0.014
4 0.021 0.021 0.021 0.021
5 0.026 0.026 0.026 0.026
6 0.035 0.035 0.035 0.035
7 0.038 0.039 0.033 0.038
8 0.039 0.039 0.039 0.039
9 0.056 0.056 0.056 0.057
10 0.068 0.068 0.069 0.068
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Figure 4.25: Q-U curves at 30% PV Penetration Level-Mé6Indal Area 2

The results in Table 4.20 and Table 4.21 show a decrease in sensitivity values for the selected
buses with increase in penetration levels. While the stored eigenvalues slightly increased with
increase in penetration levels.

The bus T2 and SKO0155 show an increase in reactive reserve for the bus with increase in
penetration level of 30%. The trend is same with penetrations of sixty percent (60%) and
ninety percent (90%) shown in Figure D.8 and Figure D.9 in appendix D.

For Orust area grid, steady state voltage stability was analysed. That is sensitivity, Q-U
curves, P-U curves and modal analysis was performed. Table 4.22 shows obtained sensitivity
value results and Table 4.23 shows obtained modal analysis results.

Table 4.22: Sensitivity Results (%U/MVar) of selected Buses-Orust

Solar PV Power NO 4% 15% 30% 60% 90%
Penetration/Bus | p\/ | Penetration | Penetration | Penetration | Penetration | Penetration
Bus 13180
Sensitivity 1.5997 1.5996 1.5991 1.5986 1.5979 1.5976
Bus K1
Sensitivity | 0.5888 0.5888 0.5886 0.5884 0.5882 0.5880
Bus HKO08
Sensitivity 1.1302 1.13 1.1297 1.1294 1.0989 1.1288
Bus 23080
Sensitivity 1.1276 1.1275 1.1272 1.1268 1.1264 1.1262
Bus 30010
Sensitivity | 0.5694 0.5688 0.5666 0.5640 0.5592 0.5549
Bus 35010
Sensitivity | 0.6568 0.6555 0.6531 0.6496 0.6431 0.6373
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Table 4.23: Eigenvalues at Different Penetrations-Orust

Solar PV Power Integration

Eigenvalue | Eigenvalue 4% 15% 30% 60% 90%
Number (NO PV) | Penetration | Penetration | Penetration | Penetration | Penetration
1 0.01 0.01 0.01 0.01 0.01 0.01
2 0.021 0.021 0.021 0.021 0.021 0.021
3 0.042 0.042 0.042 0.042 0.042 0.042
4 0.086 0.086 0.087 0.087 0.088 0.088
5 0.247 0.247 0.247 0.247 0.248 0.248
6 0.299 0.299 0.301 0.302 0.305 0.307
7 0.316 0.316 0.316 0.316 0.317 0.317
8 0.401 0.401 0.402 0.402 0.402 0.402
9 0.451 0.451 0.453 0.455 0.458 0.462
10 0.651 0.651 0.654 0.657 0.662 0.668

In addition to sensitivity and modal analysis results, P-U and Q-U curves were plotted. These
are shown in Figure 4.26. Substation bus K1 was used for voltage collapse and bus reactive
power support monitoring with PV penetration level.
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The bus sensitivity results obtained in Table 4.22 show that with increase in the solar power
penetration level the sensitivity value decreases. But the decrease in sensitivity value was
marginal penetration levels lower than 30% penetrations. These are penetration levels of 4%
and 15% that showed least marginal decrease in sensitivity value.
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Bus Q-U and P-U curves were plotted for selected buses in order to observe the shift in the
graphs. Figure 4.26, Figure D.15 and Figure D.16 (appendix D) presents plots of Q-U and P-
U curves at 30%, 60% and 90% penetration level. The P-U and Q-U curves for bus K1
showed an increase in critical voltage and reactive power reserve for the bus with increase in
penetration level as compared to the normal case.

4.3 Discussions

Having obtained the results of the simulations for the integration of solar PV power to the
distribution grids from Mondal and Orust energy utility companies, their impacts on the
system are discussed in the proceeding paragraphs

4.3.1 Voltage Level, Profile and Drop

To begin with, the impacts on the distribution grid for area 1 in Mdlndal are discussed. This
low voltage distribution grid is a radial grid with unidirectional power flow (substation to
load) or one path route supply to the customer [11]. For feeders, the further it is from the
main substation the lower its voltage level as compared to the sending voltage level. The
results obtained for voltage level, voltage profile and voltage drop results with solar PV
power integrated to the grid resulted in an increase in voltage level/profile and a reduction in
voltage drop. Further analysis of the results from the time simulation of load/power showed
similar trends. With time simulation, the integration of solar PV power resulted in voltage
boost for buses during the time of high load demand and consumption. For the simulated day,
the increase in voltage level and voltage profile did not result in any system violation (i.e.
above = 5%). The voltage level, profile and voltage drop results for the radial grid for
Molndal area grids correlated with expected theoretical impact discussed in Section 2.3.1 of
Chapter 2.

Secondly, the results obtained for MdlIndal area 2 was similar to the results for area 1 but with
some minor differences. Moélndal area 2, as earlier alluded to, is a meshed distribution and
multi-directional power flow. The bus voltage levels are very close to each other as compared
to a radial grid where bus voltage levels for the grid are not close to each other and depend on
the distance from the main substation. The meshed grid can also be operated in radial. In this
case the impacts are exactly similar to results for MéIndal area 1 grid. The results obtained
for the voltage level, voltage profile and voltage drop showed an increase in voltage level,
voltage profile and a decrease in voltage drops. However, as one can see from the scatter
plots in Figure 4.17, an increase in PV penetration level caused a more flat voltage profile
and levels for the bus and entire grid during time of high load demand. For the simulated day,
there was no voltage violations recorded for the penetration levels simulated.

To end it all for this section, results obtained for Orust distribution grid showed similar
results to Mdlndal area. This distribution grid has a mixture of radial, loop and meshed type
of distribution grid. In principle, the grid can be divided into three areas (S1, S2 and S3).
These areas are shown in Figure A.13. Area S3 has a switching station while S1 and S2 have
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130/10 kV Power substation. The areas for solar PV power planned installation are in area
S3 which have been shown in the Figure A.13 (Sérbo and Mansemyr). The results obtained
as seen in Section 4.2.1 for the voltage level, voltage profile and voltage drop showed an
increase with increase in PV penetration levels for voltage level and profile while a decrease
in voltage drop.

4.3.2 Line Loading

The integration of PV decreased the line loading for the cables in the grid for MdIndal area
grids. As expected from theory, the increase in solar PV power penetration resulted in
subsequent reduction in line loading for MéIndal area. This is because the integration of solar
power provided power locally and reduced the flow for power from the source. However, for
Orust area grid, the integration of PV resulted in an increase in line loading with increase in
PV penetration to the line supplying the substation where PV was coupled. This is because,
when the load demand for the substation is met, power needs to be transmitted to other
substations in the area. At a penetration level of 60% and higher, feeder cable to substation
30010 had a line loading violation. Therefore, not more PV can be integrated beyond this
level.

4.3.3 Losses

The results for power and energy losses were a mixture of positive and negative impacts for
the areas. For the grids for MéIndal area 1 and 2, the integration of PV resulted in reduction
of grid losses. The increase in penetration of PV resulted in corresponding decrease in grid
losses for the areas. However, for Orust area grid, the results were a mixture. Integration of
PV resulted in decrease in the grid power loss. The increase in PV penetration level resulted
in both decrease and increase of grid losses as can be seen in Figure 4.23. For active power
and energy loss, this is up to 45% and 50% penetration. For reactive power and energy loss,
this is true up to 60% penetration level. After the latter penetration levels for active and
reactive power and energy, the losses started to increase with increase in penetration levels.
As a result, this indicates a limit to PV integration at a penetration level when the losses are
minimized. In this case, the maximum penetration level can be dictated by the cost saving
margin of the two active and reactive losses. The one that would translate into a higher cost
saving would be the optimal penetration level for the grid.

4.3.4 Steady State Voltage Stability

The results obtained for the steady state voltage stability indicated an improvement in the
stability and degree of stability for the grid. This was indicated by a decrease in the bus
sensitivity value and an increase in grid stored eigenvalue results. For all the grids for
MolIndal and Orust, integration of PV and increase in penetration levels improved the steady
state voltage stability, increased the bus voltage collapse point and reactive power reserve for
a bus. This is because, power was provided locally and the bus voltage level was increased.
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4.3.5 Impacts Hypothetical Extrapolations

From the foregoing discussions of the impacts to the distribution grids, some hypothetical
conditions were formulated that could guide utility companies with regards to solar PV power
penetrations and load/area/ grid power demand at a particular point. From a power and
energy point of view, and for installation of a rooftop solar PV power (MdIndal energy grid),
the following hypotheses were formulated,

> If PsoLar pv power probucTion < ProcaL Loap pemanp  (Beneficial to Utility
Company)

> If PsoLar pv Power ProbucTion = ProcaL Loap bemano  (Beneficial to both —Not True
for entire grid)

> If PsoLar pv PoweR PrRODUCTION > PLocaL Loab bemanp  (Beneficial to Customer)

The above hypotheses could guide the utility company with regard to rooftop installations
where power and energy loss are concerned. The second point when there is a perfect load
matching, the benefit does not fall on the utility company as it results in loss of revenue if all
the power consumed in an area is supplied by customers’ rooftop PV systems. The highest
benefit comes in when installed solar PV power is less than the load demand. The losses in
the grid are reduced and translates to cost saving on the power/energy losses. The third
hypothesis translates to benefits for the customer with solar PV power installed. This depends
on the purchasing power of the grid connected to and the regulations that are in place in that
area.

For utility installed solar PV power and area divided grid (Orust energy grid);

> If PsoLar pv POWER PRODUCTION < PAREA LOAD DEMAND  (LOW cost on grid Losses)
> If PsoLar pv Power PropuCTION > Parea Loab bemano  (Higher Cost on grid Losses)

For utility area installed solar PV power, the costs are minimised when the production of
solar PV power installed equal to area load demand. At the point when the production
exceeds the area load demand, the losses start increasing and increase the grid operation
costs.

The hypothetical conditions outlined above could guide utility companies for planning and
implementation purpose of solar PV power integration together with equation (3.10) to
determine how much can be allowed for normal steady state system operation.

4.4 Hosting Capacity Determination

Determination of the hosting capacity for the distribution grids was done with the guide
presented in Section 3.5 under Chapter 3. That is, simulation of maximum solar PV power
production for the simulated day (June) and minimum load demand. For this simulated day,
130 kW was the lowest consumption for Mdlndal area 1, 237 kW for Mdlndal area 2 and
4052 kW for Orust area grid. Steady state power flow in Paladin designbase was used for
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these simulations. The grid parameters of voltage, power loss, line loading and power flow

were used to determine the hosting capacity of the grids.

4.4.1 MoIndal Area 1 Grid Hosting Capacity

For MolIndal area 1 distribution grid, the grid substation SK2477 and its loads were
monitored together with grid parameters for determination of hosting capacity.
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Figure 4.27: Grid Substation SK2477 at Different Penetration Levels

Figure 4.28 shows grid substation SK2477 at different Solar PV penetration levels in the grid.
From this figure, at 60% and 90% penetration there were grid and system violations. In
addition, scatter plots and power loss for the entire grid were plotted. These are shown in

Figure 4.28 and Figure 4.29.
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According to the results obtained at minimum load consumption for the grid with maximum
PV power production, the hosting capacity was determined. In terms of voltage level
monitored for substation SK2477 and entire grid bus/loads voltages, at penetration level
above 60% there were violations. At penetration level above 30%, there was reverse power
flow. By considering line loading, losses, voltage level and profile, and reverse power flow
for MoIndal area 1 grid (radial grid with unidirectional power flow), 30% penetration level
was determined as the hosting capacity and is shown in Figure 4.29 as point M1.

4.4.2 MoélIndal Area 2 Grid Hosting Capacity

In determination of the hosting capacity for Mdlndal area grid 2, grid substation SK0807 and
grid parameters were monitored. Additionally, the loads fed from substation SK0807, entire
grid voltage level and power losses were monitored in order to determine the grid hosting
capacity. Figure 4.30, Figure 4.31 and Figure 4.32 show the grid substation (SK0807) voltage
level, grid voltage scatter plots and power loss plot at different penetration levels.
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Figure 4.30 show the voltage levels at different solar PV power penetration levels for the
loads and grid substation SK0807. At a penetration level of 90%, there was violation of bus
voltage level. In terms of voltage level, the hosting capacity of the grid would be 60%
penetration level. At 60% and 90% penetration, there was an indication of reverse power
flow. However, this is not a challenge for a meshed distribution grid like MdIndal area 2.
This is because there is multi-directional power flow in such a grid. It only becomes a
challenge if and when a meshed grid is operated in radial (unidirectional power flow) [11].
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In addition to grid substation SK0807 parameter results, Figure 4.31 shows voltage scatter
plots for the entire grid at different substations. The plots indicate a hosting capacity of 60%

penetration for the grid.
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In addition to voltage level indication of a possible hosting capacity, Figure 4.32 was plotted.
This figure presents the grid power loss at different penetration levels. According to Figure
4.32, the grid power loss decrease with increase in penetration level up to a particular level.
At this level, the grid power loss starts to increase with increase in penetration level.
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Figure 4.32: MdIndal Area 2 Grid Power Loss at Minimum Load Demand

In summary and considering the observations made from Figure 4.30, Figure 4.31 and Figure
4.32, the hosting capacity for Moélndal area grid 2 is 40% penetration. The hosting capacity
for the grid is denoted by M2 in Figure 4.32. This penetration level satisfy the results
conditions for voltage level, grid voltage scatter plot and grid power loss criteria for the grid.

4.4.3 Orust Area Grid Hosting Capacity

The hosting capacity for Orust area was determined similar to the method adopted for
Molndal areas distribution grids. An addition criterion of line loading was used to determine
the hosting capacity. This was because in this area, the solar PV power is was to be owned by
the utility company (Orust Energy) and not customer owned rooftop solar PV power in
Madlndal. In addition, Solar PV power to be coupled/connected to substation within area of
installation.

From simulations of the low grid load demand in Paladin designbase, the voltage level, line
loading, grid voltage scatter plots and grid power loss were obtained. In these simulations,
substation 30010 and 35010 were monitored in addition to the grid parameters (voltage and
power loss). These represent substations where the solar PV power to be installed in Orust
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area by Orust energy will be coupled (Mansemyr and Sorbo areas). Figure 4.33 shows the
simulation results for these areas.
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Figure 4.33: Substation 30010 and 35010 at Different Penetration Levels

Figure 4.33 presents the voltage levels and line loading at different solar PV penetration
levels at Mansemyr (30010) and Sorbo (35010) area. From these results, the hosting capacity
would be 30 percent in terms of line loading and 60 percent in terms of voltage level. There
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was line loading violation for feeder cable to substation 30010 at 60 percent penetration and
voltage level violation for substation 35010 at 90 percent penetration.

10600 10600
10500 5% 10500 +5%
10400 10400
2 :
:
5 1030 - 1030
] )
g 4
% 3
H > -
020 4 % \-Lx ‘ 10.200 ,\'\- k{'\ \_‘_
"'nl u\ . u... “'hl " .ll..
[
10100 N o PV 10100 30% PV
Penetration Penetration
10.000 . : . . . , . 1000
0 5% 100 150 00 50 0 B0 0 El 100 150 00 50 20 350
Frequency(No PV) Frequency(30 % Penetration Level]
10,600 10600
10.500 4 #5% 10500 C '
- +5% -
L] ~ }' ¥
10.400 4 10400 '.‘" i\ Dl \_
1 (] L] *
g . L) g & .- . -
§ ] k] k | ' T; ] .
L] U [ ]
: o 1| c # . ‘g # % 1030 1 . 1 .
i - | N
> 2 . ’
10200 | \"’ '\__\ C\' ‘ \ ' 10200 ’ L-..t.' o t‘-'kf
"ol e -
90 % PV
10100 4 60 % PV 10100
. Penetration
Penetration
10000 10.000
0 5% 100 150 m 50 00 0 % 100 150 200 50 00 350
Frequency(60% Penetration Level) Frequency{90 % Penetration Level)

Figure 4.34: Orust Grid Voltage Scatter Plots

In addition to voltage violation at substation 35010 and line loading violation feeder cable to
substation 30010, Figure 4.34 presents results of grid voltage levels in form scatter plots.

From the scatter plots, there were grid voltage violations at 90% penetration.

This was

indication of a 60% penetration in terms of grid voltage levels at different solar PV power
penetration levels.

In addition, grid power loss at different penetration levels were obtained and plotted. The grid
power loss against penetration levels are shown in Figure 4.35.
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Figure 4.35: Orust Grid Power Loss at Minimum Load Demand

By monitoring the voltage levels, line loading and grid power loss at different penetrations
presented in Figure 4.33, Figure 4.34 and Figure 4.35, the grid hosting capacity that conforms
to the parameters monitored was 25 percent penetration. This point is shown in Figure 4.35 as
ORL1. At this point, the violations are avoided and the grid has minimal grid power loss.
Therefore, this was the hosting capacity for Orust distribution grid.

4.5 Impacts Mitigation and Hosting Capacity Increase Solutions

From the scenario simulations conducted for the grids, these being system with no solar PV
penetration, with solar PV penetration at maximum production/maximum load demand and
with solar PV penetration at maximum production/minimum load demand, impacts to grid
parameters were identified in Section 4.2 and the hosting capacity determined in Section 4.4.

4.5.1 Solutions at Maximum Load Demand

At maximum PV production and maximum load demand, the integration of solar PV power
caused increase to the voltage level/profile, reduction to voltage drop, reduction in system
losses and increase again at some penetration level, line loading changes (increase and
decrease) and improvements to steady state voltage stability of the grids under study. At
different penetration levels of 0%, 30%, 60% and 90% (4 and 15 % inclusive for Orust
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energy), the only violation that was observed was overloading of the feeder cable for Orust
distribution grid. The other grid system parameters were within acceptable limits. This
entailed a steady state penetration level of 90% would be allowable for Mdélndal energy grids
at maximum load demand. While for Orust energy distribution grid, a steady state penetration
level of 30% would be allowed.

4.5.1.1 Line Overloading

To solve the problem of overloading and increasing the penetration level for Orust energy
distribution grid, an upgrade of the feeder cable would be needed. Additionally, distributing
installation of solar PV plant as opposed to concentrating in the area planned by the utility
company would solve the overloading problem and increase the maximum penetration level
at maximum load demand. The solutions to overloading problem were implemented in the
software environment of Paladin Designbase and Figure 4.36 shows the results obtained.

30010
10.22 kV 30010
i Vd: -2.22 % 10.11 kV
Vd: -1.06 %
é g
M3-30010
CB 2 3916.79 kW yz%é%%?w
3938.64 kW . BL:152.57 % CB2 1258 64 kv
I:*EsL: 37.08 % 5 - ézLSa).;ag\gl -
Line Over-Loading oo 1219 % ; -
rmal Line Loadin
PV PLANT 2 i Norma e Loading
10.22 kV PV PLANT 2

— 0 10.11 kV
@Vd. 222 % Eﬁ] 106 %

Figure 4.36: Line Over-Loading Solution at 60% Penetration Level-Orust

The proposed solution (feeder cable upgrade and distributing the solar PV plants share) to the
impact of solar PV power integration observed for the distribution grid for Orust energy
solved the problem, increased the penetration level above 60% and lowered the bus voltage
level at substation 30010 from 10.22 kV to 10.11 kV.

4.5.2 Solutions at Minimum Load Demand

With reference to Section 4.4 (hosting capacity determination), this scenario condition was
used to determine the hosting capacity. In [12], it is stated that there is/should be a strong
correlation between minimum grid consumption and maximum penetration level (hosting
capacity) that can be allowed in a grid. This presents the worst operational scenario of the
distribution grids. As it was presented in Section 4.4, the minimum load
demand/consumption with maximum PV production was used to determining the hosting
capacity of the distribution grids. The interaction produced system parameter violations
(voltage, line loading and reverse power flow) and different behaviour in system losses.

74



The system violations that resulted from the scenario condition simulations and resulted in
determination of the hosting capacity when solved would result steady state operations within
system limits and can allow more solar PV power to be added. This leads to an increase in the
hosting capacity of the distribution grids.

In order to curb the problems that resulted in Section 4.4 and increase the hosting capacity of
the distribution grids, the following solutions in isolation or combination with others have
been proposed and these are [1], [2], [7], [12];

Reactor Installation and Tap Changer Operation

The installation of a reactor and tap changer operation for the main transformer results in
reactive power consumption at the bus and the voltage at the bus is controlled. These
solutions were implemented for MélIndal area grids.

For MdlIndal distribution grid area 1, to increase the hosting capacity and control the voltage
level, a reactor was installed at grid substation SK2477 and results obtained from this
simulation are shown in Table 4.24

Table 4.24: Results without and with Mitigation-MdIndal Area 1 Substation SK2477

Voltage Level with 90% PV Without Mitigation With Mitigation
SK2477 Bus 422.46 V 418.33V
Load 77-2 422.66 V 418.54 V

Table 4.24 show results for two scenarios at 90% penetration level for grid substation
SK2477 and its load 77-2. With installation of the reactor, the voltage level was controlled to
be within normal operation limits (from 422.5 V to 418.3 V). Additionally, the PV plants
could be set to consume reactive power and control the voltage level. However, this solution
should only be used if there is really a need as it increases the losses of the grid due to the
resistive component of the reactor and an increase in loading of the line due to reactive power
consumption. Consequently, for this distribution grid, there is additional need of grid
reconfiguration to handle reverse power flow problem that makes it have a low penetration
level as compared to a meshed grid configuration that has multi-directional power flow.

For the meshed distribution grid of Mdlndal energy area 2, a reactor was installed at grid
substation SK0807 to control the voltage level and increase the hosting capacity. The solution
was added at 90 percent penetration level for substation SK0807. Table 4.25 shows obtained
results without and with a reactor added to the substation.
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Table 4.25: Results with and without Mitigation-Mdlndal Area 2 Substation SK0807

Voltage Level with 90% PV Without Mitigation With Mitigation
SKO0807 Bus 421.22 V 418.51V
Load 07-2 422.63 V 418.92 V
Load 07-3 422.62 V 41891V
Load 07-4 422.31V 418.60 V
Load 07-5 422.28 V 418.57 V

The voltage level for the bus at grid substation SK0807 was controlled from 421.22 V to
418.5 V by installation of a reactor at the substation SK0807. In the process, the substation
remained within operational limits with an integration of 90 percent penetration level at the
substation.

Feeder Cable Upgrade and Distribution of Photovoltaics

For the distribution grid of Orust energy, at 60% and 90% penetration levels, the proposed
solution of tap changer, feeder cable upgrade and distribution of the solar PV power plants
were implemented in Paladin designbase. With distribution solar PV power plants for Orust
energy distribution grid, there was no overloading of feeder cables to substation of common
coupling. Additionally, Figure 4.37 shows the grid scatter voltage plots at 90% penetration
levels. These shows for planned installation (concentrated) and proposed solution

(distributed) to increasing the grid hosting capacity.
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According to results obtained in Figure 4.37 for planned PV power installation for the grid
and the proposed solution with distributed PV power plants, the grid voltage level was
controlled within operational limits. With the proposed solutions implemented, the grid can
operate at a penetration of 90% with voltage level consideration only. In addition to the
voltage level scatter plots, the grid power loss was plotted for the planned installation and
proposed solutions at all the penetration levels. Figure 4.40 shows the two plots of power
loss.
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Figure 4.38: Orust Grid Power Loss-Concentrated and Distributed PV Plants

According Figure 4.38 results, there was grid loss reduction by shifting from the planned
installation to distributed PV power plants. In addition, by considering the voltage level, line
loading and power loss for the grid, there was a shift of the grid hosting capacity from point
OR1 to point OR2 as shown in Figure 4.38. The hosting capacity of the grid increased from
25 to 28 percent penetration level by implementation of transformer tap changer control,
feeder cable upgrade and distribution of the solar PV power plants on the distribution grid.

Other Possible Solutions

Other possible solutions that could mitigate problems at minimum load demand but were not
implemented are [2], [12]:

> Reactive power/voltage control by use of either series or shunt flexible alternating
current transmission systems (FACTS) devices in distribution grids (SVC or D-
STATCOM).

» Use of PV inverter controls and advanced additional custom control functions for
control of voltage, active and reactive power in unison with grid demand pattern.
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> Distribution grid re-organisation/re-arrangement. That is conversion of a radial grid to
a meshed or loop distribution grid to increase hosting capacity and control voltage
levels.

These possible solutions work on the principle of reactive power and voltage control in the
grid. For example, SVC or STACOM has the capability of either consuming or producing
reactive power in order to control the voltage of the grid under normal operating conditions
or under a faulty condition [15]. Use of advanced inverter control of voltage, active and
reactive power could solve the impacts under different operating conditions for the PV plant
[12], [26]. This could be used in operation with other plants.

In summary, grid re-organisation which is possible for small grids could solve the problem of
reverse power flow in a radial grid. This could be done by conversion of the radial grid to a
meshed or loop system [11].
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5 Conclusions and Future Work

Having studied the impacts of solar PV power integration to an existing grid with focus on
the distribution grids from MdIndal and Orust energy utility companies, this chapter presents
conclusions and some work that can be done in the future to comprehend this study.

5.1 Conclusions

From the study conducted on the distribution grids to determine the impacts of solar PV
power integration, the following conclusions were formulated for the given grid data by Orust
and Mdlndal energy companies:

» The integration of solar PV power to the distribution grids caused an increase in
voltage level and voltage profile, a decrease in voltage drop and a decrease in grid
losses for the grids. Additionally, the integration improved the steady state voltage
stability. For line loading, two conclusions resulted. With integration of rooftop solar
PV power, the line loading of the main feeder cable of the grid substation and that of
the load were decreased while for utility integrated solar PV power plant the line
loading for the main feeder cable for the substation of coupling increased. With
integrated PV at different penetration levels (0%, 30%, 60% and 90%), for Mdolndal
area 1 and 2 in MolIndal, voltage level and profile increased with increase in
penetrations while there was a decrease in voltage drops and grid losses. The steady
state voltage stability improved with increase in PV penetration levels for the grids
under study (Mélndal and Orust grids). For Orust area distribution grid, the increase
in PV penetration level in the area planned for installation by the utility company
caused an increase in voltage level and profile. There was an increase in the loading
of the main feeder cable while the grid losses showed mixed results. Initially, the grid
losses decreased with increased penetration level up to a certain penetration level. At
this penetration level, the losses increased with increase PV penetration. In addition,
for radial distribution grid of Mdlndal area 1 the increase in PV penetration level
caused reverse power flow at 60% penetration level.

» The hosting capacities for the grids were determined. The hosting capacity for
MolIndal area 1 distribution grid was 30% penetration level, 40% for MdIndal area 2
and 25% for Orust energy grid.

» To curb the impacts and increasing the hosting capacity, reactive power consumption,
line feeder upgrade, distribution/optimal location of utility PV plants and grid voltage
control solutions need to be implemented. These are use of reactors, OLTC, inverter
control, feeder upgrade, SVC and D-STATCOM. These were implemented and
achieved the objective of mitigating the impacts and increasing the hosting capacity.

5.2 Future Work

The thesis attempted to establish the steady state impacts of integrating solar PV power to the

distribution grids of MdIndal and Orust energy on voltage level, voltage profile, voltage drop,
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losses, line loading and steady state voltage stability. In future, the study could be extended to
investigate:

» Impacts on power quality/harmonic content, fault currents and grid protection
system.

» Impacts on parameters studied in this thesis but with focus on variability of solar PV
power production under varying climatic conditions (dynamics).

» Impacts on yearly grid losses and optimal PV plants location on Orust energy grid to
minimise grid losses.
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APPENDIX A Grid Areas and Circuit Diagrams

Figure A.2: Henan Area-Orust [30]
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Figure A.4: Mollésund Area-Orust [30]
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Figure A.12: MdIndal Meshed Circuit Diagram (NEPLAN pg2)
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APPENDIX B Grids Data

Table B.1: ModIndal Grid Data Area 1

MOLNDAL AREA 1 SAMPLE DATA

FROM TO LENGTH [ CABLE | X- SUB-
(m) TYPE | AREA | X-
(m?) | AREA
MT0546 LSKARV2695 | 16.00 NIXV | 150
LSKARV2695 | SK2034 15200 |AKKJ |[150 41
SK2034 SK2193 235.00 | AKKJ |[150 41
SK2193 2193-1 26.00 EKKJ |10 10
SK2193 2193-2 22.00 EKKJ |10 10
SK2193 SK2859 10200 | AKKJ |[150 41
SK2859 SK2194 83.00 AKKJ [ 150 41
SK2194 2194-1 33.00 EKKJ |10 10
SK2194 SK2195 240.00 | AKKJ [150 41
SK2195 2195-1 80.00 FKKJ |16 16
SK2194 2194-4 18.00 EKKJ |10 10
SK2859 2859-2 279.00 | NIXE- |16
5
SK2859 2859-3 74.00 NI1XE- |16
5
SK2193 2193-5 87.00 EKKJ |10 10
SK2034 SK2254 133.00 | AKKJ |[150 41
SK2254 SK2255 80.00 AKKJ [ 150 41
SK2255 2255-1 20.00 EKKJ |10 10
SK2255 2255-2 14.00 AKKJ |95 29
SK2254 SK2256 200.00 |AKKJ [150 41
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SK2256 2256-4 46.00 N1XE |10
SK2256 2256-3 41.00 N1XE- |10
5
SK2254 2254-4 54.00 N1XV |10
SK2034 2034-4 102.00 N1XE- |10
5
SK2034 2034-5 8.00 N1XE- |10
5
MT0546 L1745 125.00 AKKJ | 50 15
L1745 L1743 90.00 ALUS |50
L1743 SK2477 7.00 FKKJ 16 16
SK2477 2477-2 35.00 EKKJ 10 10
SK2477 LSKARV2502 | 7.00 EKKJ 10 10
LSKARV2502 | L1742 54.00 ALUS |25
L1742 2477-3 21.00 ALUS |25
MT0546 SK0321 140.00 AKKJ | 150 41
SK0321 0321-5 93.00 AKKJ- |95 29
4
SK0321 SK2148 85.00 FKKJ 35 25
SK2148 2148-1 26.00 EKKJ 10 10
SK2148 SKO0808 60.00 FKKJ 35 25
SK0808 0808-1 14.00 EKKJ 10 10
SK0808 0808-2 66.00 EKKJ 10 10
SK0808 0808-4 53.00 N1XE- |10
5
SK0808 0808-5 61.00 EKKJ 10 10
SK0808 0808-6 61.00 EKKJ 10 10
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SKO0808 0808-7 84.00 EKKJ 10 10
SKO0808 0808-8 57.00 EKKJ 10 10
SK2148 2148-4 26.00 EKKJ 10 10
SK0321 L1746 30.00 FKKJ 16 16
Table B.2: MdéIndal Grid Data Area 2
MOLNDAL AREA 2 SAMPLE DATA
FROM TO LENGTH | CABLE | X- SUB-X-
(m) TYPE | AREA | AREA
(m?)
SK0326 0326-1 23.00 EKKJ 10 10
MTO0425 LSKARV1539 | 10.00 AKKJ 150 41
LSKARV1539 | SK0319 175.00 FCJJ 70 35
SK0319 0319-1 76.00 ECJJ 10 10
SK0319 0319-20 40.00 ECJ 10 10
SKO0319 LSKARV1540 | 98.00 FCJJ 70 35
LSKARV1540 | SK0320 2.00 FKKJ 70 35
SKO0319 0319-5 36.00 N1XE-5 |10
SKO0319 LSKARV1538 | 2.00 EKKJ 10 10
LSKARV1538 | 0319-9 32.00 ECJJ 10 10
SK0319 0319-11 30.00 EKKJ 10 10
MTO0425 SKO0156 190.00 AKKJ 240 72
SKO0156 LSKARV1308 | 2.00 FKKJ 70 35
LSKARV1308 | SK0576 63.00 FCJJ 70 35
SKO0156 LSKARV1307 | 2.00 EKKJ 10 10
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LSKARV1307 | 0156-4 38.00 ECJ] 10 10
SKO0156 0156-6 24.00 ECJ 10 10
SKO0156 0156-7 33.00 ECJ] 10 10
SK0156 0156-8 19.00 ECJJ 10 10
SK0156 0156-9 35.00 ECJJ 10 10
SK0156 SK0155 45.00 FCJJ 70 35
SK0155 0155-2 53.00 FKKJ 16 16
SKO0155 0155-3 37.00 ECJ] 10 10
SKO0155 0155-4 45.00 ECJ] 10 10
SKO0155 0155-5 31.00 EKKJ 10 10
SKO0155 0155-6 43.00 FKKJ 16 16
SK0155 LSKARV1305 | 2.00 FKKJ 70 35
LSKARV1305 | LSKARV1306 | 50.00 FCJJ 70 35
LSKARV1306 | SK0223 2.00 FKKJ 70 35
SK0223 LSKARV2871 | 3.00 EKKJ 10 10
LSKARV2871 | LSKARV2872 | 2.00 EKKJ 10 10
LSKARV2872 | SK2135 7.00 EKKJ 10 10
SK2135 2135-1 16.00 EKKJ 10 10
SK2135 2135-3 27.00 EKKJ 10 10
SK0223 LSKARV1394 | 2.00 EKKJ 10 10
LSKARV1394 | 0223-5 19.00 ECJJ 10 10
SK0223 0223-7 36.00 EKKJ 10 10
SK0223 LSKARV1125 | 2.00 FKKJ 70 35
LSKARV1125 | LSKARV1124 | 33.00 FCJJ 70 35
LSKARV1124 | LSKARV1123 | 23.00 FCJJ 50 35
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LSKARV1123 | SK0053 2.00 FKKJ 70 35
SK0223 LSKARV1395 | 81.00 FCJJ 35 25
LSKARV1395 | SK0664 2.00 FKKJ 35 16
MTO0425 SK0304 160.00 AKKJ 240 72
SK0304 LSKARV1510 | 2.00 EKKJ 10 10
LSKARV1510 | 0304-1 53.00 ECJJ 10 10
SK0304 0304-3 37.00 EKKJ 10 10
SK0304 SK0440 86.00 FCJJ 70 35
SK0304 SKO0315 54.00 AKKJ 240 72
Table B.3: Orust Grid Data
ORUST SAMPLE DATA
FROM TO LENGTH | CABLE X- SUB-
(m) TYPE | AREA
(m?) | AREA
M1 11010 1.170.00 | AXKJ 240 12
11010 15010 1.004.00 | AXCEL |50 12
15010 15020 983.00 AXCEL |50 12
15020 15030 357.00 AXKJ 50 12
11010 11020 760.00 AXKJ 240 12
11020 15040 741.00 AXLJ- 50 12
SE
11020 34020 643.00 AXKJ 240 12
34020 34010 630.00 AXKJ] 240 12
34010 M3 522.00 AXKJ 240 12
M1 OBJ_13754 | 600.00 AXKJ 150 12
OBJ_13754 | 12020 424.00 AXCEL | 240 12
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12020 12030 535.00 | AXCEL | 240 12

12030 K1 1.454.00 | AXCEL | 240 12

K1 3AE 187.00 | AXKJ |95 12

3AE OBJ 13218 | 135.00 | AIMgSi | 62 12

OBJ_13218 | 5U 41.00 AIMgSi | 62 12

5U OBJ_13210 | 241.00 | AIMgSi | 99 12

OBJ_13210 | 12080 61.00 Axclight- | 150 12
FLT

12080 OBJ_13210 | 61.00 Axclight- | 150 12
FLT

OBJ_13210 | 21F 832.00 | AIMgSi | 99 12

21F 12090 297.00 |AXKJ |95 12

12090 12100 43200 | FCJ 70 12

12100 OBJ_13647 | 1.384.00 | AXKJ | 50 12

OBJ_13647 | HK02 1647.00 | AXKJ- |50 12
SH

HK02 S100103 | 1.802.00 | AXKJ- |50 12
SH

S100103 | 12110 923.00 | AXKJ- |50 12
SH

M2 21015 1.076.00 | AXKJ | 150 12

21015 12170 88200 | AXKJ- |95 12
SM

12170 12175 44100 | AXL)- |95 12
SE

12175 OBJ 11827 | 129.00 | AXKJ |50 12

OBJ_11827 | 12180 173.00 | AXLJ)- |95 12
SE

M2 S100106 | 455.00 | AXCEL | 240 12
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S100106 21010 96.00 AXLI- 240 12
SE

21010 S100107 96.00 AXLI- 240 12
SE

S100107 22010 572.00 AXCEL | 240 12

22010 S10006 1.114.00 | AXLJ- 150 12
SE

S10006 22020 560.00 AXKIJ 95 12

22020 S100117 453.00 AXKJ 95 12

S100117 HKO04 189.00 Axclight- | 150 12
FLT

HKO04 22030 24.00 AXKJ 50 12

HKO04 22060 1.093.00 | Axclight- | 150 12
FLT

22060 S100112 267.00 AXKJ 95 12

S100112 HKO05 565.00 Axclight- | 150 12
FLT

HKO05 S100116 946.00 Axclight- | 150 12
FLT

S100116 HKO06 51.00 Axclight- | 150 12
FLT

Table B.4: Solar PV Power Potential-MdlIndal Area 1

Load Roof Top Solar PV Power
Area (m?) Potential (KWp)
2193-1 259.65 44
2193-2 1401.82 235
2194-1 314.26 53
2195-1 294.41 50
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2194-4 103.93 16.5
2859-2 32.77 55
2859-3 45.63 1.7
2193-5 98.11 16
2255-1 225 41.8
2255-2 400 74
2254-4 97.39 16
2477-2 215 40
2477-3 417.22 77.5
0321-5 473 87
2148-1 202.21 37.5
0808-1 224.48 41.8
0808-2 214.06 40
0808-4 159.29 29.6
Load Roof Top Solar PV Power
Area (m?) Potential (kWp)
0808-5 97.65 16
0808-6 112.8 20.7
0808-7 144.34 26.8
0808-8 134.35 25
2148-4 203.93 37
2683-1 272.96 50
2683-2 161.28 29
2683-3 149.3 27.8
2811-3 229.3 42.7
2811-4 205.5 37
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2811-5 228.8 42

2812-2 249.79 46.4

2812-3 195 36.3

2812-4 241.22 44.8

2812-5 260.57 48.5

MT0546- 449.5 83.6
5

Table B.5: Solar PV Power Potential-MdlIndal Area 2

Load Roof Top Solar PV Power Potential
Area (m?) (kWp)

0319-1 214.04 39.6
0319-5 93 17.4
0319-9 190.56 354
0319-11 39 7.3

0319-20 85.04 15.6
03120-1 149.04 27.8
03120-6 153.52 28.4
03120-7 203.56 37.8
03120-8 216.28 40.3
0156-4 225.33 41.8
0156-6 135.75 25

0156-7 160 29.9
0156-8 156.51 29

0156-9 135 25

0576-3 165.5 30.8
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0576-4 185.23 34.5
0576-5 210.41 39

0576-6 243.36 45.1
0155-2 137.84 25.6
0155-3 63.62 11.6
0155-4 118.42 22

0155-5 211.15 39.3
0155-6 172.14 32

0223-5 94.52 17.4
0223-7 107.05 19.8

Load Roof Top Solar PV Power Potential
Area (m?) (kWp)

2135-1 66.21 12.2
2135-3 140 25.9
0304-1 129 24.1
0304-3 121.28 22.6
0304-7 149 27.8
0304-9 137.99 25.6
0440-3 72 13.4
0440-4 85 15.9
0315-1 182.58 33.9
0315-2 111.7 20.7
0315-3 176.29 32.6
0315-7 161.57 29.9
0315-8 152.81 28.4
1767-3 231.86 43
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1767-4 179.14 33.2
0245-1 206 38.4
0245-2 141.34 26.2
0245-3 139.25 25.9
0245-11 119.58 22.3
0245-12 87.84 16.2
0245-13 141.86 26.2
0325-8 206.38 38.4
0325-10 105.32 195
0325-11 134.02 25

0325-12 203.78 37.8
0228-2 107.39 19.8

Load Roof Top Solar PV Power Potential
Area (m?) (kWp)

0228-3 85.13 15.9
0228-4 332.21 61.6
0228-6 114.14 21.4
0228-8 125.22 23.2
0228-10 152.44 28.4
0807-2 313.23 58.3
0807-3 270.45 50.3
0807-4 100 18.6
0807-5 157.89 29.3
0348-6 83.58 15.6
0348-7 97.94 18

0348-8 226.21 42.1
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0348-9 72.6 13.4
0348-10 125.77 23.2
0157-3 181.25 33.5
0157-4 209.44 38.7
0157-5 74.2 13.7
0157-8 181.26 335
0260-3 109.88 20.1
0260-5 116.79 21.7
0260-7 86.99 15.9
0260-9 136.41 25.3
0372-3 108.67 20.1
0372-5 103.86 19.2
0372-7 110.54 20.4
0372-9 113.12 21

1004-3 129.58 24.1

Load Roof Top Solar PV Power Potential
Area (m?) (KWp)

1004-4 109.47 20.1
1004-5 158.29 29.3
0327-5 103.48 19.2
0327-6 140.79 25.9
0327-7 90.78 16.8
0327-8 133.94 24.7
0327-9 224.6 41.8
0327-10 141.72 26.2
0326-2 99.51 18.3
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0326-1 174.24 32.3
0326-70 106.12 19.8
0326-71 106.12 19.8

0326-8 196.15 36.6

0326-9 171.23 315

0246-1 239.43 445

0246-4 141.57 26.2

0246-6 162.93 30.2

1420-1 200.23 37.2

1420-4 200.23 37.2

0366-1 139.52 25.9

0366-2 106.62 19.8

0366-3 183.15 34.2

0366-8 172.07 32

0366-9 172.97 32
0366-10 100 18.6

MTO0425-8 50 9.2
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Table B.6: Typical PV System Production-MdIndal Area 1

Malndal Area 1
Monthly Hourly averaqes for E_Grid [kW]

OH [ TH | 2H | 3H [ 4H | 5H | 6H | 7H | BH | SH | 10H | TTH | 12H | 13H | 14H [ 15H [ 16H | 17H | 18H | 19H [ 204 | 21H | 22H | 23H
Jenvary | 00 | 00 | 00 {00 {00 | 00| 00 |00 | 00 | 26 | 6O 75| 82| 76 [ &9 [ 19| 00| 00|00 |00 | 00|00 |00|00
February| 00 | 00 [ 00 [ 00 {00 | 00 | 00 | 00 | 17 | & | 88 (003|007 040 {00470 | 23 | 00 |00 | 00 | 00 | 00 |00 |00
March | 00 | 00 | 00 [ 00 {00 | 00| 01 | 27 | 85 136|165 192 | 204 | 190 {165 [ 143 | 87 | 20 | 00 | 00 | 00 | 00 | 00 | 00
Aprl | 00 | 00 | 00 | 00 | 00 | 02 | 23 | 75 [127 | 181|222 |20 | T2 | &0 ) 0 {077 |22 (55 | 07 |00 {00 (00|00 )00
May 00 {00 | 00 [ 00 (00 16| 46 | 104 [ 177 | 230 | 262 [ 250 | 255 | 254 | 228 | 184 |30 (24|20 | 0400 | 00|00 )00
Jung | OO | OO |00 [ 00 06 | 20| 48 | 13| 72| 07|67 (B0 | B6 | Q5 (A5 182 |02 242 |12 00|00 0000
uly 00 | 00 | 00 [ 00 |02 ) 16| 43 | 107|164 | 208 | 240 [ 246 | 245 | 240 {205 | 164 (120 [ 73 | 22 | 0% | Q0 |00 | 00 )00
August | 00 [ 00 | 00 (0D ) 00 | 05 | 28 | 84 142 | 162 [ 27 (230 ) 245 | 23 | 198 |60 N4 ST | 1300 {00 | 00| 00|00
Seplembe 00 | 00 | 00 [ 00 [ 00 | 00 | 08 | 54 | 106 | 154 | 173 162 | 187 | %24 {196 | 144 | 85 | 25 | 00 [ 00 | 00 | 0D | 00 |00
October | 00 (00 | 00 (00 | 00 | 00 [ 00 | 13 | 64 | 5 {120 (130 ) 134 | 164 | 147 [ 62 | 20 | 00 | 0D | OO0 { 00 | 00 | 00 | 0D
Nwemhj 00 00 | 00 {00 |00 | 00|00 (00|08 |36 86 [64] 725037820 [ 00|00 00|00 Q0 |00]|00]|00
Decembel 00 | 00 | 00 | 00 | 00 | 00 [ 00 | 00 [ 00 [ 19 [ 48 | 63 | 63 ) 68 [ 48 [ 00 | 00 J 00 | 00| 00 {00 | 00| 00|00
Year | 00 [ 00 |00 | 00 [ 00 | 05 | 17 | 49 | 89 [ 129 (60 |20 | 075 (178 | 185 (M2 {70 [ 32|07 )02 {00 |00 |00 )00

Molndal Area 1
Hourly meamum values for E_Grid [KW]

OH [ TH | 2H | JH | 4H [ 5H [ 6H [ 7H | 8H | SH [10H [ 11H | 126 | 13H | T4H [ 15H | 16H | 12H | 18H | 19H | 20H | 21H | 224 | 23H
January [ 00 | 00 ) 00 | 00 | 00 | 00 [ 00 | 00 | 00 142 (&4 | %7 |25 | 292 | 238 (126 | 00 ) 00 |00 { Q0 {00 ) 00| 00|00
February( 00 | 00 | 00 | 00 | 00 00 | 00 | 00 {127 | 228 | 289 | 309 | 360 [ 325 [ 286 {224 | 1.0 00 | 00 {00 { 00 | 00 | 00 | 00
March [ 00 [ 00 ) 00 | 00| 00 | 00 09 (103 ) 204 {307 (373 | 406 | 422 | 407 | 357 [ 285 | 186 | 67 | 00 { Q0 { 00 ) 00 | 00 | 00
prl | 00 | 00 | 00 [ 00 [ 00 | 10 | 45 | 145 | 248 | B3 [T [ 412|407 | 400 |36 |3 (0| S [ 24 {00 [ 00|00 |00 | 00
May (00 |00 | 0D | Q0|07 |2 |65 (10 [%7|%0] %7408 | 410 |304[%H5 |83 208033 | 12{00{00|00]00
Jne |00 |00 |00 [ O0 [0 [ 30LR3 (63| Q2 [ 6 [ 37 {432 408 ) 03 | 5| B9 U622 | 38| 22| 0300|0000
Jly 00 {00 | 00 | 00| 0% | 27 [ 63 (188 [0 | 325 (775 | 400 (404 | 368 (33 | 295 | S04 {05 3§ {20 {02 (00 )00 |00
August | 00 | 00 | 00 00 [ 00 | 16 | 42 | 142 | 231 | 310 [ 366 | 381 | 398 | 319 | 343 (204 (207 (107 {29 {07 [ 00| Q0 | 00 |00
Septembg 00 | 00 | 00 | 00 | 00 | 00 | 32 {133 [ 232 | 312|370 | 36 | 400 (382 [ 339 {272 | 980 | 75 | 03 | 00 { 00 | 00 | 00 | 00
October [ 00 | 00 | 00 | 00 | 00 | 00 | 00 | 63 | 200 | 83 346 | 372 ) 0 | %3 | 284 [176 | 79 | 00 | 00 { Q0 {00 ) 00| 00|00
Novembe{ 00 | 00 | 00 | 00 | 00 00 [ 00 | 00 | 63 | 160|220 | 244 | 258 (259 [ 244 {152 | 00 | 00 | 00 | 00 { 00 | 00 | 00 | 00
Decembe 00 00 [ 00 [ 00 [ 00 | 00 [ 00 [ 00 ] 00 | 124 {207 ) 252 | %8 | 218 [ 164 00 | 00 ) 00 [ 00 [ 00 | 00 |00 | 00|00
Year [ 00 [ 00 | 00 | 00 | 11 |31 [ 65 |10 {22 | B0 | 37| 432 | 422 |07 (5 (N3G 3E | 22| 03 Q00000
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Table B.7: Typical PV System Production-MdIndal Area 2

Malndal Area 2
Monthly Hourly averages for E_Grid kW)

OH [ 1H [ 2H | 34 | 44 [ 5H | 6H | 7H | 8H | SH [ 10H | 11H [ 12H | 134 | 14H | 15H | 16H | 174 | 16H | 13H | 20H [ 21H | 22H | 23H
Janvery | 00 | 00 | 00 | 0D | 00 | 00 | 00 | 00 | 00 [ 21 | 47 | 56 [ 63 | 58 [ 45 | 14| 00 | 00| 00 |00 | 00 |00 | 00| 00
February| 00 | 00 | 00 | 00 | 00 [ 00 | 00 | 00 | 14 | 48 [ 68 [ 87 | 30 {107 (86 | 54 (07| 00 | 00 | 00 | 00 {00 | 00 | OO0
March | 00 | 00 | 00 | 00 | 00 | 00 | OF | 23 | 67 105|127 | 146 | 155 | 144 {124 | 107 | B4 | 15 | 00 | 00 | 00 | 00 | 00 | 00
Aprl | 00 [ 00 | 00 | 00 | 00 | 03 | 20| 59 | 99 | 140 (170 | 176 | 176 166 | 153 {132 | A0 | 40 (07 | 00 |00 |00 | 00 | 0D
May 00 (00 [ 00 (00 | OF | 14| 39 [ 90 [ 037 (178 ) 100 191 (193 (092 (020|037 47 | R3[ 7|06 (00 )00 | 00|00
June [ 00| 00 )00 | 0D | 07 | 16| 40 | B3 | 133 {167 | 196 | 19 (194 | 178 {962 | 137 | %8 [ B4 | 16 | 11| 02| 00 | 0D | 00
Juy {00 | 00 | 00 |00 | 04 | 14| 36| 85 [ 127 {160 | 183 | 187 (183 | 104 {154 | 123 ) 90 [ 54 | 16 |03 | 01 |00 | 0D | 00
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APPENDIX C Normal Case Results
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APPENDIX D Results with Solar PV Power

Molndal 1
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REACTIVE POWER-Q (MVAF)
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Figure D.17: Voltage Scatter Plots-Orust



