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Abstract

Modern power systems are moving towards accommodating more and more renewable
energy (RE) into the grid to minimize greenhouse gas (GHG) emission from energy sector.
Large scale adoption of solar photovoltaic (PV) and wind turbine creates instability in the
power system network due to the intermittent nature of these sources. Major problem
associated with these sources are fluctuation in energy level or even unavailability of useful
energy, minimum or no supply of energy during peak demand, moreover integration of these
sources in different phases can cause phase unbalance and power quality (PQ) issues in the
network. Energy Storage (ES) is considered to be the solution to overcome these PQ
problems by buffering a sizeable portion of energy generated by different intermittent RE

sources during low demand time and export it back into the network as required.

Recent developments and advances in ES and power electronics technologies are making
storage technologies viable for modern power applications. It can play a major role in
supplementing peaking power generation to meet short period peak load demand. However
the integration of ES is not straight forward and also depends on the network capacity and
capability. Moreover lack of standard regulations also increases the risk of ES integration into
the power network. Large scale integration of ES could increase the risk of additional
harmonics in the network, change in voltage regulation, change in distribution transformer
loading condition, could develop islanding situation and eventually change the PQ condition

of the network.

The research presented in this thesis investigated the impacts of the integration of large scale
ES with the low voltage (LV) distribution netowrk (DN). Various standards and regulations
practiced by the utility operators were investigated. Experiment was conducted and impatcs
on the network was indentified with increased solar PV. Experiments were conducted at the
CSIRO’s renewable energy integration facility in Newcastle. Experimental result was
analysed and similar model was developed to compare the results. In order to investigate the

impacts of the large scale ES integration with the grid, a large section of Ergon Energy
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distribution network was accurately designed and developed using PSS SINCAL with the real
network data. Network under eight zone substations were individually analysed and further

investigation was carried out for the overall large network with various network configuration.

The investigation results showed that ES supported load demand when RE was not available,
also stored excess energy when load demand was low. It was noted that ES supported load
when energy generation from RE sources fluctuated and also improved phase unbalance
condition. Furthermore, ES improved network voltage level and eventually helps in voltage
regulations. By integrating ES, the load on network element such as distribution transformer
(DT) and cable or conductor reduced, which eventually increased network capacity. However,
ES works as a current source and connected to the network through inverter that injects
harmonic current into the network. Harmonic current introduces harmonic voltage in the
network. ES supports load demand therefore with the reduced flow of load current causes
increase in total harmonic distortion (THD) in the network. It was also observed that this
increase in THD was highest at the LV side of the DN, however the effects passed through
the high voltage (HV) side of DN to the HV sub-transmission and transmission network as

well.

This research also estimated the required ES for a typical residential load considering solar
and wind resource data of Rockhampton, Australia. Furthermore economical and
environmental significance of ES was investigated. Therefore, this research provides the
knowledge of ES impacts on power network of various sizes and capacities. Moreover, this

research opens the scope for further research to minimize the harmonic impacts of ES.
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Chapter 1 Thesis Overview

Chapter 1

Thesis Overview

1.0 Introduction

Renewable energy (RE) generation continues to grow worldwide [1] [2] to reduce energy
related CO, emission and to support the additional electricity demand. Like many countries
around the world, Australia has set up its renewable energy target to receive 20% of energy
from RE sources by 2020 [3, 4]. However, there are numerous challenges in fully capturing
renewable energy and integrating it with the grid. The daily energy profile, fluctuating
characteristics of solar and wind energy limits its capability to support a timely load demand.
A clear solution is the adoption and integration of an Energy Storage System (ESS) with
these intermittent RE. ESS can store the unused energy and support the load demand. For
increased penetration of solar and wind energy, a large-scale ESS is required. Traditionally,
the transmission and distribution network was designed for one-way power flow; however,
integration of large-scale storage with large-scale RE introduces bidirectional dynamic power
flow in the network, which causes changes in distribution transformer (DT) loading and
fluctuation in the network. Inverter integrated storage and RE causes harmonic emission into
the network. Voltage regulation and harmonics are the two vital power quality elements for a
distribution network (DN), especially for a weak network like the Rockhampton DN in
Queensland, Australia. Therefore, this thesis investigates the impacts of storage compared to
the standard allowable limit for DN. The economical and environmental benefits of ESS are

also explained.

Section 1.1 illustrates the background and importance of this research. Section 1.2
identifies the problems of the present system. Justification of this research is therefore

illustrated in section 1.3. The aims and objective of this thesis are described in section 1.4.
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The contribution of this thesis is outlined in section 1.5, and its scope and limitations are

presented in section 1.6. Finally, concluding remarks are presented in section 1.7.

1.1 Background and Significance

Electricity demand is increasing globally with infrastructural development and improved
lifestyles. According to the International Energy Agency’s prediction in 2010, world primary
energy demand will increase 40% by 2030 [5]. The Energy Information Administration (EIA)
[6] anticipated that the world net electricity generation would increase by 87%, i.e. from 18.9
trillion kWh in 2007 to 35.2 trillion kWh in 2035. In Australia, Queensland’s electricity
demand will continue to grow more than 3.5% per year [7]. Energy related carbon dioxide
emissions in the world will increase 43%, i.e. from 29.7 billion metric tons in 2007 to 42.4
billion metric tons in 2035 [6]. In Australia, the energy sector is a major contributor of
greenhouse gas (GHG) emission [8]. Therefore, to meet the increased electricity demand and
to lower the GHG emission, RE generation is increasing globally. Solar photovoltaics (PV)
and wind turbine are the fastest growing power-generation technologies in the world. Figure

1.1 and 1.2 show the growth of solar PV and wind energy in the world.
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Figure 1:1 Global Solar PV capacity (1995-2012) [2]
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Figure 1:2 Global Wind Power capacity (1996-2012) [2]

Increasing electricity generation from PV and wind is a concern to distribution utilities in
the areas in terms of over-voltage/under-voltage on low-voltage (LV) distribution networks,
back-feeding to the distribution transformer or even the distribution regulator due to dynamic
power flow [9], and contribution to harmonic interference within the network [10]. However,
the generation profiles of solar and wind are limited for part of the daily load profile [11]
which could create a potential imbalance in load demand and energy supply. Moreover,
intermittency and fluctuations are natural phenomena of these sources [12]. Utility operators
in Europe expressed concern of harmonics emission, effects on voltage regulation, and
islanding due to high penetration of PV into weak grid [13]. Wind turbine integration into the

grid can introduce voltage fluctuation, flicker, harmonics and voltage unbalance [14, 15].

Several studies indicated that storage could overcome problems associated with solar and
wind energy. Technological development increases demand of energy storage to use with
intermittent RE. Large-scale storage allows RE producers to store surplus energy, to supply
to the grid when load demand increases, and also to balance supply and demand. In Australia,
approximately 10% of Queensland’s electricity network has been built to support only the
extreme peak loads [7] and maintains costly short-term generators to support peak demand.
By integrating proper sized ES with RE, this peak load demand can be minimized and can
reduce the cost of energy. The distribution network in Queensland, Australia covers a large

geographical area. Some distant areas are connected via single wire earth return (SWER)
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network, and loads are not uniformly distributed according to the line length. Moreover, due
to seasonal variation, load demand also goes very high during peak demand time. This
uneven load distribution and load demand makes Queensland’s distribution network very

vulnerable.

Several studies have been conducted with regard to integrating large-scale PV or wind
energy into the grid [13, 16], and there are some examples in large-scale storage installation
for specific application [17]. Most of these studies were simulation-based with preset
network architecture, and only a few used a small-scale practical network. There is little or no
research literature available for a unique distribution network like the Queensland distribution
network. The installation of various sizes of PV and wind energy into the network along with
various sizes of storage to support various capacity loads in the grid could complicate
charging and discharging of different sizes of storage. Small-scale storage in the network
could be exhausted quickly, which may force continuous dynamic power flow in the network.
This could keep the distribution transformer busier, and fluctuation can lead to the higher
network level which in turn leads to voltage regulation problems. Intermittent fluctuating
energy from solar PV and wind energy and inverters with power electronics all introduce
harmonics into the network. It is expected that inverter-integrated storage with continuous

charging and discharging is likely to introduce more harmonics into the network.

Therefore, this research concentrates on investigating the voltage regulation and
harmonics issues in the network by integrating large-scale storage into the network. This
study is conducted exclusively for Ergon Energy distribution network based in Rockhampton.
It is a city of more than 100,000 population. The DN in Rockhampton supports an
approximate load of 193 MVAJ[18] and divided into 11 zone substations. This study also
analyses the economic and environmental implications of storage in supporting solar PV and
wind energy. It is likely that the distribution network in Rockhampton will have to accept
large-scale RE and storage to support future load demand; therefore, this study is very
significant for future network stability.
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The findings of this research will help utilities to take necessary measures before large-
scale integration of storage and RE into the network. This will eventually help in building an

environment-friendly, sustainable power system for the future.

1.2 Problem Definition

In Queensland, Australia, peak electricity demand generally occurs between 4:00PM and
8:00PM, when most householders return home and turn on energy intensive appliances [7].
However, during peak demand time, RE such as solar and wind is unable to generate energy.
Therefore, in heavily penetrated PV & wind energy systems in the network, storage is the key
enabler to support future load demand especially in peak demand period and to extend the use

of RE.

The daily profile of solar and wind energy requires to have storage to support the load
demand. It is more critical when the fluctuation level ramps the energy output such that load
cannot consume, or there is not enough output to support the load. Therefore, storage plays a
key role in buffering excess energy and supply in quick time. Based on the data [11, 19],
Figure 1.3 shows the conditions where storage can play the key role in supporting the load
during morning and evening. Neither solar or wind energy profile matched with either

residential or commercial load in Rockhampton.
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Figure 1:3 Daily Solar & Wind energy, residential load and commercial load in per unit in Rockhampton
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But the operation of large storage is not straightforward in the network when solar and
wind energy penetration increases. Integration of energy storage depends on the load size, RE
generation, distance from load, size of storage and how storage is connected to the network.
Load demand and RE generation are variable, which in turn varies the charging and
discharging conditions of energy storage. In addition, connection orientation of RE and
storage can unbalance the voltage or power at a certain node and its associated load elements.
Moreover, inverter and power electronics add harmonics to the network; therefore, storage
connected to the network through inverters also may cause additional harmonics to the
network. However, various capacity storage systems in various node points in the large
network will influence one another in voltage deviation, loading on feeder transformers or
distribution transformers, phase unbalance condition and in harmonics emission in the
network. The distribution network in Queensland, Australia is distributed in vast
geographical areas and combines three phase networks with a single phase SWER network.
Therefore, the large-scale integration of storage, solar PV and wind in this network can have

impacts at an intensified level.

1.3 Justification of the Study

The generation of electricity from solar PV and wind turbine is increasing for various
reasons and several positive attributes accelerate its development. Several utility operators in
various developed countries included a range of energy from solar and wind into their power
network and expressed various concerns like voltage regulation, harmonics, islanding and
reactive power problem [13]. These installations are limited in size and storage was not
included; therefore, peak demand and fluctuation demands are met by conventional sources,
which include additional generation from conventional sources and cause a significant release
of GHG into the atmosphere. There are few large-scale storage installations in different utility
networks in various countries for load shifting purpose only [17]; therefore, the uncertainty
and energy fluctuations were not experienced by these configurations. The Australian power
network has little to no experience either with large-scale integration of solar or wind energy

or with large energy storage systems. However in Australia, generation from solar PV and
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wind is increasing. Therefore, it is imminent that large-scale storage will be required for
better utilization of solar and wind output. Investigation is urgently required to identify the
impacts of such systems that are already addressed by other countries, and also to make
necessary rectifications before large-scale storage and RE can fully be integrated with the

grid.
1.4 Aim and Objectives of the Thesis

Energy storage system (ESS) can act as a load or source of energy. It connects with a
power supply from conventional sources and renewable sources into the grid at the point of
common coupling (PCC). The grid then receives a supply from all these sources
simultaneously or from different sources at different times. Abrupt changes in weather
conditions bring fluctuations in solar and wind energy output, which in turn introduces
fluctuation in the network. Storage responds to minimize the fluctuation, which requires
multiple charge-discharge sequences; as a consequence, loading on DT also changes.
Moreover, inverter and power electronics adds harmonics to the network. As discussed earlier,
a weak network is prone to various power quality problems and dynamic power flow

accelerates these problems.

The purpose of this study is to identify the impact of large-scale storage on the power
network. As the power network in Queensland is weak compared to others, and the location
of solar PV and wind energy generation will be distributed over different points in the DN,
small scale storage as well as large-scale storage will be integrated in the near future.
However, the load flow of the total network is based on the load demand, and RE generation
and storage condition can influence the desired performance of the network. Therefore, this
thesis investigates the two power quality indices (Voltage regulation and harmonics) after
integrating storage to support solar PV and wind energy. Moreover, it explains the estimation
of required storage for a particular load profile along with economical and environmental

benefits due to storage. The major objectives are:
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= To estimate the ES for a typical load to integrate with PV or wind energy in
Aaustralia

= To investigate economical and environmental significance of ES

= To develop a large power network model for detailed analysis

= To conduct experimental investigation and extend range of investigation in network
model

= To identify the impacts of ES in terms of voltage regulation and harmonic distortion

in various network configurations

1.5 Methodology and Contribution of the Thesis

After assessing a range of literature, technical reports, experimental results and the
experiences of other utilities regarding RE, its potential, the importance of energy storage and
its advantages, this study presents the potential of ESS and limitations of large-scale
integration of renewable energy. In order to accomplish the objective, the Rockhampton
distribution network was selected, and solar and wind data was collected from Bureau of
Meteorology (BoM) [11]. In order to understand the impacts on network, an experiment was
conducted using the Renewable Energy Integration Facility (REIF) at CSIRO in Newcastle,
Australia. Load data of the Rockhampton distribution network was collected from Ergon
Energy, the utility operator in Rockhampton. Ergon Energy has an extensive model of the
network built in DINIS (Distribution Network Information System) software package.
However, DINIS is unable to model PV, wind and storage systems. LV network for an
unbalanced system was also not possible in DINIS for harmonic distortion calculation.
Therefore, an accurate distribution network was developed using PSS SINCAL which allows

the integration of RE and ESS.

Figure 1.4 shows the Rockhampton distribution network in DINIS and Figure 1.5 shows
the same in GoogleEarth. The GIS model built in GoogleEarth contains end load information,

line parameters and the detailed location of each network element.
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Figure 1:4 Rockhampton DN in DINIS Figure 1:5 Rockhampton DN in Google Earth
The research was initiated by estimating the required storage with solar and wind energy
application for a particular load in Rockhampton, Australia. However the detailed

methodology is classified in the following three areas:

1.5.1 Estimation and Significance of Energy Storage

To meet load demand, proper-sized generation is required. Electrical energy generated
from solar and wind is sometimes unable to meet the load demand and sometimes exceeds
the load demand. Excess electricity neither can be used by load nor it can be stored in storage
if solar/wind generator and storage size is not properly estimated. This event occurs when the
ES such as; Battery State of Charge (SOC) exceeds its maximum allowable value and the
solar/wind output power exceeds load demand. The amount of wasted/lost energy can be
avoided or reduced by proper choice of battery and PV/Wind generation sizes. PV panel size
and the battery size have different impacts on the indices of performance, and proper balance
between the two is necessary [20]. By comparing load and energy generated from solar and
wind energy in Rockhampton, required storage is estimated. Furthermore significance of ESS

is also illustrated.

1.5.2 Development of the Network Model

In order to identify the impacts of large-scale storage on DN, an accurate network model
was developed using PSS SINCAL for Rockhampton DN. The initially existing network in

DINIS was converted to SINCAL and was verified with the existing GIS model in Google
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Earth. By comparing the SINCAL model with DINIS and the GoogleEarth GIS model, the
errors generated during conversion were rectified and the SINCAL database was populated
with correct information of the present distribution network of Rockhampton. SINCAL offers
a full range of analysis methods from standard load flow to enhanced dynamic simulation for
balanced and unbalanced network. It also deals with voltage level from high voltage (HV) to
low voltage (LV). PSS SINCAL offers a full range of network modelling, including
unbalanced network structures and new smart grid elements such as wind turbine, Solar PV,

Battery (storage) etc. for network analysis.

Figure 1.6 shows the Rockhampton distribution network developed in PSS SINCAL,
which includes all parameter values and geographical locations. The development of the
network model initiated from the experimental configuration and finally building the

complete power network of Rockhampton.
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Figure 1:6 Development of Rockhampton distribution network model in SINCAL

1.5.3 Identification of Impacts

Traditionally, network planning was based on load flow simulation. However, due to the
element of smart grids or renewable generation, it is no longer reasonable to study one
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particular load flow for a network. Instead, the time-varying load profile for a day (if not a
month or year) needs to be evaluated. The load profile shows the load of every interval

desired for the total duration.

After validation of the network model of Rockhampton, load flow simulation was done in
an unbalanced system to investigate the voltage deviation at different nodes due to the
integration of energy storage after solar PV, wind energy into the LV network. The
investigation result was compared with the standard limit set by AS-4777 [21] and local
utility limit [22, 23]. Load profile (load curve) simulation was conducted to investigate the
storage response to voltage fluctuation due to the fluctuation of energy from solar PV or wind

turbine.

Harmonic distortion in voltage or current waveform is caused by the impact of nonlinear
load or generating sources connected by inverters. Harmonics due to single-phase distorting
loads spread across the three phases and excessive level of harmonics due to single-phase
load/source can overload the neutral line, which causes overheating of the neutral conductor
[24]. High levels of total harmonic distortion (THD) can cause thermal effects and overload
the neutral conductor, as well as disturbance to the electronic equipment. High penetration of
RE in LV-DN can cause single-phase loading, which introduces harmonics [12]. Moreover,
inverters and their switching are a possible source of harmonics. DC elements and switching
devices (inverters with storage and solar PV/wind and switching controller) add harmonics in
addition to various load harmonics. Therefore harmonic impacts on the network due to
storage and RE were investigated and compared with the limit set by AS-4777 [21] and

Energex and Ergon standard [22].

The impact on network is different in small-scale and large-scale integration. Therefore,
investigation was done from single distribution transformer loading to a medium network
(Kawana suburb) and finally a complete power network of Rockhampton; as shown in

Appendix A-2.
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1.6 Scope and Limitation of the Study

There is no large scale storage system integrated with RE in the Australian power network;
therefore, there was no measured data to compare. However, the findings of this study are

very significant and can be used as a reference for future study.

1.7 Outline of the Thesis

The thesis is organized in the following seven chapters:

Chapter 1 describes general background and motivation of this study. Key technology,

research objective, methodologies and contribution of this study are discussed.

Chapter 2 provides detailed background of this research, values of storage and importance
with RE applications. Various energy storage systems (ESS), standards and integration into
the grid are explained briefly. Various studies of the current time and experience of several

utility operators are also explained and identified the research scope.

Chapter 3 outlines the estimation of required storage for a particular load in Australia. This
chapter also identifies the significance of storage in terms of environment and economics for

the same load profile.

Chapter 4 explains the details of network model development in PSS SINCAL. Storage,
load, PV and wind turbine allocation in various network points are described. Residential and
commercial load profiles in per unit (p.u.) were developed. Solar PV and wind turbine output
was converted to per unit for the location of Rockhampton. Various modelling scenarios and

strategies are explained considering small, medium and large networks.

Chapter 5 illustrates detailed technical analysis of voltage deviation due to storage
integration into the grid. Storage was integrated into the network after introducing solar PV
or wind turbine in the low voltage distribution network. First, voltage deviation was analysed

from the experimental results after adding solar PV into the micro-grid at the integration
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facility in CSIRO. Simulation was done in three different conditions in small, medium and

large-scale network environment.

Chapter 6 explains the detailed technical analysis of harmonic emission into the grid.
Initially, experimental results were analysed for harmonics due to solar PV integration into
the micro-grid at CSIRO. Simulation was carried out in different network sizes and harmonic

distortion due to energy storage was identified.

Chapter 7 summarizes the outcome of this research and illustrates the significance of the

contribution. Future scope for this research is also discussed in this chapter.
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Chapter 2

Literature Review

2.0 Introduction

This chapter presents the background of this research and outlines its context relative to
the energy challenges particularly in Australia. The challenges include: structure of the
present transmission and distribution network; extensive use of fossil fuel, which emits
pollutant gas into the air; lack of standard guidelines to integrate renewable energy into the
grid; and widely distributed load. On the other hand, the availability of vast open land and
geographical location shows the potential of solar and wind energy in Australia. There is little
research done in large-scale integration of intermittent RE in Australia, which demands the
large-scale integration of energy storage for a reliable and stable power supply. This chapter
explains the structure of the distribution network in section 2.1, and various energy sources in
section 2.2. Distributed energy generation is described in section 2.3. Various storage
technologies are explained in section 2.4. Regulatory standards to integrate RE and
integration of storage with the grid are explained in section 2.5. Various research and
development in integrating RE and storage into the grid was investigated, and the scope of

this research is defined in section 2.6. Concluding remarks are made in section 2.7.

2.1 Distribution Network

The present electricity network is a complicated integration of multiple stages, from
generation to transmission, transmission to distribution, and finally to the consumers. The
high voltage (HV) transmission network transfers the bulk of electricity at voltages above
110KV to the bulk supply substations (BSS). In Queensland, Australia, BSS supply power to
the zone substations (ZS) and large customers via 33 kV, 66 kV, 110 kV and 132 kV

networks operate as radial, parallel radial or meshed network [25, 26] as shown in Figure 2.1.
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Figure 2:1 Power Distribution Network [25]

ZS supplies to the distribution network (DN) by stepping down the voltage to 11 kV, 22
kV or 33 kV. ZS provides protection and control to the local DN. In Australia, DN is a
combination of, HV, SWER (Single Wire Earth Return) and LV networks. The distribution
network service providers (DNSP) have to meet certain regulated voltages that are supplied

to the customer via distribution transformer (DT). The standard voltages associated with DN

are:

¢ HV DN: 11 kV, 22 kV and sometimes 33 kV
e LV DN: 415V (Line-Line)/240 V (Line-Ground)
e SWER: 11 kV, 12.7 kV and 19.1 kV

Power network or grids are designed to transmit electricity generated by large
conventional power plants. Electricity generated from various renewable sources use
synchronous or asynchronous generators except for solar PV. PV uses an inverted rectifier to
connect the power flow to the grid. Various capacity transformers interconnect distribution to
transmission network, loads to the distribution network. In a DN, the voltage falls in the
direction of current flow due to resistance and inductance of the cable as shown in Figure 2.2

[27].

Energy generation from renewable sources requires an installation of the plant in locations
where enough supply is available—for example, better wind speed and solar radiation for
wind turbine and PV plants respectively. Therefore, installations of RE applications are

Energy Storage and its Strategic Impacts on the Power Network 15|Page



Chapter 2 Literature Review

expected to connect at various local points of the distribution network. In contrast to large
power plants, renewable plants have less capacity and are integrated into the low-voltage side
of the DN. When such decentralized RE integration increases into the LV side of the DN,
power flows to the HV side of DN and introduces bidirectional power flow in the network.
As a consequence, the voltage level rises at the point of RE connection. Voltage rise
aggravates when more and more such distributed generators integrate, especially into the

weak grid.

V(ix)
Van = Vs/cos(f2)

Vasc = 0
x={( =0
Sending end Receiving end

Figure 2:2 Voltage profile from source to end load [27]

The trend of energy supply from renewable sources in the medium- or low-voltage
network is highly visible. The popular rooftop solar PV is mostly installed to meet residential
customer needs and connected at the LV DN. Although the size of this single customer is
very small, the combined total demand is significant. Similarly, the combined total solar PVs
installed in these houses have great influence on the total network performance. Distributed
wind turbines are also connected to the LV DN. The combined maximum capacity of all RE
installations connected without a dedicated transformer must remain <30% of the rated
capacity of the DT [28]. Akatsuka Motoki et al. [29] mentioned that fluctuation in the output
of a megawatt class PV system may disturb stable operation of the power system. The
integration of many decentralized RE generators can be concentrated to form a virtual plant
to increase efficiency by actively storing excess energy and help in grid management. The
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structure of DN in Australia, especially DN in Queensland is greatly distributed over large
geographical areas which make the grid weak compared to the large urban grids in developed
countries. Moreover, energy source plays a critical role in the development of future power

networks.

2.2 Energy Sources

Energy that has been used from ancient times is known as conventional or traditional
energy. Primary sources include coal, natural gas and oil. These carbon-based energy sources
are non-renewable, meaning they will run out at some point. These energy sources burn and
convert into heat energy that is used to run the generator to produce electricity. This process
emits GHG as a by-product. Electricity demand increases with time and development.
Around 242 TWh of electricity (including off-grid) was generated in Australia in 2009-10
where, renewable contribution was only 19.7 TWh, or almost 8.15% [30] as shown in Table

2.1 and Figure 2.3.

Table 2:1 Australian Electricity generation by fuel, in 2009-10

Name (Fuels used) Generation | % Used wind 2%  other 3%
(TWh) hydro 5%

Black coal 124.5 | 51.53%
Brown coal 56.0 | 23.17%
Natural gas 36.2 | 14.98%
Petroleum Qil 27| 111%
Other 25| 1.03% black coal
Hydro 125 517% 52%
Wind 48| 1.98%
Solar 03] 0.12%
Biomass 1.2 | 0.49%
Biogas 09| 037%

Total 241.6 100% N

a Other includes ail, bicenergy and solar PV.

Figure 2:3 Australia’s Electricity generation by Fuels in
2009-10 [30]

The dependency on coal makes Australia one of the largest GHG-emitting countries.
According to the National Greenhouse Gas Inventory (Kyoto protocol accounting
framework), it is found that the energy sector is the major contributor to GHG emission in

Australia [31].The energy sector alone contributed 73.93% of GHG emission in overall
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Australia and 62.71% in Queensland. Table 2.2 illustrates the carbon-dioxide equivalent
emission in 2009 in Australia and in Queensland. In 2009, GHG inventory total in Australia
increased by 13.79% compared to 2000. Global energy-related CO, emission will rise 43%,
from 29.9 billion metric tons in 2007 to 42.4 billion metric tons in 2035 as predicted by EIA
[6]. To reduce GHG emission and the environmental threat due to global warming, Kyoto
protocol was adopted by most nations. They agreed to reduce GHG emission by at least 5%

below the 1990 level by 2008 to 2012[32]

Table 2:2 National GHG Inventory Total, Carbon dioxide equivalent emission 2009 [31]

Category CO,-e emission
Giga-gram (1,000 Tonnes)

Australia Queensland
1 | National GHG Inventory total 564,542.63 155,129.42
2 | Energy 417,354.98 97,283.18
3 Industrial Processes 29,617.03 5,722.59
4 | Agriculture 84,745.63 26,935,81
5 | Waste 14,075.39 3,179.01
6 | Land use, Land-use change and Forestry KP 18,749.60 22,008.82

Therefore, there is an urgent need especially for Australia to search for alternative energy
sources that are free from GHG emission. RE offers alternative sources of energy that are
generally pollution-free, climate-friendly, unlimited, naturally replenished, technologically

effective and environmentally sustainable.

2.2.1 Limitation of Present Network

The network structure in Queensland supports single-phase load, 3 phase load, and large
critical load, although Ergon Energy, a local operator, also manages a few off-grid networks.
Queensland also faces unique challenges as a result of its vast geographic area and highly
decentralized population, particularly in regard to ensuring a cost-effective and reliable

supply of electricity to remote and sparsely populated regions through its SWER network.

Most of the present transmission and distribution networks are not able to provide
intelligent data essential for a modern grid operation. Moreover, the present power system
mostly depends on the fossil fuels—especially coal—which contributes to GHG emission and

eventually has a detrimental impact on the environment. While RE integrates into the
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network, supply and demand must be balanced for proper operation of power systems.
Supply can come directly from generation or energy storage. The present power system’s

limitations can be summarized as:

= Electricity generation greatly depends on conventional sources like coal, gas or oil;

» Produces enough GHG which emits to the nature and increases the threat of global
warming;

= Large generation systems are very difficult to change the production level quickly;

= Widely distributed, small-size loads make the network weak, which has high line loss;

= As a storage system is not available in the present system, the generation system
always runs on higher than demand to meet the requirement. In the process, a large
amount of extra fossil fuel burns which adds additional GHG emission;

= Integration of multiple generation systems are strictly demand based and costly;

= Present network is generally a one-way power flow only.

2.2.2 Renewable Energy

As illustrated earlier, the energy sector is a major contributor of GHG emission, especially
in Australia. Moreover, the price of conventional energy sources is increasing gradually. To
reduce GHG emission and cost of energy by ensuring the everlasting free source of energy,
large-scale RE integration into the grid is the global demand for future electric energy. Most
developed countries have set the goal to integrate electricity from RE sources; likewise
Australia, has set its vision, by 2020 to integrate 20% electricity from RE sector, i.e.
45,000GWh of electricity from RE sector by 2020[1, 3, 4, 33]. Australia also committed to

reaching a national GHG emission target of 60% below 2000 levels by 2050 [34].

Renewable sources include solar, wind, hydro, tides, geothermal and biomass. Burning
biomass also emits GHG [35] as well as geothermal energy, although this emission is less
significant compared to the burning of fossil fuels[36]. Among all these RE sources,
hydroelectricity is the most matured one and around 15% of electricity was generated from
this source globally in 2008[1]. Tidal power stations are very limited and development
specifically depends on suitable locations. Hydropower and geothermal energy are also site-

specific and comparatively expensive to build. Compared to all other types of RE sources,
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solar and wind are available at any location in any part of the world. However, one of the
main concerns of these sources is the intermittency, which is very critical for the reliability

and stability of power system operations.

2.2.2.1 Renewable Energy Potential of Australia

Compared to most other countries, Australia’s solar resource is equal to the world’s best.
The annual average solar exposure is greater than 6kWh/m?/day (2,200kWh/m?/year), as
shown in Figure 2.4 [37]. Yearly average sunshine hours vary from 5 to 10 hours and
maximum area is over 8 hours [38]. Due to various natural factors like day/night cycle,
location, cloud movement, temperature, air pressure and sun/moon effects on earth, the
energy intensity from solar radiation fluctuates. Figure 2.5 shows the solar radiation

fluctuation level for the year 2009 in Rockhampton, Australia [11].
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averaged annual sum
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Figure 2:4 Solar Power Potential[39]

Having the advantage of vast open land and large coastal areas, Australia has one of the
highest commercially exploitable wind resources per capita in the world, as shown in Figure
2.6 [37, 40, 41]. Like solar radiation, wind speed also fluctuates due to several natural factors.
The data collected in 2011 from Bureau of Meteorology [11], as depicted in Figure 2.7,

shows the fluctuation of wind speed in Rockhampton.
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Figure 2:5 Daily solar radiation of Rockhampton, Australia

RENEWABLE ENERGY ATLAS OF AUSTRALIA: 5
Mean Wind Speed at 80m above ground level

Australian Government
Departmen of the Eavirmment,
Water, Heritage and the Arts

www.environment.gov.au/renewable/atlas

Figure 2:6 Wind speed map of Australia [35, 38]

Figure 2:7 Three hourly wind speed of Rockhampton area, Australia
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The potential locations of solar and wind energy are distributed in various parts of
Australia, and the intermittent nature of fluctuation exists everywhere. Installation of solar

and wind energy systems at distributed locations is known as distributed energy generation.

2.3 Distributed Energy Generation

Distributed generation describes electric power generation that is geographically
distributed and is located closer to the load—or in some cases, at the customer’s premises.
The generation capacity of distributed generation is much smaller compared to the
conventional power plant. Renewable energy, co-generation plants, and standby generators
are considered as distributed generators (DG) [42]. Traditionally in a radial network, power
flows only in one direction. Network operators are now facing difficulties while integrating
DGs within the existing power network. The standard and tolerance of the existing grid does
not cater for bi-directional power flow and affects voltage regulation, stability and harmonics.
Figure 2.8 illustrates the concept of active power flow from DGs into the network that causes

in reserve of the conventional power flow from source to load.

a. Power flow- conventional b. Power flow - after integrating DG

Figure 2:8 Power flow in distribution network without and with DGs [9]

2.3.1 Benefits of Distributed Energy Generation

Some positive attributes that make DGs a definite choice for power networks is:

= Can be used on location without an intrinsic cost penalty, compared to the cost of bulk
power of traditional generation (if demand is matched with generation);

= Can offer voltage or power (active/reactive) support;

= Reduces capacity demand of transmission and distribution network, which reduces
load on transformer and conductor;

= Improves cost penalty due to grid failure.
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Two primary RE technologies integrated into the distribution level are rooftop solar PV
and wind turbines. However, managing generated electricity from these sources requires a
place to store electricity when excess energy is generated, and also to hold as a supply for a
later time. Therefore storage is also considered as a distributed generator. For typical load, a
storage-integrated grid connected to PV and wind systems presents a sustainable and
economically viable solution [43-45]. Large-scale energy storage or grid energy storage lets
energy producers store surplus electricity to a temporary electricity storage site, which
becomes an energy producer when electricity demand becomes greater. Grid energy storage
is especially important for matching supply and meeting energy demand from RE over a 24-

hour period.

2.3.2 Importance of Energy Storage in Power Network

The supply of energy from solar and wind are not continuous and may change energy
intensity at any time due to natural factors like day/night cycle, location, cloud, temperature,
air pressure, sun and moon effects on earth etc. Due to these factors, it is not possible to
achieve continuous supply from solar and wind and also, the level of energy is subject to
fluctuate. Thus, a storage-integrated PV or wind system is the solution to overcome the

major challenges introduced by the intermittent nature of RE.

Figure 2.9 shows the measured fluctuation extremes from solar PV, which indicates how

fast these changes can occur [46].
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Similarly, wind power turbulence refers to fluctuation in wind speed on a relatively fast

time-scale, typically approximately less than 10 minutes. Turbulence intensity depends on

roughness of ground surface, height, topographical features and thermal behaviour of the

atmosphere. The maximum wind speed of 141 km/hr was measured at Bellambi Point (near

Wollongong), NSW in Australia at 5:30PM as shown in Figure 2.10 [47].

Figure 2:10 Wind speed variation at Bellambi Point near Wollongong, NSW[47]

Wind turbine output varies with wind speed; even at the best wind speed sites, power

output varies dramatically from hour to hour and minute to minute. However, the grid must

respond to load demand. According to Eon Netz, one of the grid managers in Germany, the
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amount of back-up power required was 80% [48], which was the maximum output observed
from all of their wind power facilities together. Therefore, to support the load demand from
PV and wind during fluctuations, storage is required to balance the load demand. There are

different storage technologies suitable for different applications.

2.4  Energy Storage Technologies

Different ES technologies coexist and different characteristics make them suitable for
different applications. ES is now seen more as a tool to improve power quality in power
systems, assist in power transfer and to enhance system stability. Recent developments and
advances in ES and power electronics technology make ES applications a feasible solution
for modern power applications. In an AC (alternating current) system, electrical energy
cannot be stored electrically. However, energy can be stored by converting and storing it
electrochemically, electromagnetically, Kkinetically or as potential energy. Each ES
technology contains a power conversion unit. Two factors characterize the application of ES
technology. One is the amount of energy that can be stored, and the other is the rate of energy

transferred to/from the storage device.

ES technologies can be classified according to energy and power density, response time,
cost, lifetime, efficiency and operating constraints. Different forms of ES systems that
include pumped hydro storage (PHS), compressed air energy storage (CAES), thermal energy
storage (TES), and flywheel, hydrogen, different type of batteries, capacitors, and
superconducting magnetic energy storage (SMES) are suitable for different types of

applications. Different ES systems are explained below:

i. Battery Energy Storage Systems (BESS)

The battery is one of the most cost-effective ES technologies available today for storing
energy electrochemically. BESS is a modular technology and one of the more promising
storage technologies for power applications such as regulations, protection, spinning reserve
and power factor correction [49]. Battery storage requires DC (Direct Current) electricity;
therefore, a converter is required to interface with the AC system.
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There are a number of battery technologies under consideration for large-scale application.
Lead-acid batteries are an established and mature technology that can be designed for bulk
ES or for rapid charge or discharge application. Other battery technologies are nickel-metal
hydride (Ni-MH), nickel-cadmium (Ni-Cd), lithium-ion (Li-ion), sodium-sulphur (NaS) and
flow-battery (FBs). There are three types of FBs: Vanadium Redox battery (VRB),
Polysulphide Bromide battery (PSB) and Zinc Bromide battery (ZnBr).

However, there are limitations to BESS. For instance, lead-acid batteries are sensitive to
operating temperatures and the best operating temperature is about 27°C, which has a depth-
of-discharge (DoD) limit and charge/discharge cycle limit. NaS batteries need to be kept at

temperatures above 270° C. VRBs have a lower power density.

VANADIUM REDOX FLOW BATTERY

| GENERATCR ] { Loan |
i |£I
:

Lead-acid Lithium-ion Vanadium-Redox

Figure 2:11: Different battery technologies

The largest lead-acid battery installed in California has a capacity of 10MW/40MWh [50].
Nonetheless, no detailed report is available on how this storage system provides support for
the overall operation of the power system. The largest NaS battery has a rating of
9.6MW/64MWh, whereas the largest VRB has a rating of 1.5MW/1.5MWh [50]. Few battery

technologies are shown in Figure 2.11.

ii. Superconducting Magnetic Energy Storage (SMES)

SMES is a device that stores energy in a magnetic field generated by the DC current
flowing through a superconducting coil. The inductively stored energy (E in joules) and the
rated power (P in watts) are the common specifications of SMES, and can be expressed by
Equation 2.1 [51]:

E=1L[Z P=d—E=L1ﬂ=V1
2 dt dt (2.1)
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where L is the inductance of the coil, I is the DC current flowing through the coil and V is the
voltage across the coil. Energy can be drawn from SMES almost as an instantaneous response
and can be stored or delivered over periods ranging from a fraction of a second to several

hours.

SMES has a fast response and high efficiency (charge-discharge efficiency over 95%).
Possible applications of SMES includes load levelling, voltage stability, dynamic stability,
transient stability, frequency regulation, transmission capacity enhancement and power
quality improvement [51]. However, the SMES system is still costly compared to other ES

technologies. It is sensitive to temperature and can become unstable in temperature changes.

iii. Super Capacitors Energy Storage (SCES)

Capacitors store accumulated positive or negative electric charges on parallel plates
separated by dielectric materials. Capacitance (C) is represented by the relationship between
stored charge (g) and voltage between plates (V). Capacitance depends on the area of the

plates (A), distance between plates (d) and permittivity of the dielectric ( ¢) as shown in

Equation 2.2 [51].

g=cv c=4 p-loy
d 2

(2.2)

The amount of energy can be increased by increasing capacitance or voltage between the
plates. However, voltage depends on the withstand strength of the dielectric, which is also
impacted by the distance between plates. The total voltage change when charging or
discharging capacitors can be shown by Equation 2.3[51]. Ciy: and Ry are the total
capacitance and resistance respectively, from a combined series/parallel configuration of
capacitor cells to increase total capacitance and total voltage level.

AV =i X 2 4 i X Ryp; (2.3)

Ctot

Capacitors are used in many AC or DC applications. Capacitors are often used as very

short-term storage with power converters. DC capacitors are used as large-scale energy
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storage on distribution dynamic voltage restorer (DVR) that compensates for temporary
voltage sags on the power distribution systems [52]. The disadvantage of capacitor is its low

energy density.

Ceramic hyper-capacitors have both fairly high voltage withstand capacity (about 1kV)
and high dielectric strength. Ultra-capacitors are double-layer capacitors that have increased
storage capacity and are suitable for high peak-power, low-energy applications.
Electrochemical double-layer capacitors (EDLCs) work similarly as conventional capacitors

but have very high capacitance ratings, long life cycle and better efficiency.

iv. Flywheel Energy Storage (FES)

FES stores energy in a rotatory mass. Flywheel can be used to store energy for power
systems when coupled to an electric machine such as a synchronous generator. Stored energy
(E) depends on the moment of inertia (J) of the rotor and the square of the rotational velocity
(@) of the flywheel. The moment of inertia depends on the radius (r), mass (m) and

length/height (h) of the rotor, as shown in Equations 2.4 [51].

E=%]a)2 J= (2.4)

FES systems are able to provide very high peak power, high power and energy density and
have a virtually infinite number of charge-discharge cycles [53]. Flywheel has been
considered for numerous power system applications, including power quality, peak shaving
and stability enhancement applications and also for transportation applications. However, it
requires cooling and there is power loss during ideal time. Figure 2.12 shows a FES

application scheme.

Power Converter Flywheel Power Converter

Generator p

Figure 2:12 General scheme of Flywheel with two machines[53]
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v. Thermal Energy Storage (TES)

TES involves storing energy in a thermal reservoir to use at a later time. TES system is
suitable for solar thermal power plants, and consists of either synthetic oil or molten salt as
heat energy storage collected from a concentrated solar power plant (CSP), as shown in
Figure 2.13. CSP with TES can store thermal energy for period up to 15 hours, thus
improving flexibility of the grid and facilitating greater penetration of solar energy into the

grid. TES can be used to increase the reliability of intermittent RE sources.

i e

"W STORAGE

Figure 2:13 Concentrated solar power with molten salt as heat storage [54]

vi. Pumped Hydroelectric Storage (PHS)

PHS is a large-scale ESS that uses the potential energy of water developed by the
gravitational force. This gravitational force is generated by pumping water from a lower
reservoir to an upper reservoir during low demand time, as shown in Figure 2.14. During high
demand time, water is released back into the lower reservoir through turbine to produce
electricity. The low energy density of PHS requires either a large water body or greater height

variation. Even so, PHS provides critical backup during peak demand on the national grid.
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Figure 2:14 Pumped hydroelectric storage layout and example

The power capacity (W) of PHS is a function of the water flow rate and the hydraulic head,
whilst the energy stored (Wh) is a function of the reservoir volume and hydraulic head. The
power output of a PHS facility can be calculated by Equation 2.5 [56] and the storage

capacity of PHS can be calculated by Equation 2.6 [57]:

P =pgQHn (2.5)
_pgHVn
° 3.6x10° (2.6)

P. is the power capacity in Watts (W), o is the mass density of water (kg/m%), g is the
gravitational constant (m/s?), Q is the discharge through the turbines (m®/s), H is the effective
head height (m) and 7 is the generating efficiency, S is the storage capacity in megawatt-

hour (MWh), and V is the volume of water that is drained and filled each day (m®).

PHS is a cost-effective large storage system currently available, although installation
requires a specific geographic site. An example of PHS is operated by First Hydro Company
in the UK [58] is the Dinorwig Power Station, that is capable of moving from 0 to 1,320MW
power injection in 12 seconds. This station can inject 1728 MW for 5 hours [59]. PHS has a
comparatively longer lifespan and can respond quickly to support demand. It is ideal for load-

levelling applications. It is also suitable for peak load support and frequency regulation.
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vii. Compressed Air Energy Storage (CAES)

CAES stores energy as compressed air for later use. It consists of a power train motor that
drives the compressor, a high-pressure turbine (HPT), a low-pressure turbine (LPT) and a
generator as shown in Figure 2.15. Most commercially implemented CAES systems use an
adiabatic storage system to manage heat exchange. CAES use off-peak electricity to
compress air; conversely, stored and compressed air is released to operate gas turbine. Gas
turbines use compressed air and natural gas; therefore, CAES makes gas turbine more
efficient than the conventional gas turbine system. Commercial systems use natural caverns

as air reservoirs and installed commercial system capacity ranges from 35 to 300MW.

Individual Fuel Cell
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Waste Heat

=~
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Figure 2:15 Compressed air energy storage Figure 2:16 Structure of Fuel cell

CAES are considered for applications such as electric grid support for load levelling [53],
frequency regulation, load following and voltage control. It is dependent on the specific

geographical location for underground reservoir; therefore, installation cost can be high.

viii. Hydrogen Energy Storage (HES)

HES differs from conventional idea of energy storage because it uses separate processes
for hydrogen production, storage and use. An electrolyzer produces hydrogen and oxygen
from water. A hydrogen fuel cell converts hydrogen and oxygen back into water, releasing
energy. The main drawback of HES is that hydrogen is extremely flammable and difficult to
store as a pressurized gas. Different strategies of integrating HES with wind and solar energy
were proposed in [60].
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Fuel Cell (FC): Fuel cell uses stored hydrogen and passes it over the anode (negative) and
oxygen over the cathode (positive), causing ions and electrons to form at the anode. The
electrons flow through an external circuit that produce electricity while the hydrogen ion
passes from the anode to cathode, combining with oxygen to produce water. Figure 2.16

shows the structure of a hydrogen fuel cell.

The characteristics of different ESS described above are summarized below in Table 2.3.

Table 2:3 Energy Storage Systems [53, 59, 61-64]

Type Energy Energy | Power Life (cycles | Discharge at | Response Self

efficiency | density | density | or years) rated time () discharge

(%) (Wh/kg) | (W/kg) capacity

(hours)
Pumped hydro 70 - 80 0.3 - 20-60 years | 1-24+ 10 Negligible
CAES 40-50 10-30 - 20-40 years | 1-24+ 360 low
TES 75 - - 30 years - >10s of -
minutes
SMES 90 10-75 - >100,000 2.7X107- 0.01 10-15%
0.0022
Flywheel (steel) 85-95 5-30 1000 >20000 2.7X107-0.25 | 0.1 Very high
Super Capacitor 80-95 2-5 800- 10 years 2.7X107-1 0.01 5-20%
2000
Lead-acid 65-80 20-35 25 200-2000 0.0027-2+ <1/4 cycle low
Ni-Cd 60-90 40-60 140-180 | 500-2500 0.0027-2+ <1/4 cycle 0.2-0.3%
Li-MH 50-80 60-80 220 <3000 high
Li-ion 70-85 100-200 | 360 500-10000 0.017-2+ <1/4 cycle 1-5%
Li-polymer 70 200 250- >1200 medium
1000

NaS 70-89 120 120 2000-3000 0.0027-2+ <1/4 cycle -
VRB 80-85 25 80-150 >16000 0.0027-10 <1/4 cycle negligible
EDLC 95 <50 4000 >50000 Very high
Hydrogen 50 100-150 | - - - 360 low
Fuel cell - - - >1000 0.0027-24+ <1/4 cycle -

In order to support applications that require a combination of high power (for devices with
quick response) and high energy (for devices with slow response), a hybrid ESS was
proposed in different studies [53]. The following section illustrates the storage category, its

applications and advantages.

2.4.1 Classification of Energy Storage Systems

Energy storage will play unique and critical role in the future smart grid development by

combining different RE sources capability into the grid. Storage can buffer the power spikes
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and dips and fluctuations [65]. Highest valued applications of storage identified by EPRI [66]
are to maintain commercial and industrial power quality and reliability, to enable stationary
and transportable system for grid support. In large-scale application, electrical ES can be

divided into three main functional categories such as:

= Power Quality: Stored energy applied only for seconds or less to ensure continuity of
power quality.

= Bridging power: Stored energy applied for seconds to minutes to assure continuity of
service when switching from one source of energy to another.

= Energy Management: Stored energy used to decouple the timing of energy
generation and consumption especially in the application of load levelling. Load
levelling involves charging of storage in low demand time and use in peak time,

which enables consumers to minimize the total energy cost.

ESS has a number of applications in electrical power systems, especially integrating
intermittent RE into the grid. ESS can be classified according to capacity, discharge time,
efficiency and capital cost as shown in Figure 2.17 to 2.20 [67]. The cost of storage
technologies is changing as they mature. Figure 2.20 shows the cost and energy density of

various ESS based on 2002 value.

Figure 2:17 Power rating of different storage systems Figure 2:18 Efficiency & life of different ESS
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Energy Density and Cost vs. Storage Technology
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Figure 2:19 Capital cost of different ESS Figure 2:20 Storage technology and cost

2.4.2 Advantages of Energy Storage Systems

Energy storage can revolutionize electric power systems using RE by supporting peak load
problem, improving stability and power quality. Storage can be applied with the generation,
transmission and in various point of the distribution system, at the customer site or with any
particular appliances. ESS, in combination with advanced power electronics applied to
intermittent RE sources, provides technical, financial and environmental benefits, which are

explained below:

i. Technical benefit of ESS:

ESS can improve performance of the application suitable for eclectic utility and transport
system. The main advantage of the ESS is to maintain the grid power at a constant level [68]

by contributing in the following ways.

= Grid voltage support:

ESS can provide power to the grid to maintain grid voltage within an acceptable range,
especially when RE is integrated.

= Grid frequency support:
Real power provided by the ESS to the grid reduces any sudden large generation

imbalance by RE and keeps the grid frequency within allowable limits. Storage plays a
significant role in minimizing high frequency power fluctuations [65].

= Transient stability:
ESS reduces power oscillation by injecting or absorbing real power.
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= Load levelling or peak shaving:
Storing electricity during low demand time and supplying it during peak demand time is

known as load levelling, as shown in Figure 2.21. ESS provides freedom in load levelling

and peak shaving by moving peak demand into the off-peak period.
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Figure 2:21 Basic concept of load levelling using ESS[53]
= Spinning reserve:
ESS can support the generator by providing active power over a given period of time to

keep the desired generation capacity.

= Power quality improvement:

ESS can mitigate power quality problems such as changes in the magnitude or shape of
the voltage or current waveform (including harmonics, power factor, transients, flicker,
sag, swell etc).

» Reliability:

ESS can reduce the interruption in electric power delivery and improve reliability.

» Ride through support:
ESS provides support to the load during system disturbances, such as voltage sag or

momentary blackout.

= Unbalanced load compensation:

ESS can inject or absorb power to/from individual single-phase unbalanced loads. ESS
needs to be connected with a four-wire inverter to support in this situation.

= Increasing penetration of RE sources:

The intermittent characteristics of solar and wind energy cause fluctuations in voltage and

frequency, which poses a great barrier in large-scale integration of these fast-growing RE
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sources. Moreover, unbalance in demand and supply becomes eminent due to the nature
of solar and wind energy generation. Investigation showed that for every 10% of wind
energy penetration into the grid, a 2% - 4% of installed wind capacity of balancing power
is required from other sources for stable operation [53], this is also critical for large-scale
solar PV integration. ES acts as a buffer that insulates the grid against the frequent and
rapid power fluctuations from high penetration of renewable resources [69]. Storage
improves the grid penetration of PV energy [70]. A large ESS allows high penetration of
wind and solar PV into the grid [59, 71-74].

ii. Financial benefit of ESS:

Although integration of ESS incurs additional cost, however there are various financial
benefits, which are explained below:

=  Cost reduction:

Electricity can be purchased during low demand periods to store and use during high
demand periods, so the overall total consumption cost is reduced. Moreover, stored
electricity can be sold during high demand. Electricity from RE can be used in a similar
fashion to reduce total consumed energy cost.

= Avoiding additional cost in generation:
ESS can help in avoiding installation or renting cost of additional generation to support

peak load demand.

= Avoiding additional cost in transmission/distribution:

ESS can improve the transmission and distribution performance by operating utilities
with its capacity, thus avoiding the additional cost of installation to support peak load.
Moreover, transmission access/congestion costs can be avoided by the use of ESS.

= Reduce reliability and power quality related financial loss:

ESS helps to improve power quality by supporting loads during outage, sag, or flickering.
This in turn improves reliability and reduces the penalty cost of the utility operators.

= Increases revenue from RE generation:

ESS helps in time-shift in load demand by storing electricity from RE generators and

supplying it when needed. This ensures maximum utilization of RE.
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iii. Environmental benefit of ESS:

ESS ensures the best utilization of RE, which also reduces the use of conventional energy

sources, and consequently reduces GHG emission [74].

Therefore, energy storage technology can play a significant role in maintaining power
quality and system reliability [51]. The principle application of ESS is to respond to sudden
changes in load; support load during transmission or distribution interruptions; and correct
load voltage profiles with rapid reactive power control, which allow generators to operate in
balance with the system load at their normal speed [51]. The technical advantages of different

ESS are summarized in Table 2.4.

Table 2:4 Applications of different Energy Storage Technologies [68, 75]

Energy storage applications o »
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Load levelling S S J |
Load following S S J |
Peak generation A WA VAR VA J OV
Fast response spinning reserve S OV VA VA VA BV A
Conventional spinning reserve A WA VAR VA J
Emergency back-up S SV J OV
Uninterruptible power supply WA VAR VA J
Transient and end use ride through DY/ VA IV A VA VA VAR VA
Transmission & Distribution OV A VA VA VA J
stabilisation
RE integration S WA VAN VA J
RE back-up S S J

Proper utilization of ESS depends on various cost involvements with different applications.

Cost is one of the key indices in the proper choice of ESS.

2.4.3 Cost of Energy Storage Systems

Selection of suitable ESSs are determined by any or all of the following criteria: lifetime,
life cycle, power and energy, self-discharge rate, environmental impact, efficiency, capital
cost, storage duration and technical maturity of the storage system. The present cost of
storage is considered one of the major barriers to large-scale utilization. The operational cost
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(maintenance, loss during operation and ageing) and capital investment cost are the most
important factors to select a suitable ESS. Efficiency and lifetime also affect the overall cost

of the ESS. Table 2.5 summarizes the power or energy related cost of various ESS.

Table 2:5 Cost of various ESSs

Storage technology Power related Energy related Power Capacity | Storage cost
cost ($/kW)[75] cost ($/kWh)[75] | cost ($/kW)[63] | rank
Pumped hydro 600 - 2000 0-20 5-100 Low [62, 64]
CAES 425 - 480 3-10 2-50 Low [62]
Lead-acid Battery 200 - 580 175 - 250 50 - 400 Low [62, 64]
Ni-Cd Battery 600 - 1500 500 - 1500 400 - 2400 High [62, 64]
NaS Battery 259 - 810 245 300 - 500 Medium
Li-ion Battery - 900 - 1300[64] 600 - 2500 High [62]
Vanadium Redox 1250 - 1800 175 - 1000 150 - 1000 Medium
ZnBr 640 - 1500 200 - 400 150 - 1000 Medium
High speed Flywheel 350 500 - 25000 300 - 25,000 High [64]
Super Capacitors 300 20,000 - 82,000 300 - 2000 High [64, 73]
Fuel cell (Hydrogen) 1100 - 2600 2-15 425 - 725 Low
SMES 300 2000 1000 - 10,000 High [59, 62]

Per-cycle cost of ESS are 5-80 c/kWh for VRB, 8-20 c/kWh for NaS, 20-100c/kWh for
NiCd and 20-100c/kWh for Lead-acid battery [62].

2.4.4 Integration of Energy Storage into the Grid

For off-grid applications, storage has to fulfil the following requirements: (i) the discharge
rate has to be larger than or equal to the peak load capacity; (ii) the storage capacity has to be
large enough to supply energy for a long time (e.g. night time) and to operate during its
autonomy period. IEEE 1013[76] provides recommendations for sizing lead-acid batteries for
stand-alone PV systems. If storage is required for a grid connected RE system, autonomy

becomes a secondary issue.

The main objectives of introducing ESS to the power utility are to improve system load
factor, peak shaving, to provide system reserve, achieve reliability and effectively minimize
production cost. Some ESS like battery energy storage systems (BESS), electrochemical
double-layer capacitors (EDLC), superconducting magnetic energy storage (SMES), flywheel

energy storage (FES) and fuel cell (FC) requires power converter to connect between two
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different DC voltage level buses, a DC voltage bus and an AC voltage bus or even connect a
current source to a voltage bus [53]. To manage the energy flow in bidirectional way and
controlling the charging and discharging process of ESS, Power converter with ESS should

have the following features:

= High efficiency
= Fast response (frequency regulation applications)
= Stand with high peak power (peak shaving application)

= Manage high rated power (load levelling application)

Integration of RE into the grid can be done at different points of the LV network and
through a step-up transformer to the HV network. Based on the load demand near RE
generation, storage can be added to the network near the load centre to improve various
uncertainties developed by solar and wind energy. For large-scale solar and wind power
plants, large-scale storage can be integrated into the network through inverter and transformer.

However, for charging and discharging, two-way AC/DC converters are required.

Wind power plants transmit output power to the grid through AC or DC line after stepping
up the voltage, as shown in Figure 2.22. A present commercial wind turbine generator has the
capacity of 1.5 MW to 3 MW with a rotor diameter of up to 126 m. Such a turbine can
produce power at wind speeds of about 3 m/s and a maximum power at around 10 m/s to 13
m/s [16]. Some wind power plants have a capacity comparable to that of a conventional

power generator.

A solar PV cell directly converts solar energy into DC electricity. PV modules have a
typical capacity of 50 W to 200 W. PV systems is highly modular and capacity ranging from
few Watts to tens of megawatts. DC output from PV systems converted to AC by inverter to
integrate into the grid. Large-scale PV systems are called PV power stations as shown in

Figure 2.23.
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Figure 2:22 Structure diagram of a wind farm [16] Figure 2:23 Structure of PV power station [16]

As discussed earlier, the integration of DGs at the DN can introduce reverse power flow
and can interfere with voltage regulation. Generally, a voltage regulator (a transformer
located at the beginning of the feeder) maintains a higher voltage at the beginning of the
feeder to ensure adequate voltage at the end of the feeder. By introducing significant power
from PV just after the voltage regulator or beginning of the feeder, the end load of the feeder
will experience low voltage. If significant power from PV is injected at the end of the feeder,

high voltage may occur at the end of the feeder or at the connection point. Figures 2.24 and

2.25 show these scenarios [77].
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Integrating large-scale RE into the grid brings variability and uncertainty. Constantly

balancing the generation and load can improve the flexibility of the power system, which in
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turn makes the power system reliable and efficient. Flexibility can also be achieved from the
load side through demand response. ESS can also improve flexibility by acting as a load or

generator [16].

The widest range of uses for large-scale ESS lies in service to the grid operator in order to
provide generation flexibility. The best use of storage is as a tool to mitigate variability and
uncertainty for the entire grid, rather than for specific load or generation. A project completed
in 2011 that consists of 100 MW wind power, 40 MW PV power and 20 MW energy storage
as shown in Figure 2.26 [16]. Storage contributed to smoothing output, schedule following,
load following and frequency regulation. It also made the wind and PV stations more grid-

friendly [16].

Legends:

AC 220 kV
AC 35 kV
— — —  Control signal

Panoramic intelligent optimal control system

Figure 2:26 Architecture of wind power, solar power, energy storage in a transmission demonstration project

An ESS with Flexible AC Transmission Systems (FACTS) devices adds flexibility to
achieve improved transmission system by improving system reliability, dynamic stability,

power quality, transmission capacity, and by supporting active and reactive power[51, 78].

There is not yet a concrete standard for integrating bulk and large storage into the grid.
However IEEE 1547-2003 [79] provides guidelines to connect distributed resources (DR)
such as solar PV, wind and energy storage to the power grid at the distribution level. The
importance of ES has been evaluated by forming working groups to develop standard IEEE

Energy Storage and its Strategic Impacts on the Power Network 41|Page



Chapter 2 Literature Review

P2030.2 for the interoperability of ESS integration with the electric power infrastructure [80].
In Australia AS 4777 [81] provides guidelines to connect DGs to the DN via inverters up to
10kVA for single-phase and 30kVA for three-phase units.

2.5 Investigation of Standards in Integrating Energy Storage into the
Grid

The characteristics of RE sources influence the output electricity which is quite variable
with time and different than the grid power characteristics, moreover RE sources does not
guarantee load and demand management. Therefore, there are a number of power quality (PQ)
issues that must be addressed before integrating DG into the power network and regulatory
standards play an important role to ensure power qualities. Current practice by local DNSP in
ensuring PQ at customer end is somewhat different than various standard guidelines [12].
Comparing AS-4777 with relevant standards and practices and planning by local utility
operator to integrate RE in Queensland, Australia the inconsistent PQ indexes are

summarized below:

e Voltage regulation: AS-4777 [21] indicates single-phase rated voltage as 230 V, ranging
from 200 V minimum to 270 V maximum. Three-phase rated voltage is 400 V, with a range
minimum of 350 V to a maximum of 470 V. AS-610038 [82] indicates single-phase and
three-phase supply voltage as 230 V and 400 V, respectively, with a tolerance between +10%
and -6% and a utilization range of +10% and -11%. AS/NZS-61000.3.3 [83] indicated that
the system voltage range is 220 V to 250 V. AS-61000.3.100 [84] indicated the single-
phase voltage limit as 216 V to 253 V, and three-phase limit as 376 V to 440 V. Ergon
Energy currently uses 240 V as its single-phase base voltage. Ergon-Energex have a
combined standard [22] stated voltage range as 240 V £ 6% and 415 V + 6% for single-

phase and three-phase respectively.

e Frequency: AS-4777 indicates that a 50 Hz system power frequency should not exceed
limits ranging from 45 Hz to 55 Hz. Ergon-Energex’s combined standard indicated this
range from 49.85 Hz to 50.15 Hz.

e Harmonics emission: AS-4777 indicates that harmonic current limits and total current
harmonic distortion (THD) up to the 50™ harmonic should be less than 5%. IEEE-1547 [79]
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indicated the same, but for even harmonics of h>16, the limit is different. IEEE-1159 [85]
indicated a harmonic voltage limit of 0~20%. The Ergon-Energex combined standard sets

its total voltage harmonic limit (THD) to 8%.

o Power factor: AS-4777 indicates that the power factor of the inverter shall be in the range
from 0.8 leading to 0.95 lagging. However Ergon-Energex combined standard states that

the LV system power factor should be greater than 0.8, but not leading.

e DC offset: AS-4777 indicates that the DC output current of the inverter shall not exceed
0.5% of rated output current or 5 mA whichever is greater. IEEE-1547 indicates that DGs
shall not inject DC current greater than 0.5% of rated output current. IEEE-1159 indicates
that DC offset voltage should be in the range of 0 ~ 0.1% of rated voltage.

Photovoltaic planning criteria [23] by Ergon Energy indicated a required PV panel
efficiency of 95% and inverter efficiency of 98%. Alteration in DT tapping is not allowed in
increased voltage by PV. Allowed voltage rise due to PV at PCC is 1% of the base voltage.
Each installation of PV capacity is restricted to 1.3 kW in rural areas for DT up to 50 kVA. In
urban areas, the restriction is 4 kW for DT up to 100 kVA.

The findings summarized above clearly indicate that there are gaps in different PQ
parameter limits or ranges among different standards and guidelines. This can limit
integrating a large number of distributed energy resources (DER) and storage into the DN.
Therefore, this research considered AS-4777 as the primary guideline along with Ergon

Energy’s parameter limits.

2.6 Investigation of Various Research Works

Storage application falls into two categories: energy application and power application.
Long discharge and charge cycles are involved in energy applications such as peak shaving
and load levelling. Short period discharge and charge with many cycles are involved in power
applications such as: frequency and voltage regulation, power quality, smoothing of
renewable energy generation and ramp rate control [17]. For grid stabilization or grid support
application, the standard technology of energy storage systems currently consists of large

installations of lead-acid batteries. The primary function of grid support is to provide a
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spinning reserve in the event of power plant or transmission line equipment failure. Current
implementation can provide a few minutes of energy; however, overall grid management
(including shifting peak load and supporting renewable energy) will require longer duration
of storage that can handle greater energy/power ratios [17]. There are few examples of large-

scale battery systems in various applications as explained in [17].

As elaborated earlier, utilities face several challenges in integrating solar and wind into the
grid and expressed concerns on various PQ issues. Austria, France, Germany, Spain,
Netherlands and the United Kingdom are the six countries that represent 98% of installed PV
power in the European Union. Technical assessments expressed the following concerns after

PV-DG integration into the grid in these countries [13]:

= Harmonic emission by inverters was considered a current and future concern at high
penetration of PV.

= Voltage regulation was a big concern for weak grids with high PV penetration, but not
for strong urban networks. Different regulations allowed over voltage limits of 5% to
6% by PV plants.

= Network protection was a big concern, as there is lack of direct control on DGs by the
DNSP.

= Unintentional islanding due to high penetration of PV-DG was considered a matter of
concern.

= In Austria, Spain and the Netherlands, PV-DG penetration limits for LV networks
varied between 33% and 75% whereas for medium voltage (MV) networks it was
50%.

= Current standards for PV-DG had improved for harmonic emission, islanding,
flickering, penetration limits, interaction of multiple inverters, voltage imbalances,

inverter capacitance and coordination of standard safety in LV DN.

The properties of wind turbine generators may increase the PQ related problems [14] and

introduce PQ disturbances into the network such as:

= In fixed speed wind turbines, tower effect can introduce flicker [15].

= Induction generators connected directly to the grid may cause heavy transients in
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weak distribution grids [15] and wind generators connected through electronic
interface may introduce transients during switching.
= Strong wind gusts may cause simultaneous power output fluctuations by a series of
wind turbines concentrated in a small area [15], and can cause frequency disturbances.
= Single-phase wind generators are expected to cause voltage unbalance to some extent.
= Reactive power shortages may occur at the wind power plant, which can cause
voltage instability [86].
= Wind power may affect the power flow direction in the network & can cause

transmission capacity problem [86].

Several studies indicated that storage can overcome problems associated with solar and
wind energy. Storage battery size for grid connected PV system was determined by
considering the lower and upper bounds of the storage [87]. An investigation showed that
battery energy storage could mitigate over voltage and overload problem by voltage
regulation and peak shaving. Therefore, it would allow more PVs to integrate without

upgrading grid capacity [88].

An investigation on a SWER network in a rural area showed that battery storage boosted
the network voltage while voltage fluctuated due to fluctuating PV generation [89]. This
investigation was limited only to a single-phase line, and results may not be similar in a
three-phase network. The authors [89] suggested the following while considering storage in

transmission and distribution applications:

= Energy storage capacity available to the network will determine control of storage unit.

= Feeder R/X ratio determines the reactive power improvement by four-quadrant inverters.
= Storage integrated with PV reduces loading on the network.

= Positioning of storage should be in close proximity to load centre in order to reduce

voltage drop in the feeder.

An investigation was done by integrating a high penetration of solar PV and wind energy
in an isolated grid in Texas, USA. Results indicated that energy storage can provide a critical
role in solar PV and wind energy integration, particularly at penetrations beyond 50% of load

demand and when storage increases RE penetration [90]. This study suggested further
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investigation to understand the grid-level changes by integrating the grid with transmission

networks containing existing non-renewable sources.

However, all the literature findings only suggest that storage would be a solution to
overcome various issues. Little or no actual research was carried out to further investigate
how storage in a real-life scenario can support grid stability and reliability. Furthermore, the

risk of integrating large storage into the network was not investigated in a real-life scenario.

2.7 Conclusions

Power systems are the key to any development work. However, the stationary energy
sector is the major contributor of GHG emission in Australia. RE is considered to be a major
source of future energy. Solar PV and wind are the two most promising sources of RE;
however; characteristics of these sources produce energy fluctuation, uncertainty in timely
generation and lack of availability for 24 hours a day. Grid integration of PV and wind
turbine introduces uncertainty and fluctuations into the power network; therefore, quick-
response energy storage must be considered for the stability of the power network. Among
various storage systems, quick response battery is suitable to operate with solar and wind
energy. There are only a few large storage systems installed to operate solely for load shifting.
Only a few storage systems are integrated with intermittent solar and wind energy, and few

thermal storage systems are working with concentrated solar power.

There is lack of standard for integrating large-scale RE and storage into the grid. However,
the AS-4777 standard describes the necessary parameter limits in integrating DG into the
Australian power grid. Moreover, DNSP in Queensland has specific PQ parameters. Various
study and utility experiences indicated that solar and wind sources can create problems like
voltage regulations, harmonics, islanding, and lowering the power factor in the network.
Advantages and applications of storage indicated that storage could overcome various PQ
problems. However, there is little research investigating the impacts of storage in a real
network. Only a few studies investigated storage with PV or wind energy, but these were

limited, with small capacity and small network size. More specific research and experimental
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investigation is required considering a practical network scenario. Therefore, this thesis will
investigate storage response in voltage regulations and harmonics distortion after integrating

storage with solar PV and wind energy in a large power network in Rockhampton.

In order to conduct the investigation, initially the estimation of required storage was done

using Rockhampton solar and wind data and described in chapter 3.
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Chapter 3

Estimation and Significance of Storage

3.0 Introduction

Storage plays a significant role in balancing the intermittent nature of RE. It also allows
unused RE to be captured and used when it is needed. Solar and wind are the two most
fostered sources of RE. However, due to natural factors, these sources cannot provide steady
energy for the whole day and introduce potential unbalance in energy generation and demand.
Moreover, PV and wind are not able to meet the full load demand when the RE generators are
about to start generating energy. Similarly, the load demand may fall to the lowest level
when RE is in the highest mode of the generating stage, which exhibits loss of energy.
Therefore, it can be said that RE is unable to generate energy by following the load demand,
which is a major limitation in energy management. Storage can assume this critical role for
proper energy management. Moreover, storage helps in reducing the intermittent fluctuating
nature of RE and improves the PQ. As mentioned in chapter 2, the conventional energy sector
is a major contributor of GHG emission. Storage helps in reducing the overall GHG emission
by improving RE participation to support load demand. In order to support a substantial

amount of timely load demand, RE applications should be designed accordingly.

Residential load, solar radiation and wind speed data of regional Australia were considered
for the estimation of required storage [91, 92]. The load demand of the residential load in the
Capricornia region of Rockhampton depends on the residents’ work time pattern. Overall
electricity demand is very high in the evening [7] and also in the morning for the residential
load. However, PV cannot generate electricity during the morning or evening. Residents need
to purchase costly electricity during peak demand in the evening. Similarly, wind energy is
also unable to follow the residential load profile. Therefore, properly estimated storage needs

to be integrated to overcome this situation.
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Electricity generation varies with the fluctuations of solar radiation, wind speed and
available duration of these sources. The load profile and the electricity generation profile do
not synchronize most of the time, which keeps the dependency on conventional grid power
for major load demand. In order to maximize the use of RE, properly sized storage needs to
be integrated for a suitable system. There are several standards available that describe sizing
and storage requirements for stand-alone systems. Few other standards considered solar PV,
wind turbine, storage as distributed resources (DR) and provide guidelines to connect DR to
the grid. Considering guidelines and limitations in various standards, this chapter followed
the sizing guidelines for stand-alone systems to estimate the required storage for the grid-

connected RE applications.

Therefore, the need for storage systems was explored in order to maximize the use of RE,
and estimates the storage capacity required to meet the daily need that will gradually
eliminate the dependency on conventional energy sources. The estimation steps presented
here to design RE applications, considered daily residential load profile. For the estimation of
required size of storage, solar PV and wind turbine were considered as RE resources.
Properly sized RE resources combined with properly sized storage are essential for the best
utilization of RE in a cost-effective way. This chapter also presents the economical and

environmental benefits of storage.

Motivation to estimate required storage is discussed in section 3.1. Section 3.2 discusses
estimation steps for required storage. Also explained in this section are the estimation of daily
residential load and energy generated in Rockhampton from solar and wind. The significance

of storage is explained in section 3.3, and concluding remarks are made in section 3.4.

3.1 Background

Australia is one of the best places for solar and wind energy. Figure 3.1 shows the solar
radiation and wind speed of Rockhampton for the year 2009 [11], which is suitable to convert
into useful energy. Solar PV and wind turbine are the most popular methods to convert

energy from these sources.
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Figure 3:1 Solar radiation and wind speed of Rockhampton for 2009

Solar Power:

A solar PV array is modelled as a device that produces DC electricity in direct proportion to
the global solar radiation. The power output from the PV array can be calculated by Equation
3.1[93, 94].

Gt

Ppy = Ypyfpy (G ) [1+ ap(Tc = Tesrc)] 3.1)

T,STC

If there is no effect of temperature on the PV array, the temperature coefficient of the power

IS zero, thus the above equation can be simplified as Equation 3.2 [93, 94].

G
Py = Ypyfpy(z——) (3.2)

Gr,sTC

where Ypy - rated capacity of PV array, meaning power output under standard test conditions
[KW]; feyv - PV de-rating factor [%]; Gt - solar radiation incident on PV array in current time
step [KW/m?]; Grsrc - incident radiation under standard test conditions [1 KW/m?]; ap -
temperature coefficient of power [%/°C]; Tc - PV cell temperature in current time step [°C];
Tcste -PV cell temperature under standard test conditions [25°C]. Performance of PV array

depends on derating factors like temperature, dirt and mismatched modules.

Wind Power:

Kinetic energy of wind can be converted into electrical energy by using wind turbine, rotor,
gear box and generator. The available power of wind is the flux of kinetic energy, which the
air is interacting with rotor per unit time at a cross sectional area of the rotor and that can be

expressed [95] as per Equation 3.3:

P_l
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where, P is Power output from wind turbine in Watts, p is the air density (1.225kg/m? at 15°C

and 1-atmosphere or in sea level), A is rotor swept area in m? and V is the wind speed in m/s.

The swept area of a horizontal axis wind turbine of rotor diameter (D) in meter (or blade

length = D/2) can be calculated by Equation 3.4.

A =m(2)? sqm (3.4)
As power in the wind is proportional to the cube of the wind speed, therefore increase in wind
speed is very significant. One way to get more power is by increasing the tower height.
Hourly wind speed at different height above ground level can be calculated by the vertical

wind profile Equation 3.5 [96, 97]:

H
V, = Vi)™ (3.5)

1
where v; and v, are the wind speeds at heights H; and H; and « is the wind shear component
or power law exponent or friction coefficient. A typical value of « is 0.14 for countryside or
flat plane area. Equation 3.5 commonly used in United States and the same is expressed in

Europe by Equation 3.6 [97]:

In(H
Vo = Vi (RG) (36)
where, z is the roughness length in meters. A typical value of z for open area with a few

windbreaks is 0.03m.

Temperature has effect on air density which changes the output of wind turbine. Average

wind speed globally at 80m height is higher during day time than night time [41].

However, German physicist Albert Betz concluded in 1919 that no wind turbine could
convert more than 16/27 or 59.3% of the kinetic energy of the wind into mechanical energy
by turning a rotor. This is the maximum theoretical efficiency of rotor, and this is known as
the Betz Limit or Betz's Law. This is also called the “power coefficient” and the maximum

value is: Cp= 0.59. Therefore, Equation 3.3 can be written as Equation 3.7:
P =~ CypAV? (3.7)
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Based on the above relation of energy conversion from solar radiation and wind speed,
solar PV and wind turbine can be considered from small scale remote systems to large scale
grid-connected applications. Grid connected PV or wind turbine with battery as storage can
provide future-proof energy autonomy. A recent study on high penetration of PV on present
grid, mentioned that energy storage is the ultimate solution for allowing intermittent sources

to address utility base load needs [98].

In regional areas of Australia, roof top Solar PV is installed in many residential houses
either in off-grid or grid connected configurations and most residential wind turbine are for
specific applications in off-grid configuration. In grid connected solar PV systems where
storage is not integrated, the energy output from this system does not satisfy to the desired
level. Currently installed most of the residential PV systems are designed in such way that
even with battery integrated system is not able to support the load in reliable way. Therefore

size of storage needs to be properly estimated to support load demand.

The adoption of storage certainly incurs additional cost to the system but the benefits of
adding storage has not been clearly assessed. Therefore this chapter aims to achieve two
objectives. One is to estimate the required storage for the grid connected PV system, grid
connected wind turbine system or combination of grid connected PV and wind turbine system
to achieve the maximum daily use of RE. Second objective is to identify the significance of
storage on the designed system in terms of environment and economic by comparing the
same system with and without storage. The feasibility of the designed system is expressed as,
if the Cost of Energy (COE) and Net Present Cost (NPC) are closer to the present system
while providing environmental benefits by reducing GHG emission and improving the

Renewable Fraction (RF) or improving RE participation.

The following sections estimates required storage for residential load in Rockhampton and

also describe the significance of storage.
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3.2 Estimation of Required Storage

Improper sized PV/Wind system is unable to meet the load requirements, sometimes
electrical energy from RE wasted which neither can be used by the load nor can be stored in
battery. The amount of wasted/lost energy can be avoided or reduced by proper choice of
battery and PV/Wind generatior sizes. G.B. Shrestha et al. in [20] mentioned that PV panel
size and the battery size have different impacts on the indices of performance and proper
balance between the two is necessary. A proper match between the installed capacities with

the load demand is essential to optimize such installation.

Brahmi Nabiha et al. in [99] presents sizing of mini autonomous hybrid grid, including PV,
wind, generator and battery. The performance of any battery, expressed essentially by the
voltage, load capacity and SOC or the Depth of Discharge (DOD). The usable energy in a
battery can be expressed by Equation 3.8, where C is battery capacity and Vyq is the battery

cell voltage.

Eusable = C X Vpat X DODpyax (3.8)

IEEE Std-1013-2007 [76] provides the recommendations for sizing of lead-acid batteries
for stand-alone PV systems. This recommended practice provides a systematic approach for
determining the appropriate energy capacity of a lead-acid battery to satisfy the energy
requirements of the load for residential, commercial and industrial stand-alone PV systems.
IEEE Std-1561-2007 [100] provides guideline for optimising the performance and life of
Lead-Acid batteries in remote hybrid power systems; which includes PV, wind, and batteries.
It also explains the battery sizing considerations for the application. IEEE Std 1547-2003
[101] provides a guideline to connect Distributed Resources (DR), such as PV, wind and
storage to the power grid at the distribution level. Grid-connected system sizing for storage-

integrated PV system is also explained in [97].

Considering the above standards, sizing practices and guidelines, Figure 3.2 shows the

steps for estimation of required storage for steady state residential load [91]. For the ease of
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this analysis, both PV and Wind turbine are considered to produce DC power. The DC power

is converted to AC by an inverter, and the battery is considered as a storage device.

Figure 3:2 Storage size estimation steps [91]

The following steps are summarized for estimation and details are shown in Figure 3.2.

= Step 1: Determine the daily load (ex: a residential house).

= Step 2: Determine the required PV or wind turbine rating for the load.

= Step 3: Determine the daily energy output from the PV array or wind turbine.
= Step 4: Estimate PV array size or wind turbine rotor diameter.
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= Step 5: Identify the daily load on storage by comparing the daily energy output from
RE (PV or wind turbine) with the daily load.
= Step 6: Estimate the required battery/storage size in Ah for the load on storage.

The following sub-sections describe the estimation of required storage for grid connected
PV, wind and hybrid systems considering the residential load of Rockhampton. Daily total
load, daily energy output from solar PV and wind turbine were approximated in order to

estimate the required storage.

3.2.1 Estimation of Daily Residential Load

The preferred method of determining load is a bottom-up approach in which daily load is
anticipated and summed to yield an average daily load. This can be done by multiplying the
power rating of all the appliances by the number of hours they are expected to operate during
an average day to obtain Watt-hour (Wh) value as shown in Table 3.1. The load data
collected from a three-bedroom house in Kawana, Rockhampton in Australia and total land
area of the house is 700m? where 210m? is the building area with available roof space and
suitable open space in front. For grid-connected household appliances, the daily average load

can also be obtained from monthly utility bills.

Table 3:1 Daily load consumption of a house

Appliances Rating Daily time of use Qty | Daily use (Wh/day)
Refrigerator 602kWh/year Whole day 1 1650

(300W)
Freezer 88W Whole day 1 880
Electrical Stove 2100W Morning & Evening (1-2hrs) 1 2100
Microwave Oven 1000W Morning & Evening (30 min to 1 hr) 1 500
Rice cooker 400W Evening (30 minutes) 1 200
Toaster 800W Morning (10 - 30 minutes) 1 80
Ceiling Fan 65W Summer night (4 -5 hrs) & Holidays 5 1300
Fluorescent light 16W Night (6 - 8 hours) 20 320
Washing machine 500W Weekends (Lhr/week) 1 71
(vertical axis)
Vacuum Cleaner 1400W Weekends (Lhr/week) 1 200
Air conditioner 1200W Summer night & Holidays (1hr) 3 1200
(Window)
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TV 32” LCD 150/3.5W Morning & night (4 hrs) 1 670
(Active/Standby)

DVD player 17/5.9W Night (2 hrs) 1 50
(Active/Standby)

Cordless phone 4w Whole day 1 96
Computer (Laptop) 20W Night (4 - 5hrs) 1 80
Clothe iron 1400W Night & Holidays (15 - 30 minutes) 1 350
Heater (Portable) 1200W Winter night & Holidays (30 minutes) 1 600
Hot Water System 1800W Whole day( 3- 4 hrs) 1 5400
Total: 15,747

Data source: Product catalogue and [97]

The load profile of a residential house varies according to the residents work time pattern.
The working nature of the residents of Kawana suburb is such that most of the residents start
for work between 7:00AM and 8:00AM and return home between 5:00PM and 6:00PM from
Monday to Friday. A 24-hour load profile of a particular day as shown in Figure 3.3. It was
found that maximum load demand was in the evening from 6:00PM to 10:00PM and in the

morning 8:00AM to 9:00AM.

—e—KWh(AC) —=—kWh (DC)
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Figure 3:3 Daily Load profile of a Residential house

Hourly load is a time series data set, and the area under the curve is calculated using the
trapezoidal method. Therefore, total daily load can be estimated by calculating the area under

the load profile curve by trapezoidal method using Equation 3.9.

ty
Daily Load = P, = j%(ptl + P, )T dt
! 3.9

Where py = Load (in kW) at time t =1, py, = Load (in kW) at time t = 2, T4, = time difference

between t; and t, in hour.
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Following Equation 3.9, total daily load is the area under the load curve shown in Figure
3.3, which is 15.7 kwWh. The equivalent DC load is shown (considering the efficiency of the
converter at 85%), which is 18.47 kWh. The average Australian household electricity use is

about 16 kWh/day [102].

3.2.2 Estimation of Daily Available Solar Energy

Solar radiation varies with time and season. To estimate available useful solar energy, the
worst month solar radiation was used to ensure that the designed system could operate year-
round. In Australia, the yearly average sunlight hours vary from 5 to 10 hours/day, and the
maximum area is over 8 hours/day [38]. From the collected data, it was found that in
Rockhampton, solar radiation over 5.0kWh/m?/d varies from 08:00AM to 16:00PM:; i.e. the

sun hour/solar window is 8 hrs/day.

The daily average solar radiation of Kawana suburb in the Capricornia region of
Rockhampton city is shown in Figure 3.4. It was found that annual average solar radiation
was 5.48 kWh/m?/day. The lowest monthly average solar radiation was 4.0 kWh/m?/day in
May, and the highest solar radiation was from October to December in 2009. The PV system
was designed to supply the entire load considering the worst month solar radiation, which

will deliver sufficient energy during the rest of the year.

Figure 3.4 shows the hourly solar radiation of May 07, 2009. Daily total solar energy was
estimated by calculating the area under the solar radiation curve using Equation 3.9.
Therefore, total solar radiation in May 07, 2009 was 1.582975 kWh/m?/d. This energy was
generated by a PV area of 1m?. Total solar radiation will increase with the increased surface

area of the PV array.
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Figure 3:4 Daily Solar radiations on May 07, 2009 in Rockhampton

3.2.3 Estimation of Daily Available Wind Energy

Wind speed varies with different natural factors, time and season. To estimate the
available useful wind energy, the worst month wind speed was considered to ensure that the
designed system could operate year-round. From the collected data of Rockhampton, it was
found that July had the worst wind speed as shown in Figure 3.1. It was found that in 2009,
the wind speed of Rockhampton was 6m/s or more for a daily average duration of 10 hours.
However, for the month of July and August it was only 5 hours as shown in Table 3.2.

Therefore, wind speed data of July was considered for the estimation of daily energy output.

Table 3:2 Wind speed period or window (6m/s or more)

Month | Daily Time period Time window (hrs)
Jan 06:00 - 20:00 14
Feb 03:00 - 17:00 14
Mar 00:00 - 15:00, 22:00 - 24:00 | 17
Apr 00:00 - 04:00, 20:00 - 24:00 | 8
May 16:00 - 24:00 8
Jun 12:00 - 19:00 7
Jul 10:00 - 15:00 5
Aug 07:00 - 12:00 5
Sep 01:00 - 10:00 9
Oct 00:00 - 06:00, 19:00 - 24:00 | 11
Nov 00:00 - 03:00, 15:00 - 24:00 | 12
Dec 13:00 - 24:00 11

Three hourly wind speed data, points at 10.4m above sea level were collected [38] for the
year 2009, which were then interpolated to get hourly data. At turbine heights of 10m, 40m
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and 80m, the corresponding wind speeds were shown in Figure 3.5. For energy estimation
during July 03, 2009, wind speed data was considered. Corresponding energy was calculated
for 1m? of rotor wind area at a rotor height of 40m using Equation 3.7 as shown in Figure 3.6.
Total energy output via wind turbine on July 03, 2009 is the area under the curve of Figure
3.6 (11:00AM to 09:00PM) which is 0.232785kWh/m?%/d. Betz limit, gearbox, bearing and
generator efficiency were considered and overall efficiency of the wind turbine system was

taken to be 25%.

Figure 3:5 Wind speed at 10m, 40m and 80m height at Rockhampton

Figure 3:6 Energy converted per m? of wind at 40m height wind speed in Rockhampton

3.2.4 Estimation of Storage for Grid-connected Solar PV

The size of the PV array is determined by the daily average load divided by the available
solar window, or sun-hours per day. Generally, grid connected PV systems are designed to
provide from 10% to 60% of energy needs with the difference being supplied from power

utility[103]. However, the PV contribution can be increased to 100% of average regular
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steady state load. Following the steps presented in Figure 3.2, the estimation starts by

calculating required PV size.

Daily load of a three-bedroom house in Rockhampton as calculated in section 3.2.1 is 15.7
kWh/day. Daily extractable solar energy in Rockhampton as calculated in section 3.2.2 as
1.582975 kWh/m?/day. Therefore, the PV array should support at least 15.7 kWh of load
every day at the solar energy rate of 1.582975 kWh/m?/day. The solar window is 8 hours or
more in Rockhampton[38]; therefore, the required PV array rating/capacity for the AC load
as:

Energy (kWh/day)  15.7

= = 1.9625kW
Solar window (h/day) 8

Pac (kW) =

The overall efficiency of PV system depends on inverter efficiency (of 95% ) [104] and
loss due to dirt and mismatch between PV modules. Equivalent DC load can be found by

considering the efficiency of the PV system as:

n = inverter efficiency * dirty collector * mismatched modules = 85%

P, (kW)  1.9625

= = 2.31k
n 0.85 31w

Picstc =

To use battery as storage system, size of the PV array needs to be more than 1.3 times the
load [76] in stand-alone configuration. But for the grid connected configuration 1.0 or 1.1 is
good enough to avoid over design. For this designed residential load, it was considered 1.1.

So the adjusted PV array size for the equivalent DC load becomes:

Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x2.31 = 2.541kW

Therefore, for this three bed room house 2.541kW capacity of PV array with proper sized

storage required to support its load for 24 hours a day.
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For known PV efficiency and for 1kW/m? rated PV module, required surface area of the
PV array can be calculated. The efficiency of crystal silicon PV module is 12.5% [97],

however LG Polycrystalline module efficiency is 13.7% [105], so the surface area becomes:

Pycstc = (1kW/m?)insolation * A * n

PdC,STC _ 2. 54‘1

= = - 2 . 2 2
(IkW/m2n _ 1x0.125 _ 20-328m

A

Therefore 20.328m? PV array with efficiency of 12.5% will support the load with
sufficient storage size. This PV area is much smaller than the area of the designed house roof

area.

The total energy output from 20.328m? PV array is used to estimate the required storage
for the load. Batteries last longer if they are shallow cycled. The capacity of the battery bank
can be calculated by multiplying the daily load on battery by the autonomy day or the number
of days it should provide power continuously. The ampere-hour (Ah) rating of the battery
bank can be found after dividing the battery bank capacity by the battery bank voltage (ex.
24V or 48V). It is generally not recommended to design for more than 12 days of autonomy

for off-grid system and for grid connected system one day autonomy is good.

Total solar energy generated by the 20.328m? PV array at the solar radiation rate of
Rockhampton is plotted in Figure 3.7 and calculated using Equation 3.9 as 32.17872 kWh
which is the area under the PV output curve. Therefore daily PV output is 2.05 times daily
total load demand. Now superimpose the DC load curve on the PV output curve to find the
load that needs to be supported by the storage as shown in Figure 3.7. The common area
under the curve is 6.196kWh which is the area of the load that served by the PV array during
day time while charging the batteries as well. The remaining load is (18.47 - 6.196)
=12.274kWh/day that needs to be served by the storage. Therefore installed storage with PV
should support 0.8 times the daily load demand. This is the daily minimum load on storage.
However the design was based on to support total load, therefore the remaining energy from

the PV array should be managed by the storage system which is (32.17872 - 6.196) =
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25.98272kWh/day. This i1s the maximum load on storage, if total energy generated by PV

array needs to be managed by the storage.
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Figure 3:7 Total PV output, total load shows the load on storage

Inverters are specified by their DC input voltage as well as by their AC output voltage,
continuous power handling capability and the amount of surge power they can supply for
brief periods of time. Inverter’s DC input voltage which is the same as the voltage of the
Battery bank and the PV array is called the system voltage. The system voltage usually
considered as 12V, 24V or 48V. The system voltage for this designed DC system was
considered 24V and this system was designed for one day. Therefore, the required battery

capacity can be calculated.

Load (Wh/day) _ 12.274x10’

Daily minimum load on storage in Ah @ system voltage =
y & s & System Voltage 24

=511.416Ah/d

Load (Wh/day) _ 25.98272x10°

Daily maximum load on storage in Ah @ system voltage =
v & e & System Voltage 24

=1082.613Ah/d

Energy storage in a battery typically expressed by Ah, at system voltage and at some

specified discharge rate. Table 3.3 shows characteristics of several types of batteries.

Table 3:3 Comparison of Battery Characteristics[97]

Battery type MDOD | Energy Density Cycle Life Calendar Efficiencies
(Wh/kg) (Cycles) Life (Year) | Ah% | Wh%
Lead-acid, SLI 20% 50 500 1-2 90 75
Lead-acid, golf cart 80% 45 1000 3-5 90 75
Lead-acid, deep-cycle 80% 35 2000 7-10 90 75
Nickel-cadmium 100% 20 1000-2000 | 10-15 70 60
Nickel-metal hydride 100% 50 1000-2000 | 8-10 70 65
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The Ah capacity of a battery is not only rate-dependent but also depends on temperature.
The capacity under varying temperature and discharge rates to a reference condition of C/20
battery (i.e. can discharge for 20 hours) at 25°C is explained in [97]. Lead-acid battery
capacity decreases dramatically in colder temperature conditions. However heat is also not
good for batteries. In Rockhampton average temperature is above 20°C. The maximum depth
of discharge (MDOD) for Lead-acid batteries is 80%, therefore for one day discharge the

batteries need to store:

Battery storage (minimum) = Load (Ah/day) x No of days = S11.416x1 =639.27Ah
MDOD 0.80

Load (Ah/day) x No of days _ 1082.613x1
MDOD 0.80

= 1353.26Ah

Battery storage (maximum) =

The rated capacity of battery is specified at standard temperature. At 25°C, the discharge
rate of C/20 battery becomes 96% [97], therefore, finally the required battery capacity
becomes:

Battery storage 639.27
Rated capacity 0.96

Required minimum Battery storage(25°C,20hour-rate)= =665.904h

Battery storage 1353.26
Rated capacity 0.96

Required maximum Battery storage(ZSOC,ZOhour-rate)= =1409.64A4h

Thus for 15.7 kWh/d load minimum 665.90 Ah to maximum 1409.64 Ah of storage

battery required at system voltage 24 V with 2.541 kW solar PV.

3.2.5 Estimation of Storage for Grid-connected Wind Energy

Following the similar steps of section 3.2.4 (detailed as shown in Figure 3.2), required
wind turbine capacity was calculated and then required storage was estimated for the same

load of 15.7 kWh/day.

Energy generated by wind turbine at 40m height of 1m? rotor wind area was calculated in

section 3.2.3, which is 0.232785kWh/m?/d. The output of the wind turbine needs to be
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improved such that at least 15.7 kWh of load should be supported each day. It was found that
in July, wind speed was 6m/s or above only for 5hrs/day at 10m height, however at 40m hub
height wind speed was 6m/s or above for 10hrs/day, therefore the hub height was considered

40m. The required wind turbine capacity for the load can be calculated as:

Load (kWh/day) = 15.7
Windwindow (h/day) 10

Py (kW) = = 1.57kW
The storage which is a DC component; it requires inverter to support the load. DC

capacity of the wind turbine can be calculated considering inverter efficiency of 90%.

P, (kW) 157

Picstc = - = 090 = 1.744KkW

Likewise PV assumption, wind turbine capacity is considered 1.1 times the required load
in grid connected configuration, to charge batteries while supporting load. So the adjusted

wind turbine capacity for the equivalent DC load becomes:

Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x1.744 = 192kW

Energy generated by wind turbine on July 03, 2009 was 0.232785kWh/m?/d. To support
total load, rotor swept area needs to be adjusted. Equation 3.7 shows that power output is not
linear for increase in rotor diameter. It was found that at 40m rotor height, wind speed varied
b/w 6.17m/s to 9.92m/s, therefore average wind speed of 8m/s was considered to calculate
the rotor diameter for the rated wind turbine capacity of 1.92 kW. The rotor diameter was
calculated (using Equation 3.3 and 3.4) as 5.58m and calculated total energy is 26.355 kWh
which is the area under the curve (using Equation 3.9) as shown in Figure 3.8 for the same

day. Therefore daily wind turbine output is 1.7 times the daily load demand.
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Figure 3:8 Total wind turbine output, total load shows the energy that needs to be stored

Daily load curve was plotted on the daily energy output curve to get the common area or
the load that directly supported by the wind turbine which is 7.736 kWh. The remaining
(18.47 - 7.736) = 10.734kWh of load needs to be supported by the storage each day.
Therefore installed storage with wind turbine should support 0.7 times the the daily load
demand. This is the minimum load on storage. However the design was considering to

manage 100% load, therefore remaining (26.355 - 7.736) = 18.619kWh of energy must be

managed by the storage. This is the maximum load on storage.

Considering the DC system voltage as 24V, load on battery in Ah can be calculated for

one day as:
3
Daily minimum load on storage in Ah @ system voltage = Load (Wh/day) _ 10.734x10° _ 447.25Ah/d
System Voltage 24
3
Daily maximum load on storage in Ah @ system voltage = Load (Wh/day) _ 18619x10° _ 775.79Ah/d
System Voltage 24

Energy storage in a battery typically represented by Ah, at system voltage and at some
specified discharge rate. Considering MDOD for Lead-Acid batteries is 80%, therefore for

one day discharge the battery needs to store the energy as:

Battery storage (minimum) = Load (Ah/ (SELENO ofdays_ 44(7)23)(1 =559.0625Ah

Battery storage (maximum) = Load (Ab/ (:;[S%T)No ofdays_ 773';3}{1 =969.7375Ah

Energy Storage and its Strategic Impacts on the Power Network 65[Page



Chapter 3 Estimation and Significance of Storage

The rated capacity of battery is specified at standard temperature. At 25°C, the discharge
rate of C/20 batteries (i.e. discharge for 20 hours), becomes 96% [97], therefore finally

required battery capacity becomes:

Battery storage _ 559.0625
Rated capacity 0.96

=582.3564A

Required minimum Battery storage(Z5°C,20hour-rate)=

Battery storage  969.7375
Rated capacity 0.96

=1010.1434Ah

Required maximum Battery storage(25°C,20h0ur-rate):

Thus for 15.7 kWh/d load minimum 582.356 Ah to maximum 1010.143 Ah of storage

battery required at system voltage 24 V with 1.92 kW wind turbine.

3.2.6 Estimation of Storage for Grid-connected Hybrid System

Many studies indicated that hybrid system is always better than any single RE system.
However the practical implementation depends on the availability of adequate solar radiation,
wind speed and their seasonal variation. Other critical point is adequate space for hybrid
system installation and moreover the overall cost of the installation. The study location of this
analysis is suitable for both solar and wind energy. It was found that for little variation of
wind speed, convertible energy variation is much higher therefore wind energy fluctuation is
higher than solar energy. Considering all the scenarios and for the ease of analysis it was

considered that 50% of load demand to be supported by solar and 50% by wind energy.

Following the steps in Figure 3.2 and considering the examples shown in sections (3.2.4

and 3.2.5), the required storage is estimated below.

For Solar PV: 50% AC Load is (15.7/2) = 7.85kWh/d

Energy (kWh/day)  7.85

= = 0.98125kW
Solar window (h/day) 8

Pac (kW) =

Equivalent DC load can be found by considering the efficiency of the PV inverter as 85%:

P (kW) _ 0.98125

- = 085 = 1.1544kW

Picstc =
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For this designed residential load, PV capacity considered 1.1 times the load. So the

adjusted PV array size for the equivalent DC load becomes:

Pdc,STC(Adjusted) = 1'1XPdC,STC = 11X1154‘4 = 1.27kW

Therefore it requires 1.27kW capacity of PV array with proper sized storage to support 50%

load for 24 hours a day.

Considering the crystal silicon PV module whose efficiency is 12.5% [97], therefore the

surface area of PV module becomes:
Pycstc = (1kW/m?)insolation * A * n

Picste _ 1.27

- - = 10.16m?
(kW /mDn ~ 1x0125  o-tem

A

Therefore 10.16m? of PV area required for this hybrid system. The output energy from this
PV module is plotted in Figure 3.9. For the remaining 50% load the required wind turbine is

estimated as:

For Wind turbine: 50% AC Load is (15.7/2) = 7.85 kWh/d

Load (kWh/day)  7.85

= = 0.785 kW
Windwindow (h/day) 10

Pac (kW) =

The inverter considered with this wind turbine of efficiency 90%, therefore the DC
capacity becomes:

P,.(kW)  0.785

= =0.872k
. oo = 0-872 kW

Picstc =

For this designed residential load, wind turbine capacity considered 1.1 times the load. So

the adjusted wind turbine size for the equivalent DC load becomes:
Pdc,STC(Adjusted) = 1'1XPdC,STC = 1.1x0.872 = 0.9592kW
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Average wind speed of 8m/s was considered to calculate the rotor diameter for the
required capacity of wind turbine. For the 0.9592kW capacity wind turbine, the rotor

diameter becomes 3.95m and daily energy generated by this wind turbine is plotted in Figure
3.9.

Total energy generated from this hybrid system is 28.12kWh and compared with the DC
load 1t was calculated that the Hybrid system support directly 8.45kWh of load as shown (the
common area) in Figure 3.9. Therefore the minimum (18.47 - 8.45) = 10.02kWh of load
needs to be supported by the storage system. However the hybrid system was designed to
support total load therefore remaining generated energy of (28.12 - 8.45) = 19.67 kWh from

hybrid system must be managed by the storage. This is the maximum load on storage.
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Figure 3:9 Output of hybrid system and total load shows the energy that needs to be stored

Considering the DC system voltage as 24V, load on battery in Ah can be calculated for one

day as:

Load (Wh/day) _ 10.02x10°

Daily minimum load on storage in Ah @ system voltage =
y & s & System Voltage 24

= 417.50ah/d

Load (Wh/day) _ 19.67x10°

Daily maximum load on storage in Ah @ system voltage =
y rget @sys g System Voltage 24

=819.584h/d

Considered MDOD of Lead-Acid batteries is 80%, therefore for one day discharge the battery

needs to store the energy as:
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Load (Ah/day) x No of days _ 417.50x1
MDOD 0.80

= 521.875Ah

Battery storage (minimum) =

Load (Ah/day) x No of days _ 819.875x1
MDOD 0.80

Battery storage (maximum) = =1024.843Ah

Temperature effects are considered in the storage requirements for the hybrid systems. At
25°C for C/20 batteries (i.e. 20 hours discharge) the discharge rate is 96%, therefore finally

required battery capacity becomes:

Battery storage 521.875

= =543.624h
Rated capacity 0.96

Required minimum Battery storage(Z5°C,20h0ur-rate)=

Battery storage 1024.843
Rated capacity 0.96

Required maximum Battery storage(25°C,20hour-rate)= =1067.544Ah

Therefore in grid connected configuration to support 15.7 kWh/day load the required
minimum and maximum storage with solar PV, Wind turbine and hybrid system are shown in
Table 3.4. Minimum storage indicates the required storage that needs to support the daily
load. However PV, wind turbine or a hybrid system generates more energy than the daily
load requirement. Therefore, maximum storage is required to manage total generated energy

either by supporting load or supplying to the grid at a suitable time.

Table 3:4 Required storage in different configurations

Required Storage
(at 24V DC system voltage)

Designed system Required system capacity

Minimum (Ah) Maximum (Ah)
Solar PV system 2.541 kW PV with 20.328m? PV array 665.90Ah 1409.64Ah
Wind turbine 1.92 kW wind turbine with 5.58m rotor diameter 582.356Ah 1010.143Ah
system
Hybrid system 1.27 KW PV with 10.16m? PV array and 543.62Ah 1067.544Ah
0.9592 kW wind turbine with 3.95m rotor diameter

Although the adoption of storage with the RE system adds additional cost to the system,

there are some clear benefits of storage that will be explained in the next section.
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3.3  Significance of Storage

The advantage of storage is explained below by investigating its influence in
environmental and economical contexts in particular RE applications. A computer model was

used to identify the significance of storage with solar, wind and hybrid power systems.

3.3.1 Model Development

A model was developed as shown in Figure 3.10. HOMER is the optimisation tool for
designing and analysing hybrid power systems and is currently used by users all over the
world [106]. Solar PV, wind turbine, storage, inverter, grid and diesel generator were used in

different sizes and combinations to determine the optimal configuration to support the load.

Solar PV configuration Wind Turbine configuration Hybrid configuration

Figure 3:10 Simulation model in different configurations

The designed model identified the optimized configuration of storage, PV, wind turbine
with a grid or diesel generator for a residential load. It also investigated environmental and
economical benefits due to the storage systems. The model was evaluated considering the
project lifetime of 25 years. The performance matrices considered are net present cost (NPC)
and cost of energy (COE) as economical factors; and renewable fraction (RF) and greenhouse
gas (GHG) emission as environmental factors. The model was compared in off-grid and grid

connected configurations. The performance matrices are briefly explained below:

Net Present Cost (NPC): The total net present cost of a system is the present value of all the
costs that it incurs over its lifetime, minus the present value of all the revenue that it earns
over its lifetime. NPC is the main economic output and ranked all optimised systems

accordingly. NPC can be represented [106, 107] in Equation 3.10:
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NPC($) = = (3.10)

where TAC is the total annualized cost (which is the sum of the annualized costs of each

system component). The capital recovery factor (CRF) is given by Equation 3.11:

_i@+)N
CRF = (1+)N-1

(3.11)

where N denotes number of years and i means annual real interest rate (%). Model considered
annual interest rate rather than the nominal interest rate. The overall annual interest rate

considered as 6%.

Cost of Energy (COE): It is the average cost per kwWh of useful electrical energy produced
by the system. COE can be calculated by dividing the annualized cost of electricity
production by the total useful electric energy production and represented [106] in Equation

3.12:

COE = Cann,tot—ChoilerEthermal (312)

Eprim,ActEprim,DctEdeftEgrid sales

where Cannior 1S total annualized cost of the system ($/yr), Chpoiler iS boiler marginal cost
($/kWh), Ethermal is total thermal load served (KWh/yr), Eprimac is AC primary load served
(KWh/yr), Eprimpc is DC primary load served (KWh/yr), Eqer is deferrable load served (kKWh/yr)

and Egrigsales 1S total grid sales (KWh/yr).

Emission: Emission is widely accepted and understood environmental index. Greenhouse
gases (CO;,, CH4, N,O, HFCs, PFCs, SFg) are the main concern for global warming. In
addition SO, is another pollutant gas released by coal fired energy system. Emission is
measured as yearly emission of the emitted gases in kg/year and emissions per capita in
kg/kwh. Model used it as input when calculating the other O&M cost. It was represented in
[106] as shown in Equation 3.13:

Com,other = Com,ﬁxed + Ccs + Cemission (3-13)
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where Comfixed 1S System fixed O&M cost ($/yr), C is the penalty for capacity shortage ($/yr)

and Cemission 1S the penalty for emission ($/yr).

Renewable Fraction (RF): It is the total annual renewable power production divided by the

total energy production. RF can be calculated [108] using Equation 3.14:

RF = —RE (3.14)

Etor

where Ege and Eror are the total energy generated by RE and total energy generated by the

system respectively. The overall RF (fren) can also be expressed[106] by Equation 3.15:

f _ ErentHren
ren g o+H
tot tot

(3.15)

where E, is renewable electric production, Hye, is renewable thermal production, E is total

electrical production and Hy is total thermal production.

3.3.2 Model Data

Load data:

For the simulation of the model, residential load data was considered as explained in
section 3.2.1 and the daily average electricity consumption per house is 15.7kWh/day,
therefore yearly residential load (AC) becomes 5730kWh/yr. Software model simulates the
operation of a system by making energy balance calculation for each of the 8,760 hours of a
year. Daily load profile with seasonal variation is shown in Figure 3.11. Daily electricity

consumption pattern shows that during morning and evening demand is high.
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Scaled data Daily Profile
207
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Figure 3:11 Daily Electric load demand in each month

Solar and wind data:

Hourly solar radiation data and three hourly wind speed data was collected from Bureau of
Meteorology [38] for the year 2009 and 2010 of station number 039083 for the location of
Rockhampton Aero Weather Station (-23.3753°N, 150.4775°E) at 10.4m above the mean sea
level. Collected solar radiation data was imported into the model to calculate the daily
average value and clearance index. Solar radiation is very high from September to December
and clearance index is 0.547 and average daily radiation is 5.467 kWh/m?day. May, June and
July has the lowest average solar radiation. Moreover collected wind speed data was imported
into the model considering weibull factor k= 0.14, auto correlation factor = 0.901, diurnal
pattern strength = 0.0271 and hour of peak wind speed = 23. Daily average wind speed is
5.669 m/s. Wind speed was good from October to March and wind speed from June to
August is lowest. Daily average solar radiation and wind speed in Capricornia region of

Rockhampton city is as shown in Figure 3.12 and 3.13.
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Figure 3:12 Daily average solar radiation Figure 3:13 Daily average wind speed

Storage:

Battery is one of the fast response storage systems. For this analysis Trojan L16P Battery (6V,
360Ah) at system voltage of 24V DC is used in the model. The efficiency of this battery is
85%, minimum State of Charge (SoC) is 30% [106].

Battery dispatch: Two battery dispatch strategy explained in [109], named ‘load following’
and ‘cycle charging’. In load following strategy, a generator produces only enough power to
serve the load, battery charging and supporting deferrable load depends on renewable power
sources. In cycle charging strategy, whenever a generator operates it runs at its maximum
rated capacity, charging the battery bank with any excess electricity until the battery reaches
the specified state of charge. Load following strategy was considered for this analysis for the

better utilization of RE.

3.3.3 System Components Cost

Table 3.5 lists the required system components with related costs in Australian currency.
PV array, wind turbine, battery charger, inverter, deep cycle battery, diesel generator and grid
electricity costs are included for the analysis. PV array including inverter price is available,
and found that 1.52kW PV array with inverter costs $3599 [110], also it is found that 1.56kW
PV with inverter costs is $4991[111]. However model considered battery charger is included
with PV array therefore the PV array cost is listed accordingly in Table 3.5 and inverter costs

considered separately.

Energy Storage and its Strategic Impacts on the Power Network 74|Page



Chapter 3 Estimation and Significance of Storage

Table 3:5 Technical Data and Study assumptions

Description Value/Information
PV array

Capital cost $3100.00/kW
Replacement cost $3000.00/kW
Life Time 25 years
Operation & maintenance cost $50.00/year

Wind Turbine (BWC XL.1 1 kW DC)
Capacity 1kw DC
Hub Height 40m
Capital cost $4000.00
Replacement cost $3000.00
Life time 25 years
Operation & maintenance cost $120/yr

Grid electricity
Electricity price (Off peak time) $0.30/kWh
Electricity price (Peak time) $.38/kWh
Electricity price (Super Peak time) $0.65/kWh
Emission factor
CO, 632.0 g/kWh
Cco 0.7 g/kwh
Unburned hydrocarbons 0.08 g/kWh
Particulate matter 0.052 g/kWh
SO, 2.74 g/kWh
NOXx 1.34 g/kWh
Inverter
Capital cost $400.00/kwW
Replacement cost $325.00/kW
Life time 15 years
Operation & maintenance cost $25.00/year
Storage (Battery)
Capital cost $170.00/6V 360Ah
Replacement cost $130.00/6V 360Ah
System Voltage 24 volts
Generator

Capital cost $2200.00/kW
Replacement cost $2000.00/kW
Operation & maintenance cost $0.05/hr
Life time 15000hrs
Fuel cost $1.53/1tr

SMA Sunny Boy Grid Tie Inverter (7000Watt SB7000US) price is $2823 [112], however
Sunny Boy 1700W inverter price is $699 [113]. 1kW BWC XL.1 wind turbine with 24V DC
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charge controller price is $3560 [114] and 10kW Bergey BWC Excel with battery charging or
a grid-tied option the wind turbine cost is $29,250 [115]. Grid electricity cost in
Rockhampton was found from the local utility operator’s (Ergon Energy) electricity bill [116]
and for Tariff-11, it is $0.285/kWh (including GST & service). However carbon tax at the
rate of $23/ton of GHG emission increases the electricity bill as well as the cost of
conventional energy sources. Thus off-peak electricity cost is considered as $0.30/kWh for
this analysis. The price of a Trojan T-105 6V, 225AH (20HR) flooded Lead-Acid battery is
$124.79 [117]. The fuel cost for generator is considered at the current price available in
Rockhampton, Australia. Table 3.5 shows the unit cost of each component considered in this

analysis.

The significance of storage was analysed from the optimised model result to evaluate the
environmental and economical advantages of storage in off-grid and grid-connected
configurations in fourteen different cases as shown below. All of these cases were analysed

using a load of 5730kWh/yr.

Category-1: Off-grid Configuration

Case-1: Diesel Generator only

Case-2: PV with Diesel Generator

Case-3: PV with Storage and Diesel Generator

Case-4: Wind turbine with Diesel Generator

Case-5: Wind turbine with Storage and Diesel Generator

Case-6: Hybrid (PV & Wind turbine) with Diesel Generator

Case-7: Hybrid (PV & Wind turbine) with Storage and Diesel Generator

Category-2: Grid-connected Configuration

Case-1: Grid only

Case-2: PV with Grid and Diesel generator

Case-3: PV with Storage, Grid and Diesel generator

Case-4: Wind turbine with Grid and Diesel generator

Case-5: Wind turbine with Storage, Grid and Diesel generator
Case-6: Hybrid (PV & Wind turbine) with Grid and Diesel generator
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Case-7: Hybrid (PV & Wind turbine) with Storage, Grid and Diesel generator
3.3.4 Model Results and Discussion

The optimisation result used various combinations of elements and ranked the optimised
model according to NPC. These optimised models support the same load of 5730 kWh/yr and
used PV, wind turbine, storage, grid supply, generator at different times in different
combinations, which resulted in different levels of emission. In 14 different cases the highest
ranked optimised model results are discussed below, and findings are compared for NPC,

COE, emission and RF.

3.3.4.1 Category-1: (Off-grid configuration)

Case 1. Diesel generator only:

In this configuration, a 3 kW diesel generator was used to support a total load of
5730kWh/yr, which consumed enough fuel (3535L/yr) to emit a significant amount of GHG
and pollutant gases to the air. The generator required frequent maintenance and fuel cost was
also high; therefore, NPC was high and COE was $1.857/kWh. This configuration was the

costliest and environmentally the most vulnerable.

Case 2. PV with diesel generator configuration:

In this off-grid configuration, the model used 6-kW PV with a 1-kW inverter and a 3-kW
diesel generator as required resources. A total of 9,170 kWh/yr of electricity was generated
from PV and the diesel generator. PV alone generates 4, 454 kWh/yr, therefore RF became
48.6% but most of the energy from the PV array was wasted. The diesel generator directly
supplied 4, 716 kWh/yr to the load, which was 82.30% of load demand. 1014 kWh/yr or
17.69% of load was supported by the PV array through an inverter. Therefore, a significant
amount of electricity from the PV array was wasted. Wasted electricity was 3,376 kwWh/yr, or
75.79% of total electricity production from PV. To reduce this great amount of loss, this
system should have some way to store the energy and subsequently reduce the use of diesel
generator.
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Case 3. PV with Storage and diesel generator configuration:

In this off-grid configuration model, a 9-kW PV, 24 Trojan L16P batteries (@ 6V, 360Ah)
at 24V system voltage with a 2-kW inverter and a 3-kW diesel generator was used. The
optimised configuration reduced the use of the diesel generator; 85.58% of the load was
supported by PV with storage. Results showed that PV generated more electricity than the

load demand, and the batteries stored the excess electricity to maintain the load demand.

The PV generated 6,681 kWh/yr of electricity, of which a good amount of energy was
stored in the batteries and used at other times. The total AC load was supported directly by
the PV array during the day, and by the batteries during morning and night. The inverter
converted 5,217 kWh/yr of DC electricity to AC. The batteries stored 3,367 kWh/yr of
energy and supplied 2,886 kWh/yr to support the load. The batteries stored 50.40% of PV-
generated energy and supported 50.37% of load, while PV directly supported 35.22% of load.
However, 984 kWh/yr of excess energy generated by the PV array (or 14.73%) was wasted

which could have been sold to the grid.

Figure 3.14 and 3.15 show the inverter output when the optimised solar PV system
supported the load without storage and with storage configuration respectively. It is clear

from the figures that storage supports the load when the PV is unable to generate energy.

Figure 3:14 Off-grid configuration - Case-2: Inverter output without Storage

Figure 3:15 Off-grid configuration - Case-3: Inverter output with Storage

Energy Storage and its Strategic Impacts on the Power Network 78|Page



Chapter 3 Estimation and Significance of Storage

Case 4. Wind turbine with diesel generator configuration:

This off-grid configuration used a 6-kW BWC XL.1 wind generator with a 3-kW inverter
and a 3-kW diesel generator as required resources to support 5,730 kWh/yr of load. Result
showed that, the wind turbine generated much more electricity than the total load demand but

could not meet the load demand for a 24-hour period.

A total of 26,137 kWh/yr of electricity was generated from the wind turbine and diesel
generator configuration, where 23,268 kWh/yr was generated from the wind turbine (i.e.
89.02% of total production). However, most of it was wasted because the wind turbine
supports only 2,861 kWh/yr of load, which is 49.93% of load demand. The diesel generator
contributed 2,869 kWh/yr or 50.07% of load demand. However, compared to the total
production, the diesel generator‘s contribution was only 10.98%. A total of 20,225 kWh/yr
(or 77.38% of total electricity production) was wasted; compared to the total wind turbine
output, 86.92% was wasted. By adding storage, this huge loss of energy could be minimized

and that could reduce the use of the diesel generator.

Case 5. Wind turbine with storage and diesel generator configuration:

This off-grid configuration model used a 3-kW BWC XL.1 wind generator, 40 Trojan
L16P batteries (@ 6V, 360Ah) at 24V system voltage and a 3-kW inverter. This optimised
configuration shaded out the diesel generator; 100% of the load was supported by wind
turbine and storage. Results showed that the wind turbine generated more electricity than the
load demand, and the batteries stored the excess electricity to support load demand at another

time.

The wind turbine generated 11,634 kWh/yr of electricity. The inverter converted 6095
kWh/yr of DC electricity to AC. The batteries stored 2,363 kWh/yr of energy and supplied
2,036 kWh/yr to the load. In other words, the batteries stored 20.31% of wind turbine
generated energy and supported 35.53% of load. However, 5,212 kWh/yr of excess energy
generated by the wind turbine (i.e 44.79% of total generated energy) was wasted that could
be sold to the grid.
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Figure 3.16 and 3.17 shows the inverter output when the optimised wind system supports
the load without storage and with storage configuration respectively. It is clearly shown in
the figures that storage supports the load when the wind turbine is unable to generate energy,

even though the wind turbine generates more energy than load demand.

Figure 3:16 Off-grid configuration - Case-4: Inverter output without Storage

Figure 3:17 Off-grid configuration - Case-5: Inverter output with Storage

Case 6. Hybrid system with diesel generator configuration:

This off-grid hybrid configuration model used a 3-kW PV array, a 5-kw BWC XL.1 wind
generator, a 3-kW inverter and a 3-kW diesel generator. Results showed that although PV and
wind turbine generated much more electricity than the total load demand, the configuration

could not meet the load demand for a 24-hour period.

Total electricity generated from PV, Wind turbine and diesel generator was 24,433
kWh/yr where 2,227 kWh/yr was from PV, 19,390 kWh/yr was from the wind turbine, and
2,816 kWh/yr was from the diesel generator. In terms of percentages, PV contributed 9.1%,
the wind turbine contributed 79.35% and the diesel generator contributed 11.53% of total
production. In other words, the overall RE contribution was 88.47% of total production. The
diesel generator contributed 49.14% of load demand. The inverter converted 3,100 kWh/yr of
DC electricity to 2,914 kWh/yr of AC electricity from RE generation, which was 50.85% of
load demand. A significant amount of electricity (18,517 kWh/yr) from RE sources was
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wasted, which was 75.78% of total electricity production and 85.66% compared to the total
RE production. Storage could be used to reduce this huge energy loss and to minimize the use

of diesel generator.

Case 7. Hybrid system with storage and diesel generator configuration:

This off-grid hybrid configuration model used a 1-kW PV, a 3-kwW BWC XL.1 wind
generator, a 5-kW inverter and 32 Trojan L16P batteries at 24-V system voltage to support
the same load. The hybrid system (PV and wind turbine) output with storage supported 100%
load and shaded out the use of the diesel generator. Results showed that storage stored the
electricity from the hybrid system and met the load demand 24 hours a day, but a significant

amount of energy was wasted that could have been sold to the grid.

A total of 12,376 kWh/yr of electricity was generated from the hybrid system, where 742
kWh/yr (or 6%) was from PV and 11,634 kWh/yr (or 94%) was from the wind turbine. The
batteries stored 2,073 kWh/yr and supported 1,788 kWh/yr or 31.20% of load demand. This
configuration supplied 100% of the load demand from RE; however, 5,995 kWh/yr or 48.44%

of RE-generated electricity was wasted which could have been sold to the grid.

Figures 3.18 and 3.19 show the inverter output in a hybrid RE configuration without and
with storage system respectively. It is clear from the figures that even a hybrid system is not

able to support load demand completely, while storage supports the load at critical times.
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Figure 3:18 Off-grid configuration - Case-6: Inverter output without Storage

Figure 3:19 Off-grid configuration - Case-7: Inverter output with Storage
Summary of Category-1 or Off-grid configurations:

The results of stand-alone configurations can be summarized that storage improved load
support. Storage also reduced GHG emission and the loss of RE-generated electricity, and
demonstrated the scope to sell excess energy to the grid. Table 3.6 summarizes these findings
from optimised models in different cases. Load support describes the percentage of load
supported by RE and storage compared to total load demand. Energy loss describes the

percentage of energy loss compared to total RE production.

Table 3:6 Category-1 or off-grid configuration results

Diesel Solar | Wind Inverter RE use
Generator | PV turbine Storage (at 24V
DC system RE
voltage) Load energy
support loss
Case-2 3KW 6kwW | - kW - 17.69% | 75.79%
(PV +Gen) oI 97
Case-3: 24 nos.
- 0, 0,
(PV+Storage+Gen) 3kwW 9kW 2kwW (2160Ah) 85.58% 14.73%
Case-4
- - 0, 0,
(Wind turbine+Gen) 3kwW 6kW 3kwW 49.93% 86.92%
Case-5 40 nos
(Wind - - 3kw 5kwW : 100% 44.79%
. (3600Ah)
turbine+Storage+Gen)
Case-6
- 0, 0,
(Hybrid +Gen) 3kwW 3kW 5kwW 3kwW 50.85% 85.66%
Case-7 32 nos.
- 0, 0,
(Hybrid+Storage+Gen) Lkw Skw Skw (2880Ah) 100% 48.44%
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3.3.4.2 Category-2: (Grid-connected configuration)

Case 1. Grid only configuration:

This is the configuration of most residential electricity connections. The grid supplies a
total load demand of 5,730 kWh/yr. The grid electricity tariff varies with time, season and
application [116, 118]. This configuration model considered 3 different prices of grid
electricity, depending on demand time. These are off-peak (0.30$/kWh), peak (0.38%/kWh)
and super peak rate (0.65$/kWh). 6:00PM to 7:00PM is considered super peak; 8:00PM to
10:00PM and 8:00AM to 9:00AM are both considered peak times; and the rest are off-peak
times. In this case, yearly average COE becomes $0.392/kWh. Because grid electricity comes

mainly from conventional sources, a good amount of GHG and pollutant gas emit into the air.

Case 2. PV in a grid-connected configuration:

In this optimised model configuration, the diesel generator was shaded out; however, the
PV array still contributed a small portion of load demand. To meet load demand, this model
used a 1-kW PV, a 1-kW inverter and a grid supply. A total of 6,429 kWh/yr of electricity
was produced, where the grid supplied 5,687 kWh/yr (or 88.46% of total production) and
supported 99.25% of the total load demand. The PV array produced 742 kWh/yr (or 11.54%
of total production) and supported only 43 kWh/yr, or 0.75% of the load demand. A total of
12 kWh/yr of energy was sold back to the grid. 683 kWh/yr of PV-generated electricity was

wasted due to mismatch in timely demand, which could be stored and supplied to the load.

Case 3. PV with storage in a grid-connected configuration:

This configuration of model is very interesting compared to the earlier case; by adding
sufficient storage, the system improved the PV contribution for the same load demand. To
meet load demand, this model used a 4-kW PV array, 8 Trojan L16P batteries, a 2-kW
inverter and a grid supply. A total of 6,107 kWh/yr of electricity was produced, where the
grid supplied 3,137 kWh/yr (or 51.36% of total production) and supported 54.75% of the
total load demand. The PV array produced 2,969 kWh/yr or 48.62% of total production. Grid
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sales and loss of energy were insignificant. The batteries stored 1,410 kWh/yr and supplied
1,210 kWh/yr to the load or 21.12% of total load. However the PV array directly supported
1,383 kWh/yr of load, which was 24.14% of total load demand.

Figures 3.20 and 3.21 show the inverter output, with the solar PV in a grid-connected case
supported load without and with storage respectively. It is clearly indicated from the figures
that storage improves load support by providing load demand during the evening and

morning.

Figure 3:20 Grid-connected configuration - Case-2: Inverter output without Storage

Figure 3:21 Grid-connected configuration - Case-3: Inverter output with Storage

Case 4. Wind turbine in grid-connected configuration:

In this configuration model, the wind turbine generated enough electricity but was unable
to meet the timely load demand. Thus, it consumed a significant amount of grid electricity.
To meet the load demand, this optimised model used a 2-kW BWC XL.1 wind turbine, a 2-
kW inverter and the grid supply. A total of 11,200 kWh/yr of electricity was produced, where
the wind generator produced 7,756 kWh/yr or 69.25% of total production. The grid supplied
3,444 kWh/yr (or 30.75% of total production) and 60.1% of load demand. Wind turbine
supported 2,286 kWh/yr or 39.89% of load demand. 3,635 kWh/yr or 46.86% of electricity
was sold back to the grid. A total of 1,456 kWh/yr (or 18.77% of electricity) was unused.
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Case 5. Wind turbine with storage in grid-connected configuration:

This configuration model used a 2-kwW BWC XL.1 wind generator, 12 Trojan L16P
batteries, a 3-kW inverter and the grid supply. 8,477 kWh/yr of total electricity was produced.
The grid supplied only 721 kWh/yr or 8.5% of total production and only 12.58% of total load
demand. The wind turbine produced 7,756 kWh/yr which was 91.49% of total production.
The batteries stored 2,076 kWh/yr and supplied 1,782 kWh/yr (or 31.1% of total load
demand). However, the wind turbine directly supported 3,227 kWh/yr (or 56.32% of total
load demand). Total 2,003 kWh/yr or 25.83% of electricity was sold back to the grid and loss
of energy was only 0.04%. A significant amount of electricity was consumed from renewable
generation, and a good amount of energy was sold back to the grid, reducing overall GHG

emission.

Figure 3.22 shows that the wind turbine produced enough electricity and supplied a
significant amount of electricity to the grid; however, it was unable to support the full load
demand. The inverter converted more electricity from DC to AC when storage supported load

demand as shown in Figure 3.23.

Figure 3:22 Grid-connected configuration - Case-4: Inverter output without Storage

Figure 3:23 Grid-connected configuration - Case-5: Inverter output with Storage

Case 6. Hybrid system without storage in grid-connected configuration:

In this configuration, both the PV and wind turbine were used. This hybrid configuration

model used a 1-kW PV, a 2-kW BWC XL.1 wind generator, a 2-kW inverter and a grid
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supply for the same load of 5730kWh/yr. Results showed that the hybrid system was
optimised such that minimum RE components were required but could not meet the load
demand for a 24-hour period. A total of 11,765 kWh/yr of electricity was produced, where
the grid supplied 3,267 kWh/yr (57.01% of load demand, or 27.76% of total production). The
PV and wind hybrid system produced 8,498 kWh/yr, or 72.23% of total production. The
hybrid system also supplied 2,463 kWh/yr of electricity, or 42.98% of load demand. However,
the hybrid system generated enough electricity and sold 3,966 kWh/yr (or 46.67% of the
hybrid-generated electricity) to the grid. Still, 1,658 kWh/yr of electricity was wasted, which
was 19.51% of total RE production. This wasted electricity could be utilized and grid use

could be minimized by adding storage.

Case 7. Hybrid system with storage in grid-connected configuration:

This hybrid configuration model used a 1-kW PV, a 2-kW BWC XL.1 wind generator, a
3-kW inverter, 12 Trojan L16P batteries and a grid supply. This configuration improved RE
contribution to supporting load demand. A total of 8,975 kWh/yr of electricity was produced,
where the grid supplied only 477 kWh/yr (5.31% of total production or 8.32% of load
demand). The PV generated 742 kWh/yr and the wind turbine generated the most, with 7,756
kWh/yr. That is, RE production was 94.68% of total electricity generation and supported
91.67% of load demand. This hybrid system sold 2,466 kWh/yr (or 29.01% of electricity)
back to the grid. Storage helped in improving RE utilization and minimized energy loss. Only
2.84 kWh/yr of electricity was wasted (or 0.03% of hybrid-generated electricity). The
batteries stored 2,009 kWh/yr and supported 1,726 kWh/yr of load or 30.12% of load demand.

Figure 3.24 shows the inverter activity in the hybrid system without storage. It is clearly
evident that the hybrid system is unable to support load after 18:00PM and in the morning.

Storage supports the load during this time as shown in Figure 3.25.
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Figure 3:24 Grid-connected configuration - Case-6: Inverter output without Storage

Figure 3:25 Grid-connected configuration - Case-7: Inverter output without Storage

Summary of Category-2 or Grid-connected configurations:

The results of grid-connected configurations can be summarized thusly: storage improved
load support. Storage optimised the RE sources by minimizing grid use and loss of energy.
Table 3.7 summarizes these findings. Load support is defined as the percentage of load
supported by RE and storage compared to total load demand. Energy loss is defined as the
percentage of energy loss compared to total RE production. Grid sales are the energy sold to

the grid relative to total RE production.

Table 3:7 Category-2 or grid connected configuration results

Storage RE use
. (at 24V DC
PV Wind | Inverter system Load Grid sales RE energy
voltage) support loss
Case-2
- - 0, 0, 0,
(PV +Grid) 1kW 1kwW 0.75% 1.62% 92.05%
Case-3 8 nos.
- 0, 0, 0,
(PV+Storage+Grid) Akw 2kw (720Ah) 24.14% | 0.13% 0.22%
Case-4
- - 0, 0, 0,
(Wind turbine-+Grid) 2kwW 2kwW 39.89% | 46.86% 18.77%
Case-5 12 nos
(Wind turbine - 2kw 3kw (1080Ah) 87.42% | 25.83% 0.04%
+Storage+Grid)
Case-6
- 0, 0, 0,
(Hybrid +Grid) 1kW 2kw 2kw 42.98% | 46.67% 19.51%
Case-7 12 nos.
0, 0, 0,
(Hybrid+Storage+Grid) 1kW 2kw 3kw (1080AN) 91.67% | 29.01% 0.03%
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3.3.4.3 Findings or Results

The optimisation was done in two configuration categories and seven cases in each
category. Four different factors were compared in each case. These factors were GHG &

pollutant gas emission, RF, COE and NPC. The comparative findings of these factors are

explained below.

3.34.3.1 GHG and Pollutant gas emission

Figure 3.26 shows GHG and pollutant gas emissions in different case configurations. In
the off-grid or stand-alone system, storage eliminated GHG and other pollutant gas emission.
In a grid-connected configuration, it was also evident that storage minimized emission by
improving RE utilization. By selling excess energy back to the grid, storage further helped in

reducing GHG emission from the grid. The reductions are shown as negative values in Figure
3.26.

m Without Storage (kg/yr)  mWith Storage(kg/yr)
7,000.00 -
6,000.00 -
5,000.00 -
4,000.00 -
3,000.00 -
2,000.00 -
1,000.00 -

0.00 -
-1,000.00 -
-2,000.00 -

GHG emission (kg/yr)

PV+Grid
Wind+Grid

PV+ Gen (Off-grid)
Hybrid+Grid

Wind + Gen(Off-grid)
Hybrid+ Gen (Off-grid)

Figure 3:26 GHG and Pollutant gas emission in different cases

3.34.3.2 Renewable Fraction (RF)

RF is the measuring index of how much electricity is produced from RE, as a proportion

of total production. In a stand-alone system, it was found that storage eliminates the use of
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diesel generators; thus, RF became 100%. In a grid-connected configuration, storage again

improves the RE utilization and RF became as high as 94.7% as shown in Figure 3.27.

B With Storage (%) ™ Without Storage (%)
Hybrid+Grid
Wind+Grid
PV+Grid

Hybrid+ Gen (Off-
orid)
Wind + Gen (Off-grid)

PV+ Gen (Off-grid)

I T T T T

0.00 20.00 40.00 60.(00 80.00 100.00 120.00

Figure 3:27 RF in different cases

3.3.4.3.3 Cost of Energy (COE)

COE is the cost of per unit energy in $/kWh. The stand-alone configuration involved a
costly diesel generator; therefore, the COE was very high. However, adding storage helped to
reduce the COE to a reasonable level. In a grid-connected configuration in all combinations
of RE sources, storage reduced the COE. In a hybrid system, storage reduced the COE to
0.297$/kWh as shown in Figure 3.28, which was less than the grid only energy cost of
0.392$/kWh.

B With Storage($/kWh)  ® Without Storage($/kWh)
Hybrid+Grid
Wind+Grid

PV+Grid

Hybrid+ Gen (Off-grid)
Wind + Gen (Off-grid)
PV+ Gen (Off-grid)

0.00 0.50 1.00 1.50 2.00
COE($/kWh)

Figure 3:28 COE in different cases

3.3.4.34 Net Present Cost (NPC)

NPC represents the present cost of the system. In the stand-alone configuration, NPC was

very high. However, storage helped in reducing NPC to an acceptable level by improving the
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utilization of RE. In a grid-connected configuration, storage helped in reducing NPC,

although with PV, the NPC increased marginally as shown in Figure 3.29.

B With Storage($) M Without Storage($)

Hybrid+Grid
Wind+Grid

PV+Grid

Hybrid+ Gen (Off-grid)
Wind + Gen (Off-grid)

PV+ Gen (Off-grid)

0.00 50.00 100.00 150.00
NPC (Thousand $)

Figure 3:29 NPC in different cases

3.3.4.3.5 Payback Period

Payback was calculated by comparing one system with another. Payback is the number of
years in which the cumulative cash flow switches from negative to positive by comparing the
storage-integrated model with a non-storage model in a grid-connected configuration. Cash
flow in a grid-connected PV with storage system was compared to cash flow in a grid-
connected PV base system (without storage). It was found that the payback period 1s 4.15
years. Similarly, a grid-connected wind generator with storage was compared to a system
without storage; the payback period was 2.67 years. In the case of a grid-connected hybrid
(PV & wind turbine) system with storage compared to the same without a storage system, it
was found that the payback period was 2.05 years. Storage helped in RE utilization by
minimizing the use of grid electricity and increasing energy sell-back to the grid. Therefore, it
was confirmed that the investment cost of storage integration yields in a very short period of
time, as shown in Figure 3.30. In Australia, the solar bonus scheme awarded the price of
electricity fed into the grid from RE at a rate of $0.44/kWh [119, 120], which is much higher
than the utility rate. This ensures shorter payback period in Australia. Recently, the
Australian government introduced a carbon tax that increased the cost of electricity from
conventional sources. Storage can help to increase RE utilization and to reduce the overall
cost of consumed electricity.
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Figure 3:30 Payback period of storage in three cases

3.4 Conclusions

A storage-integrated RE system was analysed for a residential load in Rockhampton,
Australia. Estimation of required storage with the RE system for the load was demonstrated.
Estimation steps were explained, and the estimation of required storage was done with a grid-
connected PV, wind and hybrid systems for a residential load of 15.7kWh/d in Rockhampton.
A software model in HOMER was used for the same daily average load of 15.7kWh/d and
identified optimised configurations for the required system components. Models were
simulated for the required system components for yearly load of 5730kWh/yr, taking into
account a 25-year project lifespan and also considering the solar radiation and wind speed
data with seasonal variation. The estimation process considered one-day loads and estimated
the required system components for the worst month solar radiation and wind speed data.

However, the results from both methods were similar, as shown in Table 3.8.

Table 3:8 Required system components in Estimation process and from optimized model

Configuration Estimation result Model result
PV/Wind Storage PV/Wind Storage
Solar PV system 2.541kW solar PV (665.90 - 1409.64)Ah 4kW solar PV 720Ah
Wind turbine system 1.92kW wind turbine (582.35 - 1010.14)Ah 2 kW wind 1080Ah
generator turbine generator
PV + Wind Hybrid 1.27 KW PV +0.9592kW | (543.62 - 1067.54)Ah 1KkWPV +2KkW | 1080Ah
system wind turbine generator wind turbine

The significance of storage with RE was analysed by building a model in HOMER. The

model was analysed in stand-alone and grid-connected configurations. Analysis was
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conducted to observe the storage influences over the GHG emission, RF, COE and NPC
indexes. It was found by analysing the result from the optimised model that storage has a

great influence on improving RE utilisation.

It was evident from the analysis that storage helped significantly in reducing GHG & other
pollutant gas emission, reduced COE, improved RF and reduced NPC. Comparing without
and with-storage systems models, it was found that in a grid-connected PV system, storage
reduced 44.79% of GHG and pollutant gas emission. In grid-connected wind and hybrid
systems, storage reduced GHG emission more than 100% by selling extra energy to the grid.
A grid-connected configuration storage improved RF; with PV, wind turbine and hybrid
systems, the RF was 48.6%, 91.5%, and 94.7%, respectively. Storage reduced COE; in a grid-
connected configuration, it was as low as the presently available grid electricity cost. For
hybrid and wind systems, the COE was $0.297/kWh and $0.27/kWh respectively. Similarly,
storage reduced NPC for PV, wind and hybrid configurations by 3.78%, 28.36%, and 32.69%,
respectively. Moreover, the payback time for storage is very short. Thus, a storage- integrated

RE system is more feasible for large-scale implementation.

Energy Storage and its Strategic Impacts on the Power Network 92|Page



Chapter 4 Network Model Development

Chapter 4

Network Model Development

4.0 Introduction

Renewable energy generation from solar and wind is largely variable and unable to meet
the timely load demand especially the peak demand. The ability to store generated energy
from these sources during peak generation periods allow RE generation to be utilised more
effectively. Using energy storage, network operators will be able to load shift, peak load
support, flatten the fluctuations and improve overall network performance. However, there is
little research done on the integration of large scale storage and RE with the power network

in Australia.

The power network in Queensland is versatile in many forms. It consists of diverse
network configuration to support dispersed load of various capacities. It also has SWER
network integrated with the conventional three phase distribution network. Integration of
large scale solar, wind energy and storage in this network may cause adverse impact which
was not tested before. One of the primary objectives of this thesis is to identify the impacts of

the integration of energy storage with the power network.

In order to investigate the impacts on power network, a realistic network model was
required to further investigate the impact to the power system network. This model enables to
further integrate RE sources and ES into the network. This model provides flexibility to
connect these sources and storage in various connection configurations in the power network
which is impossible in real life environment. This chapter provides details on the network
model which was developed to investigate in details for Rockhampton power network and

explained required settings for the model to analyse voltage regulation and harmonics
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emission. This model can be used for any future analysis by the utility operator in

Rockhampton.

Section 4.1 illustrates the power network structure in Queensland, Australia. The network
model development processes are explained in section 4.2. Section 4.3 introduces the use of
PSS SINCAL to develop a power network model considering various network settings. Four
different network setups are described in section 4.4 to identify the impacts of ES on the

power network. Final concluding remarks are made in section 4.5.

4.1 Background: Power Network in Queensland

Ergon Energy is the Distribution Network Service Provider (DNSP) in Queensland which
was formed by the Queensland Government in 1991 from the then six regional Queensland
electricity distributors and subsidiary retailers as shown in Figure 4.1. Figure 4.2 shows the

current geographical boundaries of Ergon Energy.

In the early years, electricity was supplied in regional Queensland from local authorities in

6 major areas:

e Far North (Cairns)

e North Queensland (Townsville)
e Mackay Region (Mackay)

e Capricornia (Rockhampton)
e Wide Bay (Maryborough)

e South West (Toowoomba)

Coal fired power stations are the main source of electricity in Queensland. Due to the
concern of GHG emissions, the government has planned to generate 20% electricity from RE

sources, particularly from solar and wind.
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Figure 4:1 Ergon Energy legacy regions Figure 4:2 Ergon geographical region [1]

The impacts of increased RE utilisation increases the risk of unexpected effects on the
utility grid. The associated risk cannot be seen in the present power network as current RE
adoption is significantly small and have no significant effect on the DN. Queensland power
network is quite different in many forms. Load types are nearly symmetrically distributed in
urban areas but industrial heavy loads (few MVA size) are connected along nearby very small
loads. Some heavy loads (such as mining site) are distributed in rural areas where loads are
not symmetrically distributed thereby power flow in the Queensland network is not uniform.
Ergon Energy is the utility operator in most of the areas in Queensland and supplies
electricity to around 700,000 customers, operating over an area of 1million square kilometres
areas which is around 97% area of Queensland [121]. Ergon Energy’s electricity network
consists of approximately 150,000 km of power lines and 1 million power poles along with
associated infrastructure such as substations and power transformers. Moreover Ergon
Energy operates 33 stand-alone power stations that provide electricity to the extremely
isolated communities. Ergon Energy was recently involved in electricity generation from
renewable energy (RE) sources and is one of Australia’s largest purchaser of RE [121].

Figure 4.3 shows the assets of Ergon Energy as of 30 June 2012[122].
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Figure 4:3 Ergon Energy Power Network and Network Assets [122]

4.1.1 Network Load and Challenges to Electrical Infrastructure

Customer number growth rate in Ergon Energy is an average of 1.7% per year [122] and
the peak day load profile of the Ergon Energy network is shown in Figure 4.4. The nature of

load demand has impacts on infrastructure utilisation.
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Figure 4:4 Peak day load profile of Ergon Energy network (2007/07 to 2011/12 seasonal year) [122]
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The rating of electrical infrastructure is usually dependent on the ambient temperature.
Due to the fact that a hot transformer cannot dissipate as much heat on a hot day as it can on a
cold day. Equipment that services a peak load is in risk for relatively long periods with high
heat therefore cannot service as high a peak load value. Total load profile shown in Figure 4.4

shows the challenges for electrical infrastructures such as [122]:

= Peak loads occur during 12:00PM and 15:00PM i.e. in the hottest part of the day
= Peak loads are not short term and remain high for most of the day and continue up to

the evening
= Peak load increases with increase in temperature while the effective rating of the

conventional power plant decreases with ambient temperature.

Residential load peak demand occurs in the evening and it is a minimum during the day
time, therefore there is considerable discussion about increasing the penetration of household
PV generation to reduce the day time peak demand. However, this will not alleviate the
evening peak demand without energy storage when residential demand is highest [122] as
well as the total load demand is at a peak. At present condition the power network in

Queensland faces several PQ related problems.

4.1.1.1 Power Quality Concern

Power flow in Queensland power network is not uniform due to large transmission and
distribution line to support distant and remote loads. The network also requires to manage a
unique combination of three phase and SWER network. Moreover the recent integration of
RE sources of various capacities through distribution network into the power network also
considered a prime cause of PQ problem. Ergon Energy has 1,789 Power Quality monitors

connected throughout the network which indicated that [122]:

e 27.7% sites recorded over voltage which is outside of regulatory limits.

e 1.8% sites having under voltage that is outside of regulatory limits.

e 1.8% of three phase sites showed unbalanced conditions which is outside the standard.
e Total harmonic distortion (THD) found in several sites was greater than the regulatory

limits.
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In LV DN continuous work is required to improve voltage unbalance, particularly with
rural feeders [122]. Figure 4.5 shows the power quality profile of Ergon Energy from 2006/07
to 2011/12 [122].
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Figure 4:5 Power Quality parameters (Ergon Energy Network) [122]

Therefore it is clear that power network in Queensland is facing two PQ related problems
such as; Voltage regulation and Harmonics. By integrating RE and storage, the present level
of problems may intensify; therefore it is urgently required to be investigated before large

scale integration.

4.1.1.2 RE share of Ergon Energy

As mentioned earlier, GHG emission is a great concern for stationary energy generation.
In order to reduce the environmental impact from GHG emissions, Ergon Energy is working
with several RE projects in Queensland [121]. At the end of February 2012, the estimated
total installed PV capacity in Queensland was 427 MW [123], although it is only a very small

part of present load demand.

e Birdsville Geothermal power provides 80kW of electricity to consumers and provides
around 30% of the annual electricity needs of Birdsville which is not connected to the

national grid.
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e Windorah solar farm in Western Queensland has a peak capacity of 130kW, however
diesel generators operate to support load during the night and on cloudy days. Small
size storage batteries are used for small fluctuations due to brief cloud cover.

e Two wind turbines generate up to 450 kW of electricity which is 5% to 10% of
Thursday Island’s electricity needs. The tower height is 30m and rotor diameter is
29m.

e Ergon Energy tested a 5kW hydrogen fuel cell in their Cairns workshop. It is intended
to support the sparsely populated customers at the end of long rural power lines.

Currently there is no RE projects in Rockhampton although many houses in this area have
already installed grid connected roof-top solar PVs and more such installations are expected.

This thesis considered Rockhampton as the potential site for investigation.

4.1.2 Site Description

Rockhampton is situated in Central Queensland, on the Tropic of Capricorn [124] and
typical temperature range 22°C to 32°C in summer and 9°C to 23°C in winter. This is very
sunny area and experiences over 300 days of sunshine each year. Also this city lies within the
cyclone risk zone. The present population of Rockhampton is 112,383 and land area is 18,356

km? [124]. Figure 4.6 shows the area boundary of Rockhampton region.
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Figure 4:6 Rockhampton Region Map [124]
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The coal-fired Stanwell Power Station in Rockhampton has a generation capacity of 1445
MW. In Queensland, Transmission network gets energy supply from various electricity
generators through “Power Link” and are connected to the bulk supply substation (BSS).
PowerLink is a Government owned corporation that owns, develops, operate and maintains
Queensland’s high voltage electricity transmission network. The power network in
Rockhampton is connected to the transmission network through Rockhampton Glenmore
BSS and 11 zone substations (ZS) that distribute electricity to the load through 56 distribution
feeders as shown in Table 4.1. ZS supplies 11 kV to Distribution substations (DS) that
supplies electricity to end loads through distribution transformer (DT). DT connects the low

voltage (LV) loads such as residential or commercial load.

Table 4:1 Zone Substations in Rockhampton power network

Zone Substation Type Short name | Capacity Distribution Feeder
Berserker ZS BER 66/11 kV 2
Canning Street ZS CST 66/11 kV 5
Frenchville ZS FRN 66/11 kV 7
Lakes Creek ZS LCR 66/11 kV 6
Malchi ZS MAL 66/11 kV 4
Mount Morgan ZS MTM 66/11 kV 3
Pandoin ZS PAN 66/22 kV/I11kV | 4
Parkhurst ZS PKH 66/11 kV 7
Raglan ZS RAG 66/22 kV 3
Rockhampton Glenmore BSS,ZS | RGL 132/66/11 kV 8
Rockhampton South ZS RSH 66/11 kV 7

Rockhampton distribution network is a major part of the Capricornia region network.
From source data of Ergon Energy in 2011 [18], the loading capacity of DT connected from
56 distribution feeders is shown in Figure 4.7 and the maximum utilization of these
transformer along feeders are shown in Figure 4.8 and the number of customers in different
zone substations are shown in Figure 4.9, where the total number of customer in
Rockhampton is 37,941 and total peak load is 194 MVA. There are a total of 1,341 numbers
of solar PV installations in Rockhampton and the cumulative PV capacity is shown in Figure

4.10.
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Figure 4:9 Numbers of customers in different zone substations along feeders [18]
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Figure 4:10 Installed Solar PV and numbers of PV customers [18]

Figure 4.11 shows the peak day summer load in Rockhampton [19]. Demand is very high

from 08:00AM to 10:00 PM.

Day of Annual Maximum Demand Day of Annual Maximum MW - Tuesday 02/03/2010
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Figure 4:11 Peak day load profile of Rockhampton in 2010 [19]

Present RE installations (Roof-top PV) in Rockhampton are at the L'V side and the local
operator (Ergon Energy) has no monitoring tool for the LV network. Software tools can
provide the scope and capability to investigate any possible effects due to RE integration into
the LV network. The accuracy of this investigation depends on the proper network model

having suitable control settings. Therefore the development of an accurate power network for
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Rockhampton is required so that it can incorporate storage and RE. Also selection of software
tools is important that can calculate load flow for fixed loads and time varying dynamic load

and also can analyse the harmonic effects.

The next section describes the development of a network model and Rockhampton was

chosen as a case study as it has very unique load profile.

4.2  Network Model Development

Power system analysis is essential for generation, load demand management, fault
detection and the economic use of power. To make the network reliable and sustainable it
becomes necessary to perform load flow analysis. Different iterative methods are commonly
used for load flow analysis such as; Newton-Raphson method, Gauss-Seidel method etc. To
develop a network model for power network analysis, a suitable software tool is essential.
Power flow analysis can be done by various simulation software. For basic power flow
analysis MATLAB toolboxes can be used but it has limitations for large power network such
as Rockhampton distribution network. Distributed generators such as storage and renewable
energy are the new sources (at the distribution network) for power flow analysis, hence
identifying a suitable tool was critical to further develop and analyse the network. A number

of relevant tools were investigated and identified suitable one as detailed below.

4.2.1 Software Simulation Tool selection

EasyPower is a load flow analysis software that determine active and reactive power,
overload and voltage violation problems [125] and optimise system for efficiency. ETAP
simulation can be used for prediction, design and the planning of system behavior which
includes Arc Flash analysis, short circuit analysis, load flow analysis, motor starting analysis
and load analysis [126]. ETAP Renewable Energy Software [127] can design, analyze and
operate wind turbine generator, solar PV for grid integration studies. ETAP Smart Grid
software allows control, optimize and manage power distribution networks. DINIS
(Distribution Network Information System) provides excellent graphical operation and
network representation for power analysis. DINIS [128] provides network analysis for 3
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phase, 2 phase and single or SWER network however it does not have RE features. PSS
SINCAL [129] has the ability to analyze unbalanced systems and harmonic distortion for a
modeled system. It also has the capability to represent the network and platform visually. PSS

SINCAL has the capability to calculate the following:

Load flow with the following calculation procedure
» Admittance matrix
= Current iteration
= Newton-Raphson
= Unbalanced
e Single phase, two phase or three phase short circuit calculation based on VDE/IEC or
ANSI or G74
e Unbalanced Load Flow
e Harmonics calculation
e Load Profile or Load curve calculation

e Fault detection

Moreover SINCAL can position the power network in real location in map using latitude
and longitude values of nodes to fit the network in Google Earth GIS map which gives better

view of the network.

DINIS is used by Ergon Energy to develop the HV distribution network for Rockhampton.
There is a conversion tool developed by Hill Michael [130] to transform the DINIS model to
the SINCAL model. Conversion is not straight forward as there are various complexities arise
due to conversion, which need to be rectified. However conversion provides the similar
skeleton of the original model which is very useful for placing the network according to GIS
data. Considering the capabilities of SINCAL and the availability of the conversion tool, it

helps to select PSS SINCAL as the simulation tool to achieve the objective.

Network development processes are explained below:
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4.2.2 Existing Network Model and its Conversion

Ergon Energy is the power utility operator in Queensland, Australia. Ergon energy
developed the HV network model using DINIS. The Smallworld and Google Earth model of
Ergon Power network were built based on the GIS database and the load information was
added in the DINIS model from Distribution Feeder Database (DFD). This existing DINIS
model of Rockhampton area was converted to the SINCAL model using Dinis-to-SINCAI
converter developed by Hill Michael [130]. Every nodes were checked to ensure the accuracy

of the developed and model corrected it as necessary.

Figure 4.12 shows the Rockhampton Distribution Network in DINIS and Figure 4.13
shows the converted model in SINCAL with resized object sizes. All data in SINCAL is
saved in table form in Access Database file, therefore changing this value was easily done by

the Export/Import facility from the Excel file.

Vo DINIS(1): ROUL_crescent_base 2009067) :
fle 187 Vew Tools Selection Analysis Resufts Lbrares  Seltings  Window J

Figure 4:12 Rockhampton Distribution Network in DINIS
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Figure 4:13 Converted Rockhampton Distribution Network in SINCAL

Load, transformer and regulator data was converted, however it was required to convert all
line or conductor data from per-unit/km to resistance/km. Transformer winding impedances
and zero phase sequence data was completed using the following processes and entered into
the SINCAL database. The process of converting line impedance is shown by an example

below:

Considering “Moon Conductor 7/4.75 AAC” and the conductor properties in DINIS is as

shown in Table 4.2.

Table 4:2 Conductor impedance data in DINIS

Conductor parameter Value (%/km)
Resistance 23.6
Reactance 29.543
Capacitance Charging 0.000402

Also considering for this example, DINIS uses a base value of 100MVA in the case of 11kV

system voltage, therefore impedance is;
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v ? 2
7, =l 000 010 1pu
Ky 100x10°

base

As the charging capacitance value is given in %/km and which needs to be converted to
nf/km, therefore;

1

Z =
2rfc

1 1

Cpre = = =0.00263f
= 2nfZ,, 2xx50x121

Therefore the impedance data in Table 4.2 can be converted as follows and converted values

are shown in Table 4.3:

- R
Resistance _ % 7 236 11 9120285560/ km
km 100 %~ 100

Reactance X,,,, . _29.542
km 100 “° 100

x1.21=0.35747Q / km

Capacitance (), = 0000402
km 100 " 100

x0.00263=10.575nf / km

Table 4:3 Conductor impedance in SINCAL

Conductor parameter Value/km
Resistance 0.28556 ohm/km
Reactance 0.35747 ohm/km
Capacitance 10.575 nf/km

The converter converts all impedance data and entered into the SINCAL model. Table 4.4
lists some other conductors used in this network and their current ratings and impedance

values.
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Table 4:4 Different conductor specifications used in the Rockhampton power network

Conductor | Stranding Code Feeder rating | R (ohm/km) | X (ochm/km) | C (nF/km)

type (Summer day)

AAC 7/14.75 Moon 300A 0.282 0.357 10.575
7/0.173 Wasp 281A 0.335 0.335 10.412
7/4.50 Mercury | 253A 0.314 0.409 9.133
19/3.25 Neptune | 396A 0.223 0.343 10.845
19/3.75 Pluto 340A 0.168 0.334 11.156
19/0.128 Hornet 300A 0.226 0.340 10.838

HDBC 19/2.00 19/2.00 229A 0.367 0.373 9.901
7/0.104 7/0.104 177A 0.560 0.436 8.397

ACSR GZ | 6/1/0.144 Mink 191A 0.484 0.371 10.068
6/0.186-7/0.062 Dog 230A 0.291 0.404 9.204

The LV network was not available in DINIS, therefore; it was developed using SINCAL
for further simulation. Moreover, SWER transformer information such as correct phase value
and voltage level was required to input manually. Each and every node was checked for an

accurate network model.

4.2.3 Validation of Model Network

The developed network model in PSS SINCAL was verified with the collected data and
the existing network model in DINIS along with the existing network information in Google
Earth model for Ergon Energy. This verification allowed the model to accurately represent
the current power network of the Rockhampton area. Therefore the integration of PV, wind
and storage on this network was rightly represented and allowed to identify the possible

impacts on the network.

Troubleshooting: During the troubleshooting phase, the network model was verified against
all other available information, different settings and parameter limits to ensure that the
network is running correctly. This stage eliminated any system irregularities and identified
values that are against the expected values to ensure completeness of the network model.

Errors were identified and eliminated within varying techniques such as changing system
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settings and using different parameters. Troubleshooting was essential to complete the

network correctly and to accomplish the objectives.

Low Voltage (LV) network: The LV network was not available in the DINIS model of
Ergon Energy. LV network information was available in the Google Earth GIS model, which
was the total LV load in a node. Due to this limitation the LV network was integrated into the
HV network model by using the LV distribution transformer (11kV/415V). The LV load,

energy storage and RE were connected on the secondary side (LV side) of the DT.

After fixing all errors during the conversion process and completing simulation settings,
latitude and longitude data was added to the Rockhampton Power network so as to position
the model in the right geographical location as shown in Figure 4.14. Figure 4.15 shows the
Rockhampton city in Google Earth that ensures the developed network is rightly aligned in its

geographical position. Figure 4.16 shows the Rockhampton power network in Google Earth.

n -
(2] Rockhampton ON_VLS - PSS SINCAL ool ]
Fle Eda Vi Incert  Dats  Calculate ik

)SEMN A P 3- OWE GBS R B, rehe W% o Weloe @ sundd
Rockhampton DN VL6 x - J

SR R

TR,

Figure 4:14 Developed Power Network Model of Rockhampton with GIS information
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Figure 4:16 Rockhampton Power Network in Google Map
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The process of the development of the Rockhampton network model is illustrated in Figure 4.17. It also indicates the stage where impacts can be

analysed.

GIS access
Dinis Modelling
Voitage Regulation/ Voltage Regulation/
Power Flow Resuit Power Flow Result
LVdaa
Genemon o~
N .. i umn-,) S~ —
Distribution Feeder Load Dinis Generic Load
database (DFD) data allocation
| Dinic/Si o PSS Si HV Summer Load LV Summer Model LV Summer Model LV Su Mod LV Summer Model VS Model
PVMWT/Load S‘;;P::em
LV Load data Genemm '° Harmonic
Harmonic Results Data Harmonic Results
HV Network Model in DINIS Conversion & Troubleshooting HV Network Model in SINCAL LV Network Model with PV/WT Data Resuit without Storage LV Network with Storage Data  Result with Storage

Figure 4:17 Network development process

The following section describes the network building steps, model considerations, controls and input settings which are essential to understand

the power network developed in PSS SINCAL.
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4.3  Introduction of Network Modeling in PSS SINCAL

This section describes how to develop power networks in the SINCAL environment and
Figure 4.18 shows the workspace of this tool. The toolbox, menu bar, working network

voltage level, result and view setting, workspace window and message window is shown in

Figure 4.18.
B Rockhampton_newScale_26042012 - PSS SINCAL ,‘_ﬂ =loi x|
(e & wow mot Colts Took Fomsk Gts_Windon Fsb ] Menu bar View & Result options
0@ QD as@B| b DWIE Juij:iE«-v.-&-uasmw - % staedad =8
[’mvbmm(uw) =] BaseArea -] Sel d Network LA ECRT | =] » SEN")
a::{ R L e e e v F|BIU|IEEZ S-S A IS-m- M-Sy

- 08aplil?2ieiend m—':v!s&-o-;-’rﬂdgﬁﬁ INOQ@O &/ RNy |@EEE

2012 - view x|

waval ||

Too Ibox

Emdt/nm

xmle“

sanedoid i [acboens i

08-SR S
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g OXx @
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akion completed succesfuly, 12:41:22 26j04/12)
atin compieted succestuly, 12:40:44 26/0412) Result & message window :1
ation completed succesfully, 12:22:20 26/04/12)
l »
Ready 423 Base Yarlant

Figure 4:18 Network development space in PSS SINCAL

4.3.1 Elements for Network Development

Building a network starts with setting the network voltage level. Table 4.5 shows the
voltage levels used in the Rockhampton power network; however other voltage levels can

also be set if required.

Table 4:5 Network Levels

Name Short Name Rated Voltage (Vn)
Transmission (132 kV) 132 kV 132.0 kV
Sub-transmission (66 kV) 66 KV 66.0 kV
Distribution (22 kV) 22 kV 22.0kV
Distribution (11 kV) 11 kV 11.0 kV
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SWER (12.7 kV) 12.7 kv 12.7 kV

Low Voltage (415 V) 415V 415.0 V

After defining the required network level, elements were added in the workspace and
connected with the proper conductor or line. Elements in SINCAL are in three groups: Node,
Node element and Branch element. Line parameter includes line type, line dimension, length,
resistance, reactance, capacitance, rated frequency, rated voltage, thermal current limit, zero-

phase sequence data and the phase of the line.

A simple network is shown in Figure 4.19 to describe the required element and control
settings. Distribution Transformer (DT) shows two voltage levels in the network. For
example, it is considered that the primary side (Tx_Primary) of DT has a 11 kV voltage level
and the secondary side (Tx_Secondary) has 415 V, therefore Load is connected to the LV
side and the single phase voltage becomes (415/\3) = 240 V. Each of the required elements

in the network is described below:

Distribution Transformer
Line\Conductor LV Node
-+ A A\ r g $ Dc

i Tx_Primary  Tx_Secondary
Infeeder DC-Infeeder

Load

Figure 4:19 A Simple Network

Infeeder:

Infeeder is the element that describes the power input to the network. The required
parameters such as minimum and maximum power, resistance and reactance, operating state,
power factor and the zero-phase sequence values are required to provide as shown in Figure

4.20.
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Basic Data | Element Diata | Controller |

Mode [HodePL LA REN |
Element Mame [PowserLink Infeeder

- ™ Enquivalent Supply
Metwork Level ITransmlssmn (132 kW] [132.0 kY] j b I~ Outof service

Il aximum inimum

Shart Circuit Power Sk |2.001.163 kA Sk 10000 Mva  Sk" 1.000.0  Mya
Resistance/Reactance R4 [ 0102595 pu R 01 pu R 01 pu
Yoltage S5k v 1.0 1 W 1.0 i W 1.0 1
Intemal Reactance i 0o oz

~ Operating State

Load Flow Type [Eland cosphi =] % |[none] =l
Init. Vahie Active Power Pst 0.0 Mw

Irit. Value React. Power Qst 0.0 My

Apparent Power 3 200 WA s [ 10 1
Power Factar cosphi 1.0 1

[~ Zero-Phase Sequence

Graunding [Nt grounded - Masimum Minimum fe
Zem Seq Resistance RO I 0662112 Ohm Rimax I 00 Ohkm  ROmin 00 Ohm
Zero Seq. Reaclance =0 I 5331744 Ohm H0max I 0.0 Ohm  *Omin 0.0 Ohm

Cancel

Figure 4:20 Settings for Infeeder

Transformer:

Transformer is one of the basic components in a power network and is connected in various
transmission and distribution networks. The parameters that characterise the transformer are
those values such as primary/secondary voltage, rated power, short circuit voltage, vector
group and the zero-phase sequence value. All the required values and phase data for each
transformer are entered into the network as shown in the Figure 4.21. For the analysis of LV
DN, the effects on secondary side (LV side) of DT and for HV DN, the effects on primary

side of DT needs to be observed.

Two-Winding Transformer i ﬂll

Basic Data | Element Data | Contioller |

Start Node (5] Im
End Hode (]
Element Name
MNetwork Level Transmission (132 kY] (132.0 kY] j (3 I~ Generator Uit
Standard Type I[NDHE] j i I~ Dut of service
r~ Transfarmer D ata Zero-Phase Sequence
Rated Yoltage Side 1 Vil 1320 k¥ 4
Rated Voltage Side 2 Vi 0 kv Zero Seq Resistance RO I 032666 Ohm
T an 00 MyA Zero Seq Reactance X0 I 2478524  Ohm
Ful Load Power Smax 00 M L
Ref. SCYoltage vk 80 =
5 Valtage - Dmic Pait i 00 % Meutral Paint Imp. Side 2 3 IFixed Grounded vI
Iron Losses Vfe 00 kw
Mo Load Current i0 oo %
Additional Raotation phi oo
Yector Group DYM1 -

Cancel |

Figure 4:21 Settings for Transformer
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Line or Conductor:

Conductor parameters are very important which includes type of conductor, length,
impedances, operating voltage, thermal current limit, zero sequence data as shown in Figure
4.22. SINCAL has a conductor database that provides a list of conductor with all required
parameters settings, however local settings can be entered. Conductor phases need to be
entered according to the connected network settings. A list of conductor parameters is

explained in Table 4.4 in section 4.2.2.

- 2l
0. Basic Data | Element Data |
Start Node y o4 m
I8 End Hode M2763 (]
Element Name 132_30/7/2 BACSRGZ [EDEDO3S1Z)
Network Level Transmission (132 kW) [132.0 kv] j 4
Standard Type I[nme] j - I Out of service
Line Type Overhead ling Crosz Section q I—DD mé
“Wave Resistance Equation MNa - Conductor Infia
Length | 8696134 km Temp. Coefficient alpha 0.004
No. of Parallel Systems p [ 101 Ma, Valtage Vimax [
Reduction Factar P 1.0/ Conductor Spacing d [ 500 om
Fesistance r 0.231 Ohmikm Mean Cond, Spacing da 900 cm
Reactance % 0405835 Ohmkm
Capacitance c 8.863847 nFlkm e
Losses to Ground va 0.0 kw/ikm 17
Rated Frequency frn 500  H=z Zemo Seq Resistance 0 0.448291 Ohmskm
Rated Yoltage W 1320 k¥ Zemo Seq, Reactance 0 1.36E6E4 Uhm!kmj
Thermal Limit Current Ith 0378 ka J Zeio Seq. Capacitance (=1] 0.0 nFkm
Ref. SC Current (1] ns [ 00 ka
Temp. at End of ST Ted [ 00 T
Cancel |

Figure 4:22 Settings for conductors

Load:

The input settings for Load type, Load flow type and Load inputs are required for simulation.
Load flow types define behavior of load for load flow (LF) calculations. Load inputs can be
in various formats like; (i) active power, reactive power and voltage (ii) apparent power,
power factor and voltage (iii) current, power and voltage (iv) active power and current etc.
and Factor can be used to multiply the load input values. Asymmetry can be entered by
selecting load phase. Load profile provides time varying load data which is required for load

curve (LC) calculation. Figure 4.23 shows the input setting of load element.
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Basic Data | Element Data I Spstem Data I Harmonics I
MNode Lv_Z1_N002 (] L3 |k
Element Name LO_MO02_L3
Metwark Level L [415%] (0.4 Ky T
SR ! " ! J 4 I Equivalent Load
Load Type Load j' I~ Out of service
r— Operating State Load Profile
Load Flow Type IF' and O constant 'l Load Increase b |[none] -
Load Input S, cogphiand v vl [raily Series b |SLoad ResDec302 =
Apparent Power 5 033 kva Weekly Series b |[none] -
‘rearly Series b |[none] X
Pawer Factar cozphi 049 1
Voltage W 000 %
Factar § fS 10 1
Manipulation Factar % |[nhone] o
()8 I Cancel

Figure 4:23 Settings for Load

DC-Infeeder:

DC-Infeeder can be a photovoltaic (PV), wind turbine or battery type as shown in Figure 4.24.
SINCAL simulates DC-Infeeder as the current source for load flow calculations. As the

battery works as storage therefore it can store and supply direct current (DC) during charging

O D @Bt

Battery/Storage  Wind Turbine Photovoltaic (PV) Microturbine Electric Vehicle Fuel Cell

and discharging.

Figure 4:24 Various DC-Infeeders
When DC power is positive, the active power on the alternating current (AC) side is as shown

by Equation 4.1 and when DC power is negative, the active power on the AC side is as shown

by Equation 4.2 [131].

P
P =P *fp *|1-— ldc *77 4.1
ac dc dc ( 100j 100 ( )
P *fP
p - _d @ 100 (4.2)
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Where Py is the DC power of battery, fyqc is the factor for DC power, Py is the loss until

inverter and 7 is the efficiency of the inverter.

The parameters of DC-Infeeder includes DC power, manipulation factor, efficiency of
inverter, loss before inverter, reactive power from inverter, rated voltage of inverter,
minimum and maximum voltage and connection type. Moreover daily, weekly or yearly load

profile can be entered for each of the DC-Infeeder. The settings for DC-Infeeder are shown in

Figure 4.25.
Basic Data I Element Data I Controllerl
Node | [TEEE] » oA [Lzz =]
Element Name |DCI4145
Network Level | Distribution (11 kv) (11.0kV) ARG W
— Operating State —Load Profile
DC-Infeeder Tupe Doaily Seres r  lnone] -
Installed DC-Power Pdc ‘weekly Series b |[rone) -
Fuel cell
Factor DC-Pawer fPde |Battery ‘rearly Series b |[none] it
anipulation Factar * E?;sm?&f:nelg}'
; Mobile conzumer
Losses until Inverter pldc Photovaltais e e v [irone] =
Efficiency Inverter eta 970 F3
Fieactive Power [nverter q 20 % r— Tranzformer
Fated Voltage Inverter W 1.0 kY Connecting IDirectIy b l
Controller Power Petr 00w Rated Valtage MNetside Win I M0 k¢
tinimum *oltage Ymin I a0 % Rated &pparent Power Sr I 280 kA
b awimum Yoltage Wmax I 1100 % Ref. 5CYoltage vk I oo %
Switch Off Time toff I 0o g Ratic A A= R I 0o
,TI Cancel
Figure 4:25 Settings for DC-Infeeder
Node/Busbar:

Nodes are the basic elements of a network. The Busbar is a special graphical form of node.
All network elements are connected to the node and the branch element connects two or three

nodes together.

4.3.2 Calculation Procedures

PSS SINCAL calculates currents in the network from differences in potential of nodes and
the impedance between nodes. Load flow calculations calculate current or voltage between

nodes. The node point equation creates the following linear Equation 4.3 [131].
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rv=r1 (4.3)

where Y is the node-point admittance matrix, V is the vector of node voltages and 7 is the

vector of feed currents.

The current vector is filled at the node points where power is added or removed before the
equation is solved. SINCAL simulates removal with negative feed current. From each phase
voltage, SINCAL calculates the current in the corresponding phase using Ohm’s Law. If a
phase is not connected, the current is zero. PSS SINCAL converts currents in phases (L1, L2
and L3) to component current using the transformation equation for currents as explained in

Equation 4.4 [131].

[0 L 1 1 1 [A

=—*1 a a*|*1I
1 B
I, \/37 1 & a .

(4.4)

Where Iy, I3, 1, are currents in the positive, negative and zero phase sequence. la, Ig and I are
the phase currents.
PSS SINCAL uses transformation equations for voltages to convert component voltages to

the phase voltages as explained in Equation 4.5.

v, L 1 1 1 v,
Vi=—*1 a a*|*|V

1 B
v, V3 1 a all|V,

(4.5)

Where Vo, V1 and V; are voltages in positive, negative and zero phase sequences, Va, Vgand

V¢ are the phase voltages.

The above calculation of currents and voltages is based on the universal complex

transformation matrix as shown below
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1 1 1
1. 1 a &
3 2

1 a a

27

Where 2=¢€
PSS SINCAL uses phase voltages and currents from the final iteration to calculate the power

in all phases.

4.3.3 Calculation Method Selection

PSS SINCAL calculation methods provide the option to select desired simulation tool as
shown in Figure 4.26. The purpose of this thesis requires the Load Flow (LF), Load Curve

(LC) and Harmonic analysis in asymmetrical network configurations.

Figure 4:26 Selection of Calculation methods
Calculation settings provide the details for the choice of each of these calculation methods.
4.3.3.1 Settings for LF Calculation

Calculation settings provide the option to select the operating state. “Determine Rating”
sets the reference value used to calculate the load. For this simulation “Base Rating” was

selected as no additional load values are required. “Asymmetrical” setting was selected to
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process the asymmetrical network element. “Diagram Creation” setting was set to
“Completely” for small network and ‘“Marked” for large networks so as to view the
simulation results in diagramatically. “Controller Adjustment” was set “Continuous” for
controller positions from integer to any deviating point, to determine the required level easily.
For all calculation methods “Zero Sequence Data” is essential and for global setting for this
simulation Z, was set identical to Z; which describes that zero phase sequence data is the

same as positive phase sequence data.

Figure 4.27 shows the calculation settings window for Load Flow (LF), Load Curve (LC)

and Harmonic/Ripple Control settings.

Calculation Settings 2|

Basic Data | Load Flaw | Load Flow et | Short Circuit | Harmerics/Riaple Cantral|

View Date ed 02/01/2000% | [~ Use Increased Loads
Load Data Date: Sun 02/03/2012
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Reference Power SRef 0.0 Mva
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Determine Rating [Base rating =
bods Asym. Elements [Use asprometrical =
Diagram Creatian [Completely |
Contioller Adistment [Cantinuous =
Zem Sequence Data
Mode Zero-Phase Impedance 20 identical to 21 =
Act. Part Lock Imp. 10000 Ohm
Imag. Part Lock. Inp 00 Ohm
G|
21 2] x]
Basic Data | Load Flow  Load Flow ext. | Short Circuit | Hamonics/Ripple Corirol | Basic Dt | Load Flon | Load Flow et | Short Ciouit Hemorics/Rippe Conirol |
[ Load Curve i Hamarics
Stat Time: ts 00 h Harmaric Weighting Type [EC 61000.24 class 1
Duratian tle 480 h
Detuning Factor D 10
Time Step dt 30.0  min
Frequency Response at Node For all same values -
| Load Development Iniial Frequency fs 500 He  EndFrequency fe [ 20000 H:
Start Dale: froel Lage FiequencyStep  dimax | 500 Hz  SmallFrequencyStep  dimin 50 Hz
End Date irone]
I~ Wave Resistance Equations for Lines I lgnore Consumer
I Include Resonance Network in Frequency I¥ Voltage Angle Consideration
Contingency Analysi
[Hepullmg Limit 0 ey
Flipple: Cantrol Frequency 500 He
IV Use Impedance Defintion

Cancel G

Figure 4:27 Calculation settings window

LF settings specify which simulation procedure is used for calculations. SINCAL provides

“Current iteration, Newton-Raphson, Admittance matrix and Unbalanced” procedures for
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normal LF, biased short circuit, optimal branching, multiple faults, load curve and load
development. For this simulation the Newton-Raphson procedure was used. To keep the
database size small “Due to method” was selected, that store results according to the
simulation method used. In “Extended Calculations” settings, “Load Factor” provides the
information about the load limit of the network reached in the range of 0 to 100. “Nodal
Transmission Loss Factor” provides the information on how changes in load will affect the

total active loss of the network.

Turning on “Load Flow Change” allows calculations to switch between LF procedures
appropriate for LF calculation and also to avoid convergence problem. Keeping the
impedance load conversion settings to “No” ensures load behavior is fixed as prescribed
active and reactive power independent of node voltage. Keeping the impedance load
conversion settings to “Normal”, converts the load behavior as an ideal impedance load and

consumed power changes quadratically with the voltage.

By setting “Enable Controllers” to “No” allows variable network elements only with
preset initial values. Setting this to “Normal” enables controller that control network elements
within a preset range. Setting this to “Extended” enables addition control function to ensure
that power in the network is distributed to all available generators and loads are shaded for

overvoltage or under voltage problems.

Maximum number of iteration determines the permissible iteration number to solve the LF
problem. “Island Operation” field activates dynamic modeling of generators and Infeeders.
This mode requires each connected sub-network should have one slack (generator or infeeder)

that assures power balance.

“Voltage limit Load Reduction” field prescribes voltage limit from which load is
dynamically reduced with a characteristics curve. This function requires setting the
“Extended” option in the “Impedance Load Conversion” field. “LF Speed Factor” controls

the convergence speed of the LF procedure and normally the acceleration factor is set to 1.0.
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LF result accuracy requires Power accuracy, Min. Power accuracy, Mesh accuracy and
Node accuracy field values to be set. If network condition is within the set value, LF results
are considered valid. Power accuracy specifies the maximum permissible power fault at the
node which was set to 1.0%. Min. power accuracy extends power accuracy fields for nodes
with minimal consumption or feed. Mesh accuracy only used with LF calculation for current
iteration. Node accuracy sets maximum difference in voltage for nodes between two LF

iterations.

Voltage Lower Limit and Voltage Upper Limit specify the permitted voltage range.
Element Utilization Limit and Line Utilization Limit control the permitted load limit for the

load flow.

“Extended Settings for Controlling” works only if the Enable controller field is not set to
“No”. Activate Generator controlling enables controlling for synchronous machine and DC-

infeeders.

Additional settings for Unbalanced LF Calculation:

This calculation method calculates networks with asymmetrical equipment and
asymmetrical transmission elements. Asymmetrical simulation of the network is necessary
and requires negative and zero phase sequence data as well as positive phase sequence data.
By modifying connection type, individual symmetrical networks become asymmetrical

networks.

PSS SINCAL uses symmetrical components to calculate unbalanced load flow. Lines,
transformers, coils etc. have series admittance. Consumers, motors, shunt reactors etc.
remove current from the network at their nodes. Generators, infeeders etc. feed current into

the network at their nodes. If they have constant power SINCAL treat them like consumers.

Asymmetrical load with grounded neutral point or one-phase grounded load only exists in
network with four conductors. Zero-phase sequence data are required to enter the fourth

conductor. Transformer and generator neutral points close the current through the fourth
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conductor. Zero-phase sequence data are required for successful asymmetrical load flow

calculations.

Network elements can be defined for unbalanced data by assigning the elements
connection type. Initially all elements connection type set as symmetrical (all phases) which

can be set to asymmetrical by changing connection phasing as shown in Figure 4.28.

| Basic Data ;:Element Data System Data.:_

Mode Bus4 L]
Element Mame AL1D
Metwork Level 3330k v » 12
112 ent Load
Load Type Load - 123 cervice

S
123

Figure 4:28 Element connection (Phase) settings

4.3.3.2 Settings for LC Calculation

Load curve are load flow calculations with load values that can be modified over time. In
addition to their rated values, loads are assigned with load profiles. Load Flow extension tab
describes the settings for load curve calculation as shown in Figure 4.27. Start Time and
Duration determine the time period for LC calculations. SINCAL performs LF calculations

during this period with given Time Step.

LC calculation determines the LF in low voltage distribution network while considering (a)
Load profiles, (b) Consumer simultaneity (c) Consumer data for each consumer connection.
This assures that load in the network is calculated more exactly and the LC calculation is

based on detailed network analysis.
4.3.3.3 Settings for Harmonics Calculation
Harmonic calculation is an effective tool for calculating the following in the electrical

transmission and distribution networks:

e Network inlet impedances at any point in a network
e Coupling impedances between any two points in a network

e Harmonic voltage and current distribution
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In PSS SINCAL, Harmonics calculates network impedance between a defined starting
frequency and an end frequency with frequency step. SINCAL calculates load flow to
determine the load current for the harmonic calculations. Supplementary data is required for
Harmonics calculations. Voltage source or Current source assigns harmonic voltage and

harmonic current at the respective frequency.

4.3.4 Model Simulation and Results

After completing network development and setting all control parameters, the network

was run for iterative methods for LF, LC or Harmonics calculations.

Simulation results show the calculation summary in the message window as shown in the
Figure 4.29. Warning message indicates about the input data is out of range, which helps to
correct the settings of the model. Finally the result can be found in tabular form from
database and LC result in graphical form. Harmonic calculation results can be found in
tabular form and in graphical form. However tabular form result can be exported for further

analysis using other applications

!
BEE2 e v- Bg SO X @
= | Caloulations (1)
[ Jr Load Flow Calculation {Calculation completed succesfully, 22:52:25 09/01/13)
- [ Errors (0) e
_ Warnings {30)
Ay W 2539 Yoltages different but in range ( Mode: LY _Z1_M00Z2 )
Ay W 2539 Yoltages different but in range { Node: Ly _Z1_MNO73 )
b W 2539: Voltages different but in range { Mode: LY_Z1_MO7S )
£ W 2539 Yoltages different but in range { Mode: Lv_Z1_NO7E ) _ILI
3

o ;
=5 Base Yariank 7

Figure 4:29 Calculation summary window

4.3.5 Standard Limits to Analyse Results

As discussed earlier in chapter 2, there is greater risk in terms of power quality when large
scale RE are integrated with the power network, particularly solar and wind energy. Several
literatures explained the advantages of energy storage but there is lack of research and
demonstration work in integration of large scale storage into the network. The power network
of Rockhampton neither experienced large penetration of RE nor large integration of energy

storage. However the large integration of distributed generator (DG) is expected in this
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network to overcome the challenges of GHG emission from conventional energy sources.
Therefore this thesis investigated two main power quality indexes (Voltage regulation and
harmonics) with large integration of RE with Energy Storage into the power network of

Rockhampton.

4.3.5.1 Voltage Regulation

Voltage regulation (VR) is the ability of a system to provide nearly constant voltage level

with a wide range of loads. VR can be expressed by Equation 4.6 [132]:

VR(%) = wao%
Vi (4.6)

Where V. is the voltage at no load, Vg, is voltage at full load. A smaller value of Vg is more

beneficial. There are standard limits for Vi to maintain PQ. However there are some

difference in voltage variation limits among different standards [12].

AS 60038 Standard [82] describes that, at PCC inverter should supply nominal voltage of
230 V AC for single phase line to neutral and 400 VV AC for three phase line to line with a
tolerance of +10% and -6% at a frequency of 50Hz. The utilization voltage range is +10%, -
11%. However, AS 61000.3.100-2011 [84] provides the limits of steady state supply voltage

at the customer connection points for LV (230 V nominal) system as give in Table 4.6.

Table 4:6 LV (230V) Steady state Voltage limits [84]

Steady state voltage | Voltage limit | Voltage limit | Single phase 3 wire,
measure (10 minutes (P-N) (P-P) centre neutral limit
rm.s) (P-P)
Min | Max | Min | Max | Min Max
Vi 216V | - 376V | - 432V
Vogw - 253V | - 440V | - 506V

AS 4777-2005 standard [21] provides voltage and frequency limits as shown in Table 4.7,
for inverter ratings up to 10 kVA for single phase and 30 kVA for three phase DG units to
inject electric power to the DN.
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Table 4:7 Voltage and frequency limits [21]

Voltage Voltage limits
Single phase Three phase
Vmin 200 - 230V 350 - 400V
V max 230 - 270V 400 - 470V
Frequency Frequency limits
finin 45 - 50Hz
Fnax 50 - 55Hz

Energex and Ergon Energy Standard [22], in Queensland, Australia set the nominal

voltage and maximum allowable voltage range for voltage regulation as shown in Table 4.8.

Table 4:8 Voltage Ranges and maximum allowable variance [22]

Nominal Voltage Maximum allowable
variance
<1kV [133] Nominal voltage + 6%

(240V Phase to Neutral
415V Phase to Phase
480V Phase to Phase)

1kV - 22kV Nominal voltage + 5%

22kV Nominal voltage = 10%

Photovoltaic Planning Criteria by Ergon Energy [23] allowed 1% voltage rise at 240V
base voltage due to the PV energy system at PCC. Operation of a Wind turbine (WT) may
affect the steady-state voltage in the connected network [134]. Operation of solar PV can
increase voltage at the connected node during maximum generation time although it depends
on the load profile. An installation of multiple WT may be assessed assuming its output
power at the PCC [134]. Load flow analysis can assess this effect if WT bring the magnitude

of voltage outside the required limit.

Voltage Unbalance:
Voltage unbalance is regarded as a significant PQ problem at the electricity distribution level.

In a balanced sinusoidal system, the three phase-to-neutral voltages are equal in magnitude
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and phase difference from each other is 120 degree. Any difference in that magnitude and/or
phase causes system unbalanced. VVoltage unbalance is caused by unequal system impedances
and unequal distribution of single-phase loads [135]. There are growing concerns, as the
increased penetration of single phase DG can overload one phase by unloading other phases

which is the common cause of an unbalanced system. Energex and Ergon Energy Standard

[22], sets limit for voltage unbalance as shown in Table 4.9.

Table 4:9 Voltage Unbalance [22]

Nominal supply Voltage Unbalance
voltage No contingency Credible General | Once per
event contingency event hour
30 min average 30 min average 10 min 1 min
average average
>100 kV 0.5% 0.7% 1.0% 2.0%
10 kV - 100kVv 1.3% 1.3% 2.0% 2.5%
<10kV 2.0% 2.0% 2.5% 3.0%

LF analysis can provide the phase voltage and angle to identify the voltage unbalance

condition.

4.3.5.2 Harmonics

Harmonics are the frequencies that are integer multiples of the fundamental frequency.
The ratio of the harmonic frequency to the fundamental frequency is the harmonic order.
Harmonic distortion in voltage or current waveform differs from that of an ideal sinusoidal
waveform and produces waveform distortion. Power system harmonics is receiving a great
deal of attention due to the increased portion of non-linear loads or generating sources
connected by inverters. Harmonics due to single phase distorting loads spread across the three
phases and excessive level of harmonics can overloading and overheating the neutral
conductor [24] and also can cause frequency resonance [136]. Harmonic currents injected

into the supply system can cause harmonic voltages to rise [137].

A common term that is used in relation to harmonics is total harmonic distortion (THD).

The ratio of the r.m.s. value of the sum of all the harmonic components up to a specified
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order (h) to the r.m.s. value of the fundamental component is termed as total harmonic

distortion and expressed by Equation 4.7 [137].

THD = /i(ﬂ]
h=2 Ql (47)

where Q represents either current or voltage, Q; is the r.m.s. value of fundamental component,
h is the harmonic order, Qy, is the r.m.s. value of the harmonic component of order h and H is

the highest order depending on application.

The above equation can be written for current or voltage signal using Equation 4.8 and 4.9[12]

=2 =2 =2 =2
THD (i) = \/IZ +1, +|4. ot
L (4.8)
2 2 2 2
THD(v) = \/vz +Vy Ve +V
Vi (4.9)

where iy and v; are the fundamental component of currant and voltage and iy, and vy are the

harmonic components.

High level THD can cause thermal effects on motors, transformers and capacitors causing
excessive heating and overloading of the neutral, as well as disturbance of electronic
equipments. High penetration of RE in LV-DN can cause single phase loading and leads to
the introduction of harmonics. Moreover inverters and its switching are a possible source of

harmonics.

Harmonic emission level:

The harmonic emission level into the power system is the magnitude of the harmonic voltage
or current vector at each harmonic frequency, which is caused by the considered (RE)
installation at the point of evaluation (POE). POE can be the point of connection (POC) or
the point of common coupling (PCC) of the installation that introduces harmonics. Harmonic
emission vector (Uy;) results in increased levels of harmonic distortion on the network (Unpost-
connection)) @S shown in Figure 4.30. Actual harmonic voltage or current at any point on a
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system is the result of the vector sum of the individual harmonic components of each source

[137].

Uh(postfconnection)

Uh(pre-ccnnecticn)

Figure 4:30 Emission vector (Uy;) and its contribution to the measured harmonic vector [137]

Harmonic emission should be less than the emission limit set in relevant standard and clauses
as discussed below. The significant harmonics (above fundamental) are usually the 3", 5™

and 7™ harmonics [138].

IEEE 1547 [79] describes harmonic current injection at the PCC and shall not exceed the

limit given in Table 4.10. Even harmonics are limited to 25% of the odd harmonic limits.

Table 4:10 Maximum harmonic current distortion (%)

Harmonic h<11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h | TDD
order (h)

% 4.0 2.0 1.5 0.6 0.3 5.0

For Grid connected energy systems via inverters, AS 4777-2005 [21] describes harmonic
currents of the inverter and shall not exceed the limits shown in Table 4.11 and total

harmonic distortion (THD) up to 50" harmonic shall be less than 5%.

Table 4:11 Current harmonic limits (%)

Harmonic order number Harmonic current Limits (%)

Odd harmonic

3,5, 7,and 9 4%

11,13 and 15 2%

17,19 and 21 1.5%

23,25, 27,29, 31 and 33 0.6%
Even harmonic

2,4,6and 8 1%

10 - 32 0.5%

Energex and Ergon Energy Standards for network performance[22] in Queensland, Australia

describe voltage harmonics for the system voltages up to 35 kV as shown in Table 4.12.
Energy Storage and its Strategic Impacts on the Power Network 129|Page



Chapter 4 Network Model Development

Table 4:12 Harmonic Voltage (in % of nominal voltage)

Odd harmonics Even Harmonics
Multiple of 3 Non multiple of 3
Order (h) % voltage | Order (h) % voltage Order (h) | % voltage
5.0 5 6.0 2 2
15 7 5.0 4 1
15 0.3 11 35 6 0.5
21 0.2 13 3.0 8 0.5
>21 0.2 17 2.0 10 0.5
19 15 12 0.2
23 15 >12 0.2
25 15
>25 0.2+1.3(25/h)
Total harmonic distortion (THD) = 8%

The compatibility levels of voltage harmonic are given in [137] and for long term effect THD

is 8% and for very short term effect THD is 11%.

4.3.6 Input Data for the Network Model

As explained earlier, for the network model to simulate for LF, LC or Harmonics
calculations, load profile for load, energy profile for solar and wind, storage size, DT size and

harmonics data for inverters are required.

Load profile data is required to calculate the Load curve simulation or time varying
simulation. Summer hourly load data of Rockhampton and hourly energy generated data from
PV and wind turbine was used for the daily energy profile. Load profile data was entered in
per unit (p.u.) value. Load profile data for load can be entered as load increases, daily series,

weekly series or yearly series data.

4.3.6.1 Load Profile for Load Data

Daily load data for residential load type and commercial load type data was considered for
the detailed analysis in different cases. Figure 4.31 shows the daily load profile starting from

00:00AM and ends at 23:00AM for residential and commercial load in Rockhampton.
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Figure 4:31 Daily Load Profile for various load type in Rockhampton

4.3.6.2 Load Profile for Solar and Wind Energy

Daily solar PV generated energy with hourly data was entered as the energy profile for PV
with PV parameter settings. Similarly daily wind turbine generated energy with hourly data
was entered with the wind turbine parameter settings. Energy generation from PV and wind
turbine was explained in detail inchapter 3 by using Equation 3.1 and 3.3. Various network
cases considered in this chapter, solar radiation and wind speed of summer season was
considered for greater energy output. Figure 4.32 and 4.33 shows the daily profile of solar
and wind energy. Wind turbine rotor diameter was considered 6.2 m and tower height of 20
m and overall output efficiency was considered as 20%. However energy fluctuation was
generated considering that there was deep cloud for long time and not enough wind speed for
long time and the fluctuated output profile of PV and wind turbine was considered in

different case configurations as shown in Figure 4.34 and 4.35.

rrrrrr foul PV generation profile. SR_SN_D052009 Factor[pu] Wind Turbine (WT) generation profile WP_SH30D6.2_J142009

\\

il o )
00 0100 0200 0300 0 00 0500 0500 0700 0800 0900 10:00 1100 1200 1300 1:00 1500 1600 1700 1800 1900 20:00 2100 2200 2300 0000 00:00 0100 0200 0 0600 0700 0800 0900 1000 1100 1200 1300 100 1500 1600 1700 1800 1900 2000 2100 2200 2300 0000

—— acto pu) (5%_SN_D052009

Figure 4:32 Daily PV generation profile in Rockhampton Figure 4:33 Daily Wind generation profile in Rockhampton
(11/05/2010 solar radiation Data) (14/01/2010 wind speed data)
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Figure 4:34 Daily PV energy generation profile with Figure 4:35 Daily Wind energy generation profile with
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Figure 4.34 shows the different types of energy fluctuations from Solar PV due to the
cloud movement. With varying size and frequency of cloud on the path of solar PV, energy
generation fluctuated with continuous short interval as shown in Figure 4.34(a), dip
fluctuation for short duration as shown in Figure 4.34(b) and dip fluctuation for longer time

as shown in Figure 4.34(c). As the variation in size and frequency of cloud and wind speed is
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natural phenomena, therefore these profiles in Figure 4.34 and Figure 4.35 were created to
observe impact and response of storage in the network.

4.3.6.3 Energy Storage

In SINCAL environment, energy storage is controlled by the power balance at the swing
bus. If there is enough power in the network, energy storage stores it and if there is less
power in the network, energy storage feeds the stored power into the network. Battery used as
energy storage and additional data of storage was entered such as; level of stored energy
when storage can start functioning, minimum storage (SOC) and maximum storage capacity
however charging and discharging efficiency also entered into the battery/storage parameter

as shown in Figure 4.36.

21 x|
Basic Data |
Mame IEnelgy Storage (ES5)
Type of Storage IBattery ;I
Start Storage Estart 0.0 kwh
Minimal Storage Emin H£0 kwh
M aximal Storage Emax 15000 kwh
Efficiency In etal 095 pu
Efficiency Out eta? 09 pu
ok I Cancel |

Figure 4:36 Settings for Energy Storage
4.3.6.4 Harmonics Data

To analyse harmonic effect on the network, harmonic emission of load, inverter with PV
and Storage and harmonic emission data of converter for wind turbine was entered from
available inverter harmonic data and considering maximum standard limits. Figure 4.37

shows the input window of harmonic current data for PV inverter.
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Figure 4:37 Harmonic profile window
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Load or equipment is a great source of harmonic current. Equipments are classified in four
groups (Class A, B C and D) for the required input current of not more than 16A/phase and
their harmonic current limit is mentioned in AS/NZS 61000.3.2 [139]. Single-phase power
electronic loads such as desktop computer and home entertainment equipment tend to have
high current distortion compared to three-phase power electronic loads [138]. Most of the
household equipments are in the class-A type and few are in the class-D type and total
harmonic current distortion (THDi) for class-A and class-D equipments up to 25" harmonics
is 17.27% and 17.41% respectively [139]. Considering current harmonic limits of class-A
equipment, load current harmonics were scaled down to 25% for THDi of 4.30% for the
analysis as shown in Table 4.13. SMA Sunny Boy SB5000TL-20 inverter current harmonics
limit follows EN 61000-3-12 Class A standard and THDi is 1.08%, moreover SMA Sunny
Backup SBU5000 inverter for storage current harmonics is less than 1.8% [140]. AS
61400.21 [134] , EN 50160 [141] and IEC 61000.3.6 [137] mentioned the voltage harmonics
limit for LV and medium voltage (MV) network and THD is 8%. Table 4.13 and Table 4.14
shows the harmonic emission data for load, inverter with PV and storage and wind turbine.
For large capacity node elements, the harmonic limit was scaled up accordingly based on the

data in Table 4.13 and 4.14.

Table 4:13 Harmonic currents of load equipments [33], inverter and harmonic voltage for WT
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2o Load (class-A) harmonic current Harmonic current Voltage Harmonic
g '\g Max. [In] | Considered In/11[ %] IsntE)Ar\]age inIvne/rltlfz/ ] = W{;]:lsjlr[b;/n]e
% 2 . nlA] 0 0 0
2 1.08 0.27 1.6875 0.012942 | 0.051689 | 1.2
3 2.3 0.575 3.59375 0228856 | 0.914052 | 3.0
4 0.43 0.1075 0.671875 0.005825 0.023265 0.6
5 1.14 0.285 1.78125 0.077436 | 0.30928 3.6
6 0.3 0.075 0.46875 0.005204 | 0.020783 | 0.3
7 0.77 0.1925 1.203125 0.054342 0.217043 3.0
8 0.23 0.0575 0.359375 0.004953 0.019782 0.3
9 0.4 0.1 0.625 0.039527 | 0.157872 | 0.9
10 0.184 0.046 0.2875 0.002827 | 0.011291 | 0.3
11 0.33 0.0825 0.515625 0.033559 | 0.134036 | 2.1
12 0.1533 0.038325 0.23953125 | 0.002136 0.008533 0.275
13 0.21 0.0525 0.328125 0.027398 | 0.109427 | 1.8
14 0.131 0.03275 0.2046875 0.002294 | 0.009162 | 0.258
15 0.15 0.0375 0.234375 0.021206 | 0.084697 | 0.24
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16 0.115 0.02875 0.1796875 0.002799 | 0.01118 0.246

17 0.132 0.033 0.20625 0.019243 | 0.076858 1.2

18 0.102 0.0255 0.159375 0.002731 0.010907 0.234

19 0.118 0.0295 0.184375 0.024458 | 0.097685 1.056

20 0.092 0.023 0.14375 0.002692 | 0.010752 0.225

21 0.107 0.02675 0.1671875 0.030202 | 0.120626 0.18

22 0.084 0.021 0.13125 0.002442 | 0.009752 0.216

23 0.098 0.0245 0.153125 0.033581 0.134122 0.846

24 0.076 0.019 0.11875 0.004731 0.018897 0.2124

25 0.09 0.0225 0.140625 0.031494 | 0.125787 0.762

Table 4:14 Harmonic current for different PV inverters [140, 142]

22 SMA 1.1 KW SMA 1.7 KW SMA 5 kKW SMA 10 kW
g T (THD 3.02%) (THD 2.16%) (THD 1.08%) (THD 1.0%)
=72 SMA SB1100 SMA SB1700 SMASB5000TL-20 SMA SMC10000TL
T ° | In[A] In/ll] %] | In[A] In/ll] %] In[A] In/ll] %] In[A] In/l[ %]
2 0.01811 0.37 0.0421 0.56 0.0111565 0.05 0.00586581 | 0.01
3 0.03071 0.63 0.0488 0.65 0.19729 091 0.384337 0.90
4 0.01118 0.23 0.0222 0.30 0.00502145 0.02 0.0114444 0.03
5 0.05128 1.06 0.0112 0.15 0.0667554 0.31 0.0512343 0.12
6 0.002751 0.06 0.0102 0.14 0.00448591 0.02 0.00672723 | 0.02
7 0.05858 1.21 0.017 0.23 0.0468467 0.22 0.0625911 0.15
8 0.005867 0.12 0.0095 0.13 0.00426986 0.02 0.00813819 | 0.02
9 0.05597 1.15 0.0226 0.30 0.0340753 0.16 0.0666775 0.16
10 0.009943 0.20 0.0238 0.32 0.00243703 0.01 0.00570188 | 0.01
11 0.04988 1.03 0.0326 0.44 0.0289304 0.13 0.0705687 0.16
12 0.009146 0.19 0.027 0.36 0.00184167 0.01 0.00756474 | 0.02
13 0.04027 0.83 0.0478 0.64 0.0236188 0.11 0.0593798 0.14
14 0.007046 0.15 0.0252 0.34 0.00197747 0.01 0.00335702 | 0.01
15 0.03447 0.71 0.0567 0.76 0.018281 0.08 0.0544674 0.13
16 0.004423 0.09 0.0178 0.24 0.00241313 0.01 0.00459997 | 0.01
17 0.0285 0.59 0.0579 0.78 0.0165892 0.08 0.0395974 0.09
18 0.00258 0.05 0.0085 0.11 0.00235417 0.01 0.0125238 0.03
19 0.02328 0.48 0.0509 0.68 0.0210845 0.1 0.0310429 0.07
20 0.00465 0.10 0.0049 0.07 0.00232081 0.01 0.000246588 | 0.0
21 0.01913 0.39 0.0385 0.52 0.0260361 0.12 0.0385961 0.09
22 0.004803 0.10 0.0105 0.14 0.00210479 0.01 0.00157224 | 0.0
23 0.01662 0.34 0.029 0.39 0.0289491 0.13 0.0307978 0.07
24 0.003586 0.07 0.0092 0.12 0.00407872 0.02 0.00835717 | 0.02
25 0.01558 0.32 0.0219 0.29 0.02715 0.13 0.0350835 0.08

Network development procedure, input parameter and control settings are described in
section 4.3 in order to build a power network model. The Rockhampton power network and

it’s development in SINCAL is also described. Based on the above description on network
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development, settings and parameter values for components and input data, four different

case scenarios are described below to identify the impacts on the power network.

4.4  Impact Analysis - Experiment and Software Model Investigation

In order to investigate the impacts on large networks, the initial model was developed
based on the experimental settings that integrate PV into the network. An extended model
was developed considering only a single distribution transformer (DT) load which is a single
unit of a large network. Gradually the model was developed based on the real network data of
Kawana suburb in Rockhampton. Finally the large Rockhampton power network was
considered for analysis which consists of 11 zone substations that supports load through 56
distribution feeders. However, 8 ZS was considered for the model development and
simulation as network data for Malchi, Mount Morgan and Raglan ZS power network was

not completely available.

Control cases are designed to investigate the voltage regulation (voltage drop or rise) due
to PV and wind turbine utilisation and the same with adding energy storage. Harmonic
emission due to PV and wind energy utilisation was investigated and the same was
investigated after adding storage. Fluctuation of generated energy from PV and wind turbine
was integrated and voltage regulation and harmonic emission was investigated with and

without energy storage.

The four different network configurations are described below and the modeling results

are described in chapter 5 and 6.

4.4.1 Investigation-1: Experiment and Software Model Simulation

Impacts of PV integration on power networks were investigated in an experiment
conducted at the Renewable Energy Integration Facility (REIF) of CSIRO in Newcastle,
Australia. During the experiment storage were unavailable, therefore a similar setup was
developed in PSS SINCAL and later storage was integrated as shown in Figure 4.38 and 4.39

respectively.
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Figure 4:38 Experimental setup at CSIRO

Figure 4:39 Model development mimic of Experiment Setup

4.4.1.1 Experimental Setup

Voltage regulation and harmonic emission on the network has been investigated with
varying PV and varying load conditions. The REIF has rapid integration facility that can
intelligently detect and solve faults on electricity systems. In its Minigrid facility 1 kW wind
turbine, 30 kW gas turbine, 23 kW solar PV, 64 kW load bank and 711 kWh Battery storage
(consists of Ultra Battery and Lead-acid battery) was available. For the experiment wind
turbine and storage was not available. The typical connection layout is shown in Figure 4.38
considering storage is disconnected. Three distribution boards with three data acquisition
systems connect up to 11.31 kW PV, upto 63 kW load and up to 30 kW micro turbine. Two
experiments were conducted by integrating 7.5 kW PV and then 11.31 kW PV.
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The three-phase voltage at REIF was 430V and phase voltage RMS value is 248V,
therefore the voltage waveform peak was at 350V. Switching facility was used in REIF to
connect PV, Load, micro turbine and storage to connect or disconnect to the network. Three
data acquisition system (DAQ-DB, DAQ-PV, DAQ-Load) collects voltage and current data
at 5000 samples per second at the main distribution board, at the node where all PV

connected to the network and at the load connected node.

There are 13 single phase inverters (4 in phase A, 4 in phase B and 5 in phase C) of SMA
1100W and SMA 1700W was used to connect up to 11.31 KW PV. SMA is one of the leading
type inverter and used with Solar PV at the CSIRO Renewable Energy Integration Facility (REIF).
The total installed inverters maximum capacity is 6.2kW, 6.2kW and 6.7kW in phase A, B

and C respectively.

4.4.1.2 Model Simulation Network Setup

A software model mimic to the experimental setup was developed and voltage regulation
and harmonic emission was analysed. Inverter efficiency was considered to be 91.5% and
losses from PV until inverter was considered such that total PV output was 11.31kW and
connected with inverter in the following order as shown in Figure 4.40; however total

inverter capacity was 19.1kW:

Inverters

Phase_A

6.2 kW Inverters

1.7 kw
Phase_B L7kw

19.1 kW 6.2 kW
1.7 kw

Inverters

1.1 kW
1.1 kW
Phase_C

6.7 kW

a. Connection layout of 13 inverters with phases at REIF

b. Connection of 13 inverter in software model

Figure 4:40 Inverter Connection Layout
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PV connected in different phases as inverter in different phases was connected as shown in
Figure 4.40. For total PV output of 7.5 kW, in phase-A one 1.7kW inverter, in Phase-B one
1.7kW and one 1.1kW inverter and in Phase-C two 1.7 kW inverter was switched off as
shown colored in Figure 4.40 (b). Considering power factor of 0.9 the maximum load
becomes (63/0.9) = 70.0 kVA therefore distribution transformer capacity was considered as

100 kVA.

Storage requires enough available power in the network and in the experimental setup PV
capacity was much less than the loads demand therefore there was no available power to store.
In chapter 3, estimation of required PV and storage size was explained and it was found that
to support maximum load demand by PV and storage, PV capacity should be 2.05 times the
total daily load demand and storage capacity is 0.8 times the total daily load demand [91]. In
order to investigate impacts of storage PV capacity was increased and storage was integrated.
Experimental and simulation results on Voltage regulation and harmonic emission is

explained in Chapter 5 and 6 respectively.

4.4.2 Investigation-2: Considering a Small Network

Based on the findings of simulation results and experimental results, a small network was

developed considering residential loads connected along a service line froma LV DT.

LV distribution network loads are connected along the distribution line and loads at the
end of the line receives lower voltage and DT connects all these loads to the HV side of the
network. Each DT has a specific loading or utilisation capacity. To ensure quality in power
supply up to the end load, DT always operated within their safe operating limit which is set
by the distribution network service provider (DNSP). Disturbance in one DT could affect all

loads on the distribution line or service line.

Voltage regulation and harmonics emission due to PV, WT and Storage was analysed and

a model was developed.
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Model setup:

A software model was developed considering that a distribution line from DT was supporting
residential load demand of a small area. Residential houses are connected to the single phase
line of DN. Figure 4.41 shows road sides view of residential electricity connections from the
DN in Rockhampton in Queensland, Australia. As mentioned earlier each residential house
peak load demand is 1.72 kW or 1.91 kVA, considering the power factor as cosg = 0.9. This
model considered 5 such houses are connected in each phase in each node and also
considered same load for each house. Therefore 15 houses are connected in each node and
total of 45 houses are connected in three nodes from the DT with a total load of 85.95 kVA. It
was also considered that 5 such houses installed roof top solar PV or WT in each node and
connected in Node-1, Node-2 and in Node-3 as shown in Figure 4.42 in distributed
connection configuration.

All three nodes are 500m apart from each other. The model was developed in PSS SINCAL
indicating RE (initially solar PV and then WT) and storage was connected to the DN through
an inverter. It was considered that load was uniformly distributed among three phases in each
node before installing RE. Storage was integrated with the RE integrated loads to improve
performance and maximise the use of RE. Initially RE (PV or WT), storage was distributed
along with load and then centralised integration of RE and storage was applied. Storage is
controlled by power balance at the swing bus, if there is too much power in the network,
storage will charge and if there is less power available storage will discharge. Other

considerations for the model are explained below:

Figure 4:41 Road side view of residential load connected from DT
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Figure 4:42 A small network model
4.4.2.1 Load Allocation

The average Australian household electricity use is about 16kWh/day [102]. Daily
household load profile is based on the working nature of the residents and the average load
pattern as shown in Figure 4.31 (b). In Queensland, Australia, peak demand generally occurs

between 16:00PM to 20:00PM, when most householders return home and turn on energy
intensive appliances [7].

The model considered urban area load with DT (11 kV/415 V) capacity of 100 kVA. LV

residential load was considered for unbalanced load flow and time varying load profile for
load curve analysis. Load allocation as shown in Table 4.15.

Table 4:15 Load allocation in three nodes

Node Phase 1 Phase 2 Phase 3
Node 1.23 KVA COS® KVA COS® KVA COS®
(DN1. DN2, DN3) 9.55 09 9.55 09 9.55 09

4.4.2.2 RE and Storage Allocation
Average daily residential load, solar radiation and wind speed in Rockhampton were
considered i selecting the required RE capacity. Ergon Energy, the local DNSP in
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Rockhampton allows 4 kW capacity of PV for each urban area house. Therefore allowed PV

capacity is 210% of the peak load demand of 1.72 kW.

It was found that for the solar radiation, wind speed and residential load in Rockhampton
the required daily PV output should be around 2.05 times or for WT around 1.7 times the
daily load demand [91] as explained in Chapter 3. In model inverter efficiency was
considered as 97% and loss until inverter was considered 5%. For this investigation, it was
considered that five houses in node-1 installed 5 kW PV or WT/house, similarly 5 houses in
node-2 and 5 houses in node-3. The energy profile for PV and WT is as shown in Figure 4.32
and 4.33. It was considered that storage was installed with the same peak capacity of load,
which is 1.72 kW in each house where solar PV or WT was installed. Therefore from a total
of 45 houses, 5 houses in each bus connected PV/WT or storage in distributed connected
configuration. However in centralised connection configuration 75 kW of PV/WT and 25.8
kW of storage were connected at the end node. Table 16 and 17 shows the installed PV or

WT and storage in different nodes.

Table 4:16 Installed solar PV/Wind turbine capacity in different nodes

Node Phase 1 Phase 2 Phase 3
kw No of | kW No of | KW No of house
house house

DN1 5

DN2 - 5 5 - -

DN3 5 5

Table 4:17 Installed Storage in different nodes
Node Phase 1 Phase 2 Phase 3
kwW No of house | kW No of house kw No of house

DN1 | 1.72 5 - - -
DN2 - - 1.72 5 - -
DN3 - - 1.72 5

4.4.2.3 Harmonic Data

For harmonic calculations harmonic data of the inverter, WT and load from Table 4.13

and 4.14 were considered.
4.4.2.4 Network Parameter
The single line diagram of the network as shown in Figure 4.42 uses solar PV, wind
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turbine and storage to support the load demand. The service line in the network connects all
the elements and integrates this small network to the large network using DT. The line

parameter and DT ratings are shown in Table 4.18.

Table 4:18 Network and line parameters

Operating voltage 415 V (line- line)/240 V (Line-ground)
sformer ratingDistribution tran 100kVA, 415 V/11 kV
Number of customer connected 45
Line length from Transformer secondary to end load 1.5 km
Conductor resistance 0.12602 ohm/km
Reactance 0.13486 ohm/km
Zero sequence data
Resistance 0.57 ohm/km
Reactance 1.5468 ohm/km
Capacitance 4.56 nF/km

Model was simulated in the following configurations and results are explained in chapter 5
and 6.

Case-0: Load only

Case-1: Load with Solar PV

Case-2: Load with PV + Storage

Case-3: Load with Large central PV power plant
Case-4: Load with central PV power plant + Storage
Case-5: Load with Wind turbine (WT)

Case-6: Load with WT + Storage

Case-7: Load with large central WT Power plant

Case-8: Load with central WT Power plant + Storage

4.4.3 Investigation-3: A Small Power Network in Rockhampton

In order to investigate the impacts of storage connected in the LV network, a part of the
Rockhampton distribution network was considered which was developed using PSS SINCAL.
The power network of Kawana suburb was considered for this analysis. The network is
connected through the McLaughlin Street distribution feeder from Parkhurst 66/11kV zone
substation with connected distribution transformer capacity is 13,281kVA with 1463

customers connected. Currently DTs are 41% utilised. In this network currently installed PV
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capacity is 95.8kW where cumulative PV panel output is 86.7kW and maximum installed

single PV capacity is 4kW and total 44 customers already installed PV panels.

Model Setup:

This model is a part of the Rockhampton power network and considered only one distribution
feeder that is connected from Parkhurst zone substation. Loads along the feeder are shown in
Figure 4.43. Load distribution, PV and storage allocation, load profiles and harmonic

information are described below.

Figure 4:43 Power network of Kawana area

4.4.3.1 Load Allocation
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For unbalanced load flow simulation, HV load was transformed to LV load by connecting
through a LV DT which was set as 41% loaded. From infeeder to the end load, this network
was divided into 7 load zones to observe impacts on different node points of the network.

Table 4.19 shows the 3-phase HV side load distribution of the network.

The HV side 3 phase loads were uniformly replaced and distributed by three single phase
loads connected through DT (11kV/415V) as shown in Figure 4.43; therefore zone wise load

allocation remains same as shown in Table 4.19.

Table 4:19 Load distribution of the network

Zone Load connected HV | Load Total and % of
side node S[kVA] Cos(phi) | load

Z1 HV_N002 1.0 0.90 1005.722 kVA
HV_N003 160.388 0.95 (18.48%)
HV_N007 140 0.90
HV_N009 50.917 0.95
HV_N010 600.0 0.8
HV_N074 2.5 0.90
HV_NO078 50.917 0.95

z2 HV _N014 50.917 0.90 763.755kVA
HV_NO015 50.917 0.95 (14.03%)
HV_N018 152.751 | 0.90
HV_N019 50.917 0.95
HV_N021 152.751 0.90
HV_N022 152.751 0.90
HV_N023 152.751 0.90

Z3 HV_N025 127.292 0.95 789.212kVA
HV_N028 101.834 0.95 (14.50%)
HV_N029 101.834 0.95
HV_NO031 152.751 0.95
HV_NO033 50.917 0.90
HV_NO036 254.584 0.90

Z4 HV_NO038 152.751 0.80 601.052kVA
HV_N040 30.55 0.95 (11.04%)
HV_N041 115.0 0.90
HV_N042 150.0 0.90
HV_N043 152.751 | 0.90

Z5 HV_NO047 101.834 0.90 1111.004kVA
HV_N049 500.0 0.80 (20.41%)
HV_NO051 152.751 0.90
HV_N052 101.834 0.90
HV_NO055 152.751 0.80
HV_N056 101.834 0.95

Z6 HV_N057 101.834 0.95 407.336kVA
HV_N059 101.834 0.90 (07.48%)
HV_N061 101.834 0.95
HV_N063 101.834 0.95

Z7 HV_N067 101.834 0.90 763.755kVA
HV_N068 152.751 0.90 (14.03%)
HV_NO070 152.751 0.90
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HV_NO073 101.834 0.95
HV_NO076 101.834 0.90
HV_NO076 101.834 0.90
HV_NO77 152.751 0.90

4.4.3.2 Photovoltaic and Storage Allocation

After converting all loads to single phase load, PV capacity was allocated to each node on
single phase line with 20%, 50% and 100% of load rating. Similarly, storage was also
allocated in 20%, 50% and 100% of load rating. To set the PV and storage capacity, inverter

efficiency was also considered.

Load profile:

For load curve analysis load profile of each single phase load, daily average summer solar
radiation of Rockhampton and storage capcity were considered. The load considered was the
residential load of the typical summer period of Queensland Australia. Load profiles are

shown in Figure 4.31 (b) and 4.32 in per unit (p.u.) value.

4.4.3.3 Harmonic Data

All loads and inverters current harmonics data were inserted into the model to calculate
the harmonic emission on the DN. Present day inverter efficiency is 93% to 97% [143].
Storage is connected to the grid through an inverter and SMA Sunny-backup SBU5000

inverter THD(i) is <1.8%. Harmonic data is shown in Table 4.13 and 4.14.

Model was simulated in the following configurations and results are explained in chapter 5
and 6.
a. Distributed Integration of RE and ES:

= Load with no PV or storage installed

= Load with PV (20% of load rating)

= Load with PV and storage(20% of load rating)

= Load with PV (50% of load rating)

= Load with PV and storage (50% of load rating)

= Load with PV (100% of load rating)

= Load with installed PV and storage (100% of load rating)
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b. Centralised Integration of bulk size RE and ES
4.4.4 Investigation-4: Rockhampton Power Network

Development of the Rockhampton power network was explained in section 4.2 and 4.3.
Network building in PSS SINCAL and necessary settings are shown in section 4. The

developed Rockhampton power network is divided under 8 zone substations as shown in

Figure 4.44.
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Figure 4:44 Rockhampton Power Network under different Zone substations
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Main supply from Power Link connects the Rockhampton Glenmore bulk supply station
(BSS) through a 132 kV line and all other zone substations (ZS) linked with BSS through
66/11 kV transformer and connects all feeders under respective ZS. From various points of
the feeder, distribution transformer (DT) connect loads with the feeder. For LV loads DT
supplies (11 kV/415 V) 415 V line to line or 240 V line to neutral voltage. HV loads are
connected to 11 kV line from DT. RE such as solar PV and wind turbine and energy storage
such as battery are connected to the LV side of the DT. Figure 4.45 shows the simple

connection layout.

The impact analysis model was analysed concentrating on the longest feeder under each
ZS. Voltage regulation and Harmonics calculation was done in load only, load with RE and
load with RE and storage configurations. As discussed earlier, that storage stores energy only
when there is enough power available in the network, therefore this analysis started
considering that installed RE (PV or Wind turbine) capacity is same as load, although load
profile and RE profile differs. There is total of 1,232 number of HV nodes that connects
various capacity loads in the network. Total network load is 168,620 kVA. This load
distribution is listed in Appendix-A. DT connecting LV loads are considered 50% loaded or

utilised during peak demand.

Harmonic data for load, inverter and storage is already explained and listed in Table 4.13
and 4.14. Conductor parameters are explained in Table 4.4. Load profile for load, solar and
wind energy are also explained in sections 4.3.6.1 and 4.3.6.2 as shown in Figure 4.31, 4.32

and 4.33.

The analysis was done starting from end node along the service line towards the ZS under
the following configurations:

e Load only (no PV/WT and Storage penetration)
e Load with RE (with PV/WT penetration)
e Load with RE and ES (PV/WT and Storage penetration)
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Figure 4:45 Simplistic connection layout from supply to load

The findings are explained in chapters 5 and 6.

45 Conclusions

This chapter explained the development of power system network along with its capacity
and power quality challenges faced by utility operator Ergon Energy. Voltage regulation and
harmonics are the main concerned elements associated with power quality. Thus, this
investigation was required to discover the impacts of large scale RE and storage integration
into the network. In order to conduct this investigation software simulation was required and
the best way to achieve acceptable result is by considering a practical power network with
real data. Therefore this chapter describes the development of power network in PSS
SINCAL. The network development, required parameter and settings are explained.
Moreover, a network model was developed based on the experimental investigation. Four
different network models were developed and explain as it analyses voltage regulation and
harmonics. The development of this accurate model is the first of its kind which will be very

useful for the network engineers to maintain the network more reliably.
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Chapter 5

Impacts of Storage on Network Voltage Regulation

5.0 Introduction

A detailed scenario on experimental setup and model setup were described in Chapter 4
considering various network sizes in order to analyse impacts of storage on power network.
This chapter discusses the results of experimental and simulation work in terms of voltage
regulation (Voltage drop or rise) in the network due to the integration of Energy Storage (ES)
with RE into the power network. Four different cases were described in chapter 4 to
investigate the impacts of integration of large scale storage and RE sources from small scale
to large scale networks. This chapter describes the investigation and results of the following 4

scenarios:

Investigation-1: Voltage variation observation by
A. Experimental Investigation
B. Simulation based on experiment
(i) Without Energy storage
(i) With Energy storage

Investigation-2: Voltage variation observation in a small distributed load network
Investigation-3: Voltage variation observation in a small Power Network in Rockhampton

Investigation-4: Voltage variation observation in a large Rockhampton Power network

Section 5.1 details the experiment and simulation results. Section 5.2 explains the
investigation results of a network segment by integrating RE and storage in distributed and
centralised way. Section 5.3 covers a practical network of Kawana in Rockhampton and the
results are discussed. Section 5.4 covers the complete power network of Rockhampton.

Results are discussed by the separate analysis of 8 Zone Substations (ZS) in Rockhampton
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and finally the results for the complete power network of Rockhampton are given.

Conclusions are made in section 5.5.

5.1 Results and Discussion of Investigation-1

This section covers two parts; (i) results of the experimental investigation and (ii)

simulation results without storage and with storage integrated configuration.

5.1.1 Result and discussion - Experimental Investigation

The experimental setup was explained in Chapter 4, as shown in Figure 5.1 (which was

shown in Figure 4.38 in Chapter 4).

Distribution Board (DB)

DAQ-DB 7.5 kW PV
-_/ 11.31kW PV
DAQ-PV
—=
Ultra Battery
Z 30kW pTurbine
Lead-acid Battery DAQ-Load Bank
.__/ - 23/43/53/63kW Load
28 Bank (R, L, C)

Figure 5:1 Experimental setup at CSIRO

Two experiments were conducted to observe the impacts of increased PV penetration.
Phase voltage data was collected at the data acquisition systems in DAQ-DB at 5000
sample/sec for the following two experiments. PV was connected into the network in
different sizes in different phases as showed in the inverter connection layout in Figure 4.40

in Chapter 4, but load was connected as 3-phase.

Experiment-1: 7.5 kW PV integration with varying load (23/43/53/63 KW)
Experiment-2: 11.31 kW PV integration with varying load (23/43/53/63 kW)

Voltage data collected from DAQ_DB for both experiments was compared with the
expected voltage waveform peak value of 350V. In 3-phase line phase-to-phase voltage at
REIF was 430V.
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By analysing the experimental results it was found that significant voltage fluctuation
occurred into the network, as well the power factor was reduced with the increase of PV
penetration. In the experimental network, a maximum of 11.31 kW PV was integrated
through inverter which added active power into the network. This has increased active power
and reduced the share of reactive power in the network which caused to reduce the power
factor. It was also observed that voltage waveform was a bit out of phase as shown in Figure
5.2 and 5.3. Voltage waveform was also not purely sine wave, as the peak has flat head which

can cause harmonics into the network.
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Figure 5:2 Phase voltage after integrating 7.5 kW PV with 63 kW Load in Experiment-1
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Figure 5:3 Phase voltage after integrating 11.31 kW PV with 63 kW load in Experiment-2

Figure 5.4 shows the comparison of the voltage waveform of the two experiments. It is
now clear that voltage waveforms are not purely sine wave and the difference in amplitude is
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also clear between 7.5 kW and 11.31 kW PV integrated systems. As the PV was not
uniformly distributed among phases it is therefore also clear from Figure 5.4 that the phase
voltages are slightly out of phase. Voltage in phase-2 (V2) is slightly higher in 11.31kW PV
integrated system than 7.5kW PV integrated system. Therefore it can be concluded that

voltage increased with increased PV integration.

Voltage Fluctuation with 7.5 KW and 11.31kW PV
400
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Figure 5:4 Comparison of the peak Phase voltages for 7.5kW and 11.31 kW PV integrated systems

Phase Voltages (V)

5.1.2 Result and discussion - Model Simulation

A software model was developed in PSS SINCAL which mimics to the experimental setup
as shown in Figure 5.5 highlighting the observed nodes which was also shown as Figure 4.39
in chapter 4. Three phase voltage was also considered as 430 V. PV, Load and storage
connected to the network through distribution transformer (DT). The software model
provides the flexibility to increase PV integration and to integrate energy storage (ES) into

the network.
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Solar PV in Phase-A
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Figure 5:5 Software model mimic of experimental setup showing Observed nodes

5.1.2.1 Model without Energy Storage Condition

In the software model, solar PV was integrated in Phase-A, B and C as total installed PV
capacity was 7.5 kW and 11.31 kW similar to Experiment 1 and 2. Each PV was connected to
the network with an inverter. The connection layout of PV with inverter is shown in Figure
4.40 i Chapter 4. Three phase load was considered and a commercial load profile was used

as shown in Figure 4.31(a) in chapter 4. The model was simulated under the following

configurations and results are then compared:

» Configuration-1: 7.5 kW PV integration with 63 kW load

= Configuration-2: 11.31 kW PV integration with 63 kW load

Voltage was measured in BUS-2, BUS-1 and Tx_ Secondary as shown in Figure 5.5. Load

flow simulation was conducted in this experiment.
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PV was connected in three different phases; therefore phase voltage is compared here. As
mentioned earlier in Chapter 4 that in CSIRO three phase voltage was 430V therefore phase
voltage was 1deally 248.3 V. The simulation result compared the voltage regulation in three
different nodes (Tx_secondary, BUS-1 and BUS-2) after integrating 7.5 kW PV and 11.31
kW PV. Comparing the phase voltage with the rated voltage (248.3 V), the voltage regulation
shows that voltage increases more at the point where PV is connected 1.e. at BUS-2 compared
to BUS-1 and particularly phase-2 voltage or V2 was increased more in 11.31kW PV
integrated condition than 7.5 kW PV integrated condition as shown in Figure 5.6. Earlier
experimental results also found that phase-2 voltage increased more with 11.31 kW PV than

7.5 kW PV integrated condition as shown in Figure 5.4.

Voltage Regulation in 7.5 kW and 11.31 kW PV integrated condition
100

B 7.5KWPV_V1/V1[%]
B 7.5kWPV_V2/V1[%]
u7.5KkWPV_V3/Vi[%]
®11.31kWPV_V1/Vi[%]
m11.31kWPV_V2/Vi[%]
¥ 11.31kWPV_V3/Vi[%]

Voltage Regulation (%)

Tx_Secondary BUS-1 BUS-2

Figure 5:6 Voltage regulation comparison between 7.5 kW and 11.31 kW PV integrated condition

As the installed PV was not uniformly distributed among the three phases, the simulation
result showed a phase unbalanced condition as seen in Figure 5.6. This phase unbalanced
condition also changes the phase condition at Tx Secondary node although the level of
unbalanced condition is low at this node. Therefore it is clear from both the experimental and
simulation result that, increased PV integration increases voltage at the point of connection or

point of common coupling (PCC).

5.1.2.2 Model with Energy Storage Integrated Condition

In this case, the model was modified to investigate the impacts of adopting energy storage .

The model layout is shown in Figure 5.5. It was explained earlier that storage is essential to
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take the benefit and for the effective use of solar and wind energy. In order to utilise storage
there should be enough supply of energy as explained in Chapter 3. In such circumstances,
PV daily output capacity should be 2.05 times the daily load capacity and storage capacity is
0.8 times the daily load capacity [91] for a typical residential load profile in Rockhampton,
Australia. As for the commercial load of 63 kW, PV was considered 129 KW and 63 kW ES
was integrated for best utilisation of PV energy and was simulated in the following
configurations:

= Load Only (63 kW)

» Load with Solar PV (63 kW Load & 129 kW PV)

» Load with Solar PV and Storage (63 kW Load, 129 kW PV and 63 kW Storage)

Load profile and solar energy profile was considered as shown in Figure 4.31(a) and
Figure 4.32 in chapter 4. Load flow (LF) simulation was done and voltage was measured at
the LV side (Tx_Secondary) of the distribution transformer (DT) and at the point where load,
storage and PV 1s connected 1.e. at BUS-1. It was found that at BUS-1 there was a significant
voltage drop in load only condition, but after adding enough PV the voltage at BUS-1
becomes more than the supply voltage, which is a risk for large scale PV integration. After
adding storage, at BUS-1 voltage was dropped and at the same time improved the load side
voltage and thus improved voltage regulation. Figure 5.7 and Figure 5.8 shows the voltage

regulation (in percentage of rated voltage) and phase to ground voltage respectively at the

observed nodes.
Voltage Regulation in different configurations
B Tx Secondary MBUS-1
__100 =
S
= 98
L
E 9
o
z 94
)
8 92
S
~ 90 -
Load only Load+PV Load+PV+Storage

Figure 5:7 Voltage Regulations in different configurations
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Figure 5:8 Phase Voltages in different configurations

To observe voltage variation with the load and generation profile, load curve (LC) analysis
was done to view hourly variation in voltage in three configurations. In load only
configuration i.e. when PV and storage was not connected to the network, at BUS-1 the
voltage level drops significantly during the period 10:00AM to 18:00PM when load demand
was high. Figure 5.9(a) shows the voltage profile at BUS-1 in load only configuration when
the voltage level drops to 91.378% at 14:00PM.

When PV was integrated, the voltage at BUS-1 varies from 92.78% to 98.83% and
maximum change/swing occurs during 08:00AM to 18:00PM as shown in Figure 5.9(b) and
at 14:00PM voltage was measured at 98.10% of the rated voltage. After adding storage into
the network, voltage at BUS-1 varied from 94.44% to 97.81% as shown in Figure 5.9 (¢) and
at 14:00PM voltage was 94.65% of rated voltage. The storage charge-discharge cycle is

shown in Figure 5.9 (d).

ure Pl Utilization Curve - Node Voitage BUS-1 ure ] Utilization Curve - Node Voltage BUS-1
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—— ure ) (BUS-T)

a: At BUS-1 Load only configuration b: At BUS-1 Load with PV configuration
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Figure 5:9 Voltage variations at BUS-1 and Storage charge & discharge energy

The storage cycle in Figure 5.9(d) shows that storage stored energy during peak generation
from PV during 09:00AM to 17:00PM and released stored energy during 18:00PM to
24:00PM. Therefore during the night when there was no PV generation, ES supported a part

of load demand which eventually reduced the load on other network elements such as DT.

Element Utilization: Network elements are utilised according to the variation in load
demand and variation in generation. Distribution Transformer (DT) is a key element that
supports various loads, therefore proper utilisation of DT is of great importance. Daily
utilisation of DT shows that after integrating PV, DT utilisation fluctuates and after adding
storage this fluctuation is minimised and overall loading on DT also reduced. The installed
DT capacity was 100 kVA. In load only condition maximum utilisation of DT was 76.6% and
the minimum was 29.6% as shown in Figure 5.10 (a). In PV integrated condition loading on
DT reduced during 07:00AM to 09:00AM and during 15:00PM to 17:00PM, however during
11:00AM to 14:00PM and 17:00PM to 21:00PM DT loading remains high as shown in
Figure 5.10 (b). After adding ES into the network with PV, storage stored excess energy from
PV and at the same time PV supports load demand during midday therefore DT utilization
reduced and maximum DT utilization becomes 49.75% at 13:00PM, moreover during
18:00PM to 24:00AM storage support load demand which reduced loading on DT as shown
in Figure 5.10 (c) and Figure 5.10 (d). Storage reduced DT loading swing and also reduced

peak utilisation; therefore storage improved the DT loading capacity.
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Figure 5:10 Distribution Transformer (DT) utilization is different configurations of network

Finally, the findings from the experimental and simulation investigation can be

summarised as:

= Experimental and simulation results showed that PV increased voltage at PCC

= Phase voltage distortion occured when installed PV was not distributed uniformly
among phases

= From simulation result it was found that storage reduced network voltage rise
during peak generation from PV and increased voltage level when generation from
PV was absent. Therefore storage helped in improving voltage regulation.

= Storage reduced loading on DT which helped to increase DT capacity and improve

network performance.

The experiment and simulation was limited in a single 3-phase load; however in practical
power network various single phase loads are connected especially the residential load. The
next investigation describes voltage variation due to ES and RE integrated condition in a

single phase distributed load network.
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5.2 Results and Discussion of Investigation-2

In this study a model was developed considering single phase residential loads that are
connected along a service line in a L'V distribution network. Model setup, load, renewable
energy (PV and wind turbine), storage allocation and required parameter settings were
described in section 4.4.2 in Chapter 4. For the ease of understanding the findings, the model

layout in Figure 4.42 in Chapter 4 is shown below as in Figure 5.11.
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Infeeder LV side DT DN LN1%  |os DN_LNJ DN_LN3
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a. Load only connection configuration
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L . c. PV/WT/Storage - centralised connection
b. PV/WT/Storage - distributed connection

Figure 5:11 A small network model

The model was simulated to evaluate the impacts of storage and RE on DT and DN. Load
flow (LF) analysis was carried out to investigate the voltage regulation on the LV side of DT
while load curve (LC) simulation was done to investigate voltage profile and loading on DT
in various cases. Model was configured in the following 9 different cases and the findings are

summarised below:

e C(Case-0: Load only
e C(Case-1: Load with Solar PV
e C(Case-2: Load with PV + Storage

Energy Storage and its Strategic Impacts on the Power Network 160|Page



Chapter 5 Impacts of Storage on Network Voltage Regulation

e Case-3: Load with Large central PV power plant

e Case-4: Load with central PV power plant + Storage
e C(Case-5: Load with Wind turbine (WT)

e C(Case-6: Load with WT + Storage

e C(Case-7: Load with large central WT Power plant

e C(Case-8: Load with central WT Power plant + Storage

Load flow modelling of an unbalanced system showed that voltage dropped gradually
from source side (Transformer secondary side) to the end node (DN3) as shown in Figure
5.12. In Case-0 voltage drops most at DN3 when no RE or storage was integrated. For the
same capacity PV and WT in the network LF calculation is the same, therefore Case-1 and
Case-5 provides the same results; similarly in Case-2 and Case-6. In the case of the
centralised installation of PV or WT at the end of the service line where the lowest line
voltage appears, like a RE power plant in case-3 and case-7, voltage improves at the end node
(DN3) and also at higher nodes. But after adding centralised storage at the end node as in
case-4 and case-8 node voltage improves further in all the nodes towards the source. Figure
5.13 shows the change in voltage in different case configurations. Therefore integrating PV
or WT at the lowest voltage node is more beneficial and adding storage further improves the
voltage towards the sending end voltage level, which is a better way to improve the voltage

regulation problem rather than distributing PV or WT with all distributed loads.
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Figure 5:12 Voltage level at different point in the service line (Case-0)
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Case-1 Case-2
Case-3 Case-4
Case-5 Case-6
Case-7 Case-8

Figure 5:13 Voltage level in different configuration of Load, PV/WT and Storage
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Phase voltage variation from the secondary side of DT (Tx_Secondary) to the end node

(DN3) of the service line in different case configurations is shown in Figure 5.14. It is clear
from Figure 5.14 that PV or WT in distributed connection configuration improves the node
voltage and integrating storage further improves the node voltage condition as shown in
Case-2 and Case-6. In centralised connection configuration, storage improves the voltage at

the PCC in a better way than in distributed connection configuration. Figure 5.14 shows the

surface plot of phase voltage (V1) in 2 volts interval for all cases.
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Figure 5:14 Changes in phase voltage in different case configurations

According to the voltage regulation standard followed [22] in Australia, the allowable
lower voltage limit (V) is 225.6V as marked in Figure 5.15, and compared to all other cases,

in Case 4 and Case 8 i.e. RE power plant or centralised installation with large storage, it

improves voltage along the whole service line and thus improves voltage regulation.
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Change in Voltage at different nodes
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Figure 5:15 Change of voltage along the service line in different cases

The change in voltage due to PV or WT and ES is compared in distributed connection and

centralised connection configurations in Figure 5.16 and 5.17 respectively. From both the

figures it is clear that PV or WT increases voltage at a very high rate and ES slows down this

increasing rate and that helps reducing sudden high changes in voltage levels and thus

improves voltage regulation.
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Figure 5:16 Voltage change compared to the limit in distributed installation of RE and storage

Energy Storage and its Strategic Impacts on the Power Network 164|Page



Chapter 5 Impacts of Storage on Network Voltage Regulation

Phase Voltage in Centralized installation of PV & Storage at the end node
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Figure 5:17 Voltage change compared to the limit in centralized installation of RE and storage

Load curve (LC) calculation provides a better view of voltage regulation for a specific

time period. Figure 5.18 shows the daily voltage profile in all cases at the end node DN3. As

mentioned earlier in Chapter 4, voltage regulation allows £ 6% of change in base voltage

(240 V). Figure 5.18 shows that in Case-1, 3, 5 and 7 i.e. without storage condition voltage

varied from a minimum 90.09% to a maximum 103.32% of base voltage. In storage

integrated condition i.e. in Case 2, 4, 6 and 8 voltage varies from a minimum 92.13% to a

maximum 101.09% of base voltage. However voltage regulation in centralised connection

configuration is much better, as in Case-8 voltage varies from a minimum 94.05% to a

maximum 99.87% of base voltage. Therefore storage improves voltage regulations and that

improves the network element utilisation.

urel [%] Node Voltage at: DN3
0

98 -~ — //\ [ T ’J\

96+
944 v \
924 \ /
90
88

86+

110+

urel [%) Node Voltage at: DN3

t
T T T T T T T T T T T
0000 0200 0400 0600 0800 1000 1200 1400 1600 1800 2000 2200 0000

—— urel [%] (DN3)

Case-0: Min 90.09% max 98.48% of base voltage

Energy Storage and its Strategic Impacts on the Power Network

u

85 T T T T T T T T T T thh]
0000 0200 0400 0600 0800 1000 1200 1400 1600 1800 2000 2200 0000

—— urel (%] (ON3)

Case-1: Min 90.09% and max 102.72% of base voltage

165|Page



urel %]
105 -

Node Voltage at: DN3

100

Chapter 5 Impacts of Storage on Network Voltage Regulation
urel %]
— / \\
S

Node Voltage at: DN3

8

\
N
/
/
\ /
\ /
90 \
T T T T T T T T T tih] 85 T T T T T T T T T T T tih]
—— urel [%] (DN3) —— urel [%] (DN3)
Case-2: Min 92.13% and max 101.09% of base voltage Case-3: Min 90.09% and max 103.32% of base voltage
urel 6] Node Voltage at: DN3 urel (%] Node Voltage at: DN3
105 4 105 4
o~ S~ ————
100 4 /’ — 100 \\ /
- S
1 \
95 4 \\ / 95 4 /
\/ /
\/
90 4 90 4
85 r r r r r r r r r r r i 85 T T T T T T T T T T T t[h
00:00 02:00 0 :00 06:00 08:00 10:00 12:00 1:00 16:00 1800 20:00 22:00 0000 0000 0200 0400 06 00 08 00 1000 1200 14 00 16 00 18 00 2000 2200 0000
—— urrel [%] (DN3) —— urel [%] (DN3)
Case-4: Min 93.08% and max 100.95% of base voltage Case-5: Min 90.84% and max 101.61% of base voltage
urel 4] Node Voltage at: DN3 urel ] Node Voltage at: DN3
100 4 100 /
T / T~ I~
. Y, T \—\ // \/Nﬂ /\
95 \ /’/ 95 \ /
% V/
904 90
85 T T T T T T T T T ul 85 T T T T T T T thl
—— urel [%] (DN3) —— urel [%] (DN3)
Case-6: Min 92.82% and max 99.94% of base voltage Case-7: Min 91.17% and max 102.29% of base voltage
urel 6] Node Voltage at: DN3
105 4
S I ———
V/N“\J/\f — /N
/
90 4
85 T T T T T tih
00:00 0200 0 :00 06:00 08:00 10:00 1200 1:00 16:00 18:00 20:00 22:00 00:00
—— urel [%] (DN3)
Case-8: Min 94.05% and max 99.87% of base voltage

Figure 5:18 Voltage profile at node 3 (DN3) in different case configurations
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5.2.1 Element Utilisation

As mentioned earlier, DT is the key element in DN in supporting load and in this model a
total 45 houses were connected to the service line that is connected from the LV side of the
DT. The total load became 85.95 kVA, however due to line impedance, the total load on DT
appeared more and peak DT utilisation became 93.33% in load connected condition as shown
in Figure 5.19. Peak load demand appeared at 20:00PM; also in the morning (08:00AM to
10:00AM) load demand was high.
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Figure 5:19 Distribution transformer utilisation in case-0

In the power network, DT utilised both ways when energy was supplied to the load from
the HV side of DT and also when excess energy was generated by RE sources and exported
back to the HV side of DT. Energy storage improved DT utilisation by reducing load during
peak demand time at 20:00PM in all cases by supplying stored energy to support the load.
Moreover storage also reduced the load on DT during mid day when load demand was low

but RE generation was high and storage stored excess energy as shown in Figure 5.20.
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Figure 5:20 Storage support in DT utilisation is different cases

Figure 5.21 shows the comparative bar chart of DT utilisation in peak demand time in all

cases. It is clear that storage with either PV or WT reduced load on distribution transformer

and distribution network as shown in Case-4 and Case-8 in Figure 5.21.
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Figure 5:21 Distribution transformer utilisation in peak demand time
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5.2.2 Storage Support during Energy Fluctuation

As mentioned earlier, solar radiation fluctuates for various reasons, same as for wind

speed. Energy generated from these sources also fluctuates accordingly. Three different

fluctuations (short continuous, short dip and long dip fluctuation) were defined in Chapter 4

in Figure 4.34. How storage supports load is illustrated by describing DT utilisation during

these energy fluctuations. Figure 5.22 shows the storage support in the centralised connection

configuration of PV and ES in Case-4. A similar response was found from storage when it

was integrated with WT in Case-8. It is clear that due to these fluctuations DT utilisation also

fluctuates and storage supported load demand during fluctuations and minimises the impact

on DT loading.
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Figure 5:22 Storage response during energy fluctuations

Therefore, integration of large scale ES and solar PV or Wind turbines within the

distribution network in a distributed way introduced some technical challenges. These

challenges are due to the intermittent nature of PV and WT, characteristics of inverter and

converter, charging and discharging of storage and frequent use of inverter. Moreover if

small scale RE sources and storage is connected in a distributed way near each load, like

roof-top solar PV, then the risk is high. These small scale installations use an inverter more

frequently and this involves all connected service lines allowing bi-directional power flow.

On the other hand, if the same total capacity storage and PV or WT is installed at the end or

near the end of the service line, that improves the voltage regulation and operates as a single

plant and provides better use of RE and reduces the load on DT. Therefore the findings can

be summarised as:

= Storage improves voltage regulation in RE integrated DN

= Storage improves DT utilisation by reducing load on DT

= Voltage regulation and DT utilisation achieved in a better way if RE and ES integrate

into the DN as a centralised power plant, especially at the low voltage end of the

service line.

Therefore in large networks, it will be a good idea to connect RE and storage at the end of

each service line to minimise the effect on the power network.
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5.3 Results and Discussion of Investigation-3

A small section of the power distribution network in Rockhampton was considered for this
analysis. This section of the power network model was developed in PSS SINCAL to
evaluate the impacts due to ES and solar PV on the DN. Network description and model
setup was described in section 4.4.3 in Chapter 4. The network was divided into 7 load zones.
This network was configured in distributed integration of PV and ES and centralised

integration of PV and ES.

5.3.1 Distributed Integration of RE and ES

The power network in Kawana, a small part of Rockhampton, DN was modelled with real
load and network parameter data. Load, PV and ES was integrated at the secondary side of

the DT (11kV/415V) and the model was simulated in the following 7 configurations.

= Load only (no PV or storage installed)

= Load with PV (20% of load rating)

= Load with PV and storage ( 20% of load rating)
= Load with PV (50% of load rating)

= Load with PV and storage ( 50% of load rating)
= Load with PV ( 100% of load rating)

= Load with PV and storage ( 100% of load rating)

The model was simulated for load flow (LF) and load curve (LC) calculation and voltage
variation was observed in several selected node points. The observed node points in the HV
side of the network are shown in Figure 5.23 showing the starting node of each zone. The
observation point of the LV side is the secondary side of the DT that connects load, PV and

ES. The findings are summarised below:
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Figure 5:23 Observation node points on HV side of the feeder

The load flow modelling of an unbalanced system showed that voltage level gradually

drops from infeeder (or source) to the end load i.e. from Zone-1 to Zone-7. Node marked “All”

is the secondary side of transformer connected with the infeeder. Figure 5.24 shows the phase

voltage drop at the high voltage (HV) side of the DT when no PV or storage was installed and

Figure 5.25 shows the gradual voltage drop at the LV side of the DT of all nodes in 7 zones.

LV side nodes are marked as; for example, a node “N002” in Zone-1 is marked as

“LV_Z1 NO002” and similarly other nodes in other zones.
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Figure 5:24 Voltage drop due to load from top to bottom zone (HV side of DT)
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Figure 5:25 Voltage drop due to load in all nodes (LV side of all DT)

After adding PV into the DN, line-ground voltage increased and the percentage of increase
is higher at the distant load zones as shown in Figure 5.26. PV was integrated at 20%, 50%
and 100% of load rating into the network. The increase in voltage was found with increased
PV sizes. A maximum 6.745% voltage rise was observed when PV was integrated at 100% of
load rating compared to the no PV configuration voltage in the zone-7 as shown in Figure

5.26. According to Ergon Energy, increase in voltage due to PV should not be more than 1%

of rated voltage [23].

At the LV side of DT, line-ground voltage increase was observed in all nodes and the
increase in voltage was higher with increased PV capacity of 20%, 50% and 100% of load
rating. Figure 5.27 shows the percentage increase of line to ground voltage in LV side of the
DT. The effect of increased PV penetration was more in LV side and a maximum 9.67% of
voltage rise was observed in Node-55 in Zone-5 at 100% PV integration, compared to the no

PV integrated network configuration. The rate of voltage rise increased with increased PV

penetration.
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Figure 5:27 Voltage rise due to PV in different zones (LV side of DT)

After adding storage with all nodes in the network with the same capacity of PV i.e. 20%,
50% and 100% of the load rating, it was found that voltage started dropping in all zones
compared to the system without storage. Figure 5.28 shows the HV side voltage drop at all
the observation node points of all zones. However the percentage voltage drop was not as
high as the voltage rise, because of the load management by ES and PV supply. Maximum
voltage drop was 1.75% at Zone-7 when PV and storage was installed at 100% of the load

rating.
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At the LV side of DT voltage drop was observed in all nodes and it was found that voltage

drop was higher at distant nodes. Figure 5.29 shows the voltage drop in LV side of DT when

storage was integrated at 20%, 50% and 100% of the load rating with PV compared to the no

storage integrated network. Maximum voltage drop of 2.23% was observed at node

“LV_Z7 N070” in zone-7 compared with the no storage integrated condition.

Voltage drop in %

0.0
-0.5
X
£ \
o
2
© -1.0
Q
©°
>
15 \
-2.0 t t t t + + + 1
AllZone Zone-1 Zone-2 Zone-3 Zone-4 Zone-5 Zone-6 Zone-7
——V1(20%PVStorage) ———V\/2(20%PVStorage) V3(20%PVStorage)
—V1(50%PVStorage) —V2(50%PVStorage) V3(50%PVStorage)
——V/1(100%PVStorage) ———\/2(100%PVStorage) V3(100%PVStorage)

Figure 5:28 Voltage drop due to Storage in different zones (HV side of DT)
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Therefore it is clear that in a service line or feeder, voltage drops from source to the end
load due to line impedance and loads in various points along the feeder. By integrating PV
into the network at various nodes, voltage starts rising and the maximum rise occurs at the
distant nodes where voltage drop was higher in without PV condition. With the increase of
PV into the network, voltage rise also increased. With the integration of Storage into the

network voltage starts dropping as excess energy generated by PV was stored into the storage.

5.3.2 Centralised Integration of RE and ES

Considering the findings of investigation-2 described in section 5.2 the power network of
Kawana described above was modified to integrate PV and ES in a centralised approach.
However the load distribution was unchanged. As voltage dropped more in distant nodes,
bulk size PV and storage was integrated into the distant nodes in each zone as shown in

Figure 5.30. Observation nodes at the HV side remained same.

For this analysis, 500 kW of PV plant was installed in each Zone and to support best
utilisation of PV 100 kW capacity of Energy storage was added in each zone. The PV and

storage capacity against load in each zone as shown in Table 5.1:

Table 5:1 Load, PV and Storage in different zones

Zone-1 Zone-2 Zone-3 Zone-4 Zone-5 Zone-6 Zone-7
Load (kVA) 1005.722 | 763.755 789.212 601.052 1111.004 407.336 763.755
PV (kW) 500 500 500 500 500 500 500
Storage (kW) | 100 100 100 100 100 100 100

Load Flow calculation shows the voltage variation along the service line and level of
voltage in the observation points were compared in load only, load with PV plant and finally
load with PV and Storage plant in each zone as indicated (small blue circles in Figure) in

Figure 5.30.
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Figure 5:30 Power network of Kawana with the installation of bulk size PV and Storage in each zone

Load flow calculation provides the voltage level of the observed node based on the load
demand and energy supply condition. It was found that in load only condition, phase voltage
dropped gradually towards the end node in Zone-7 and phase voltage dropped 8.45%

compared to the voltage at the observation node “All” near the Infeeder.

Figure 5.31 shows the phase-1 voltage in load only condition; load with PV plant and load
with PV & storage plant in each zone of the DN. It was observed that by integrating PV plant
at the end of each zone, phase voltage increased, especially in the distant nodes where voltage
had a maximum drop in load only condition. After integrating storage, voltage levels further
increased and that improved the operating conditions. However, the load flow does not reflect
the condition over the whole day as the load demand and RE generation varies over time,

therefore a load curve (LC) calculation was conducted to investigate the daily variation of

phase voltages.
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Figure 5:31 Observed phase voltage (V1) at the HV side of DT from Infeeder to the end node

Load curve calculation shows the variation of voltage level for the defined time period and
Figure 5.32 showed the daily variation in voltage level at the HV side of observed nodes as
indicated in Figure 5.30. Figure 5.32 shows the daily voltage regulation at the observed nodes
in each zone and voltage varied from a minimum 90.715% to 99.70% of base voltage at
20:00PM and 06:00AM when load demand is maximum and minimum respectively. At

13:00PM maximum voltage level was 99.55% in Zone-1.
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Figure 5:32 HV side - Variation in voltage level in load only condition in all zones

To observe the voltage variation at the L'V side of the DT in load only condition, only
Zone-7 nodes were observed as maximum voltage drop occurred in this zone. Figure 5.33

shows the voltage variation at 6 nodes in LV side of DT in Zone-7 and found that voltage
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varies from a minimum 87.634% to a maximum 98.569% of base voltage at 20:00PM and
06:00AM when load demand is a maximum and a minimum respectively. At 13:00PM the

maximum voltage level was 98.15% of rated voltage.
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Figure 5:33 LV side - Variation of Voltage in Zone-7 in load only condition

After integrating 500 kW of PV plant at the distant node in each zone, the variation of
voltage was observed at HV side and LV side of the network. Figure 5.34 shows the voltage
variation in HV side of all zones. It was found that the voltage level increased after large
integration of PV in the network and voltage level varied from a minimum 90.715% to a
maximum 101.758% of base voltage at 20:00PM and 13:00PM respectively. Voltage level
exceeds the rated level during 10:00AM to 16:00PM when PV generation is high as shown in
Figure 5.34. Therefore after integrating PV (101.758 - 99.55) = 2.208% of increase in voltage

was observed during the peak generation period of PV at 13:00PM.
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Figure 5:34 HV side - Variation in Voltage level after adding 500 kW PV in all zones

Similarly the variation in voltage was also observed in the LV side of the network after
integrating PV plant in all zones. Figure 5.35 shows the variation in voltage at the secondary
side of DT in six nodes in Zone-7. The change in voltage level observed a minimum 87.634%
and a maximum 101.768% of base voltage at 20:00PM and 13:00PM respectively. During
high PV generation time, the voltage level exceeded the rated voltage level during 10:00AM
to 16:00PM. Therefore after integrating PV plant, (101.768 - 98.15) = 3.618% of increase in

voltage was observed at 13:00PM at the LV side of the network.
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Figure 5:35 LV side - Variation in Voltage in Zone-7 after integrating PV plant

After integrating 100 kW capacity of Energy storage (Battery) in each zone near the
installed PV plant, it showed that storage improved the lower voltage level during 18:00PM
to 22:00PM by supporting the load demand and reduced the higher voltage level by storing
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energy during peak generation from PV from 10:00AM to 16:00PM. Figure 5.36 shows the
variation in voltage level at the HV side of DT in all zones. It was found that voltage varies
from a minimum 91.608% to a maximum 101.024%. This indicates that Storage increased the
lower voltage by (91.608 - 90.715) = 0.893% at 20:00PM and also lowers the upper voltage
level by (101.024 - 101.758) = (-) 0.734% at 13:00PM compared to the without storage

integrated condition.
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Figure 5:36 HV side - Variation in VVoltage after integrating large PV and bulk storage

The variation in Voltage at the LV side was observed and Figure 5.37 shows the change in
voltage variation at LV side of DT at Zone-7. Change in voltage varies from a minimum
88.565% and a maximum 101.021% of base voltage at 20:00PM and 13:00PM respectively.
It was found that storage contributes the increase in the lower voltage by (88.565 - 87.634) =
0.931% at 20:00PM and lowers the upper voltage level by (101.021 - 101.768) = (-) 0.747%

at 13:00PM compared to the without storage condition.
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Figure 5:37 LV side - Variation in VVoltage in Zone-7 after integrating large storage with PV

The findings of this investigation on small power network in Kawana, Rockhampton by
integrating various capacities of RE sources and storage into the network are summarised

below:

= Large integration of RE, such as Solar PV increased voltage level and during peak
generation time of PV, the voltage level reached beyond the rated voltage

= Energy storage reduced this high increase in voltage during peak generation time
by storing energy

= Storage increased voltage level by discharging stored energy when generation

from PV was minimum or zero.

Therefore, storage improves voltage regulation with the large integration of RE into the

distribution network in both HV side and LV side of the distribution network.

5.4 Results and Discussion of Investigation-4

The power network in Rockhampton was investigated to identify the impacts of storage on
it and the results are discussed in this section. Details about power network in Rockhampton
were discussed in chapter 4 and this network model building was also discussed in chapter 4.
For the analysis, this power network was divided under 8 zone substations (ZS) as shown in
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Figure 4.44 in chapter 4. Each ZS network was investigated separately and finally the
combined total power network in Rockhampton was investigated. The power network model

of Rockhampton covers the following 8 ZS networks:

Rockhampton Glenmore (RGL) ZS network
Pandoin (PAN) ZS network

Frenchville (FRN) ZS network

Parkhurst (PKH) ZS network

Berserker (BER) ZS network

Canning Street (CST) ZS network

Lakes Creek (LCR) ZS network
Rockhampton South (RSH) ZS network

© N o g B~ w0 Dd P

Among the 8 ZS networks, LCR and RSH ZS network contains a part of the single phase
SWER network which is a typical feature of Australian power networks. Other 6 ZS
networks contain a 3 phase 11 kV distribution network that connects to the 66 kV sub-
transmission part at Rockhampton Glenmore BSS and finally to the 132 kV transmissions

line that connects the entire network to the main supply from Power Link.

Load is connected to the network through LV DT with 50% loaded condition. Load is
connected to the LV side (415V line-line) of DT and in same node RE resources (solar PV or
Wind turbine) was installed with the same capacity of load. It was discussed in Chapter-3 that
for best utilisation of RE, ES is essential and estimation of required storage was also
explained. Moreover in investigation-2 & 3 (in section 5.2 and 5.3) it was found that
centralised installation of RE and ES have better influence in network voltage regulation.
Therefore in this investigation, after integrating PV of 100% of load capacity in nodes, bulk
size RE and storage was integrated in some selected nodes where voltage drop was higher.
500 kW PV or WT and 200 kW storage size was considered as was bulk size RE and storage
installation. In each selected feeder 5 or 6 different observation nodes were selected and also

each feeder integrated 5 different bulk size RE and storage as indicated in network figures.
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The model allows switching off any network element as required. The investigation was
conducted and results were compared in three network configuration modes:

1. Load only configuration
2. Load with RE configuration, and
3. Load with RE and Storage configuration

In each ZS network, the two longest feeders were selected for observation and simulated
in the above three network configuration mode. The investigation of each ZS power network
was conducted separately by observing selected feeders acting like a radial network. Load
allocation and RE and storage distribution is listed in Appendix-A for each ZS power
network. For load commercial summer load profile, summer solar PV generation and wind
turbine generation was considered as shown in Figure 4.31 (a), 4.32 and 4.33 respectively in
Chapter-4. The observed feeder length and load in each ZS power network is shown in Table

5.2. Feeder line parameter was explained in Chapter 4 in Table 4.4 in section 4.2.2.

Table 5:2 Feeder length & network loading information

Network Network Peak Load Feeder-1 Feeder-2

PAN 6,242 KVA 16.953 km 9.265 km

FRN 25,829 kVA 4.608605 km 10.879711 km

PKH 23,551 kVA 15.303296 km 5.561915 km

BER 18,364 kVA 3.702974 km 3.763271 km

RGL 23,422 KVA 14.475896 km 7.042022 km

LCR 17,465 kVA 10.641259 km 39.182575 km and
12.239363 km SWER-1
24.3267 km SWER-2

RSH 29,684 kKVA 12.341789 km and 4.632956 km

12.334163 km SWER
CST 24,063 kKVA 4,968 km 5.152002 km

The Load Flow (LF) and load curve (LC) simulation results of each ZS power network is

explained below.

5.4.1 Rockhampton Glenmore (RGL) ZS Power Network

As mentioned earlier that Power Network in Rockhampton connected to the 132kV
transmission line which was transformed into 66kV sub-transmission line and distributed to
all zone substations. Glenmore ZS is the location where all the sub-transmission lines
connected to the transmission line. ZS transformers connected the 66kV sub-transmission line

to the 11 kV distribution line. The distribution network in Glenmore connects various
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capacity loads through several feeders and loads are connected to the 11kV distribution line
through a 11kV/415V distribution transformer (DT). For the analysis it was considered loads,
RE (PV or WT) and energy storage (ES) are connected to the LV side of distribution network
i.e. at 415V. In order to investigate the impacts of ES on a Power network in the Glenmore
ZS network, RE was integrated into all load connected nodes with 100% of load capacity.
Moreover, two feeders were selected to observe the impacts where 5 nodes in each feeder
were selected to observe voltage variation. The observation nodes are named as F1_N1 up to
F1 N5 in Feeder-1 and F2_N1 up to F2_N5 in Feeder-2. The observation node at the
beginning of each feeder named as F1_All and F2_All in Feeder-1 and Feeder-2 respective.
In chapter 3, the required storage size was estimated for better utilisation of RE to support
residential load demand. For solar radiation or wind speed of Rockhampton the required daily
energy output from PV or WT should be 2.05 times or 1.7 times the daily load demand
respectively. In this analysis, centralised RE generators of 500 KW and storage of 200 kW
capacities was integrated in each 5 observation nodes in each feeder as shown in Figure 5.38.

Therefore in this ZS network, RE was integrated in a distributed as well as a centralised way.
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Figure 5:38 RGL ZS Power network - two feeders marked with selected observation nodes

The Load Flow (LF) calculation showed that the large integration of RE increased phase

voltage, especially maximum swing was observed at distant nodes. This increase in voltage

level was due to the excess energy generated by RE and the load being unable to consume all

at the time of generation. On the other hand ES stored excess energy by charging storage

batteries which caused the drop of the increased voltage level. Figure 5.39 and 5.40 shows the

change in phase voltage in different observation nodes in Feeder-1 and 2 in load only, load

with RE and load with RE and ES configurations mode.

It is clear from LF results that change in voltage or voltage swing maximum occurred at

the distant nodes. In Feeder-1 at node “RGL_F1 N5”, observed phase voltage was 6.1065 kV,

6.4620 kV and 6.3828 kV in Load only, load with RE and Load with RE and Storage

configuration mode. In Feeder-2 at node “RGL _F2 N5”, phase voltage was 6.2661 kV,
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6.4067 kV and 6.3749 kV in Load only, Load with RE and Load with RE and Storage

configuration mode.

RGL - Phase Voltage in Feeder-1
B Load Only mLoad+RE M Load+RE+Storage

6.50
6.40

6.30
6.20
6.10
6.00
5.90

Phase Voltage [kV]

RGL F1_All RGL_F1 N1 RGL F1 N2 RGL F1 N3 RGL F1 N4 RGL F1 N5

Figure 5:39 Phase voltage observed at various nodes in Feeder-1
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Figure 5:40 Phase voltage observed at various nodes in Feeder-2

Although Figure 5.39 and 5.40 clearly shows the change in voltage with RE and ES, but
this doesn’t explain timely behavior with load profile and generation profile and accordingly
ES charge-discharge plays a vital role in voltage variation. Load curve (LC) calculation
provides the opportunity to observe the voltage variation with time. Figure 5.41 shows the
voltage variation at node “RGL_F1 All” and it is clear that the voltage level dropped during
maximum load demand during mid day and the lowest voltage was 99.128% of rated voltage
at 01:00PM. After integrating RE (PV) node, voltage increased as the PV generation was also
maximum during mid day. At 01:00PM, 0.881% voltage increased as shown in Figure 5.41
(b). However after integrating storage voltage dropped at midday and increased voltage level
a little during evening as shown in Figure 5.41 (c). Figure 5.41(d) shows the charge-discharge

cycle of ES.
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Figure 5:41 RGL ZS Power network - Voltage variation observed at node "F1_All"" in Feeder-1

The change in voltage is greater in distant nodes and LC shows the variation with time.

Figure 5.42 shows voltage variation in various observed nodes in Feeder-1 and Feeder-2.

Minimum and maximum observed voltage levels are shown in Figure 5.42 for energy

observed nodes.
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Figure 5:42 RGL ZS power network - Voltage variation at different observed nodes

Therefore from the investigation on RGL ZS power network it was found that the impacts

on distant nodes are higher. The LF and LC analysis showed that:

Voltage drop was higher in distant nodes in load only condition

= LF analysis showed that voltage starts rising after integrating PV in the network. At distant

node in Feeder-1 voltage rise was 5.8% and in Feeder-2 it was 2.24% after integrating PV

compared to the load only condition

= After integrating storage voltage dropped in all observed nodes. At distant node it was found

that voltage dropped 1.22% in Feeder-1 and 0.5% in Feeder-2 after integrating storage in the

network

= LC analysis showed that during 09:00AM to 16:00PM voltage rise occurred due to PV. After

integrating storage, voltage dropped during peak generation time around 12:00PM. It was also

found that after 16:00PM storage discharge increased network voltage
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5.4.2 Pandoin (PAN) ZS Power Network

The observation nodes and selected feeder in this ZS power network is shown in Figure
5.43. As the feeder is very long, there is enough power loss due to line impedance and
enough voltage drops were observed at the distant nodes. In Feeder-1, 6 nodes and in Feeder-
2, 5 nodes were selected to observe voltage variation. The observed nodes are named as
F1 N1 up to F1_N6 in Feeder-1 and F2_N1 up to F2_N5 in Feeder-2. Both the feeders
connected to a node that is marked as “All” in the Figure 5.43 where total impacts on the

network were observed.
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Figure 5:43 PAN ZS Power network - two feeders marked with selected observation nodes

Load Flow calculations showed that phase voltage decreased towards the end node in load
only network configuration. After adding PV, phase voltage increased more at the distant
nodes. Due to high PV penetration phase voltage became greater than the rated voltage of
6.35kV. After integrating storage, the increased phase voltage started dropping as did storage
stored energy when PV was generating excess energy. Figure 5.44 and 5.45 shows the

changes in phase voltage in load only, load with PV and load with PV and storage

configuration mode.
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Figure 5:44Phase Voltage at various points in Feeder-1
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Figure 5:45 Phase Voltage at various points in Feeder-2

As the load demand varies over time and similarly energy generation from PV, therefore
the load flow calculation is unable to show the variation of voltage with time. Load curve or
load profile calculation provides the variation in voltage for 24 hours a day which provides
the exact scenario of voltage variation for all three network configurations. For this analysis,
load curve measured voltage in every 15 minutes interval for the whole day. Figure 5.46(a)
shows the voltage regulation (percentage of voltage compared to rated voltage) in load only
configuration at the node “All” where both feeders connected. As the load demand is very
high during mid day therefore voltage dropped during that time and the minimum voltage
appeared between 01:00PM to 3:00PM when voltage regulation was 96.732% and maximum

voltage observed in the morming when voltage regulation was 98.512%.

Energy Storage and its Strategic Impacts on the Power Network O1|Page



Chapter 5 Impacts of Storage on Network Voltage Regulation

After integrating distributed and bulk centralised PV the voltage regulation was changed.
Figure 5.46(b) shows the voltage variation at the node point marked “All” and it is observed
that the voltage level increased during PV generation time even if the load demand was high
during the time 9:00AM to 18:00PM. Voltage regulation varied from 97.284% to 100.772%
of rated voltage. It was identified that voltage level was increased 3.7% at 12:00PM

compared to load only configuration.

When storage was integrated to the selected nodes where bulk PV was integrated, voltage
level dropped when PV generates excess energy as compared to the load demand during mid
day as shown in Figure 5.46(c). VVoltage regulation was observed at the node point marked
“All” and it was found that during 9:00AM to 15:00PM, storage stored excess energy in the
network. However storage increased voltage level when PV generation stopped during
evening by discharging stored energy to support load demand as shown in Figure 5.46(c). It
was also observed that storage discharged completely at 23:00PM as shown in Figure 5.46(d)

and voltage level drops at the observed node as a consequence.
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Figure 5:46 Voltage variation observed at node ""All'* and storage charge-discharge cycle
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The change in voltage or voltage variation was also observed in various observation nodes
in Feeder-1 and Feeder-2 as shown in Figure 5.47. It was observed that voltage variation is
much greater in distant nodes and it was also observed that storage reduced the higher voltage

level that was experienced by the integration of large PV systems into the Pandoin ZS power

network.
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Figure 5:47 Pandoin ZS Power network - Voltage variations at different observed nodes
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The investigation on PAN ZS power network showed the similar result like RGL ZS

power network. The LF and LC analysis showed that:

Voltage drop was higher in distant nodes in load only condition

= LF analysis showed that voltage starts rising after integrating PV in the network. At distant
node in Feeder-1 and in Feeder-2 voltage rise was above the rated voltage of 6.35kV

= After integrating storage voltage dropped in all observed nodes. At distant node it was found
that voltage dropped maximum in both Feeder-1 and Feeder-2 after integrating storage in the
network

= LC analysis showed that voltage level rise 3.7% at 12:00PM due to the integration of large

PV compared to the load only configuration. After integrating storage, maximum voltage

dropped during peak generation time around 12:00PM. It was also found that after 16:00PM

storage discharge increased network voltage level

5.4.3 Frenchville (FRN) ZS Power Network

Two feeders and five nodes in each feeder were selected to observe the voltage variation
in the Frenchville ZS power network as shown in Figure 5.48. Five observation nodes marked
from 1 to 5 in Feeder-1 and 2 and named as “F1 NI to F1 _N5” and “F2 NI to F2 N5~
respectively. In each feeder, at five observation nodes, bulk size RE plant (PV or WT) and
storage plant was installed. Feeder-2 covers very distant areas which is favourable for wind
turbines, therefore in this feeder at node-4 and 5 500 kW WT and 200 kW storage was
installed. However as mentioned earlier, all load connected nodes were integrated with PV of
100% load capacity. The power network model was simulated in load only, load with RE and

load with RE and storage configuration mode.
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Figure 5:48 FRN ZS Power Network - two feeders marked with selected observation nodes

Load Flow (LF) calculations showed that phase voltage decreases towards the end node in
load only configuration. Due to longer feeder length and therefore greater line impedance in
Feeder-2, the voltage drop in distant nodes was more as compared to Feeder-1 (shown in
Figure 5.49 and 5.50). After integrating RE (PV or WT), the node voltage increased and this
increase was greater at distant nodes, therefore voltage swing is much greater in distant nodes.
However after integrating storage, excess energy generated by RE that was stored in storage,
eventually reduced the increased voltage level to a reasonable level as shown in Figure 5.49
and 5.50. For example at node “FRN_F2 N5” in load only condition phase, voltage was
6.0487 kV, in load with RE voltage was 6.467 kV and after integrating storage voltage
became 6.383 kV.
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Phase Voltage (kV) in Feeder-1
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Figure 5:49 Phase Voltage at observation nodes in Feeder-1
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Figure 5:50 Phase Voltage at Observation nodes in Feeder-2

As the load demand varies with load profile and RE generation also varies, the Load curve
(LC) calculation provides exact scenarios of voltage variation for 24 hours a day in all case
configurations. Figure 5.51(a) shows the voltage regulation (percentage of voltage compared
to the rated voltage) in load only configuration at the node “F1_All” in Feeder-1 and found
that due to high load demand during mid day, voltage dropped during that time. The
minimum voltage appeared between 12:00PM and 03:00PM when voltage regulation was
99.336% and the maximum voltage observed in the early morning at 05:30AM when voltage
regulation was 99.736%.

After adding RE (PV and WT), voltage regulation was changed. During maximum
generation from PV and WT the voltage level increased during mid day as shown in Figure

5.51 (b) at node F1 _All” in Feeder-1. The voltage level increased during 09:00AM to
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16:00PM even the high load demand during this time and voltage varied from a minimum
99.336% to 99.954% of rated voltage. Therefore at 01:00PM voltage increased 0.618%

compared to the load only configuration.

After integrating battery as storage, excess energy stored into the storage during 09:00AM
to 15:00PM, reduced the voltage level during that time. However storage increased voltage
after 16:00PM by discharging stored energy to support load demand of the network. This
activity of charging and discharging reduced the voltage and increased the voltage as
observed in node F1_All and shown in Figure 5.51 (c). Figure 5.51 (d) shows the charging

and discharging cycle of storage installed at node-5 in Feeder-1.
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Figure 5:51 FRN ZS - Voltage variation observed at node ""F1_All"* and storage charge-discharge cycle

The change in voltage was also observed in various observation nodes in Feeder-1 and
Feeder-2 of Frenchville ZS power network as shown in Figure 5.52. It was observed that

voltage variation was much greater in distant nodes, however it was found that ES reduced
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the increased voltage level during peak generation time of RE, and also increased the voltage

level when RE generation was absent.
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Feeder-2: Load with RE and Storage
Figure 5:52 Voltage variation observed at different node points in Frenchville ZS Power Network

Feeder-1: Load with RE and Storage

FRN is a nearly uniform distributed load network and therefore minimum voltage
variation was observed due to RE and storage in the network. The LF and LC analysis in the

investigation on FRN ZS power network showed that:

Phase voltage level decreases towards the distant nodes in load only condition
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= LF analysis showed that voltage starts rising after integrating PV or WT in the network. A
6.91% voltage rise was observed at distant node in Feeder-2 after integrating PV and WT
compared to the load only condition.

= After integrating storage with PV and WT voltage dropped in all observed nodes and 1.3%
voltage drop was observed at distant node in Feeder-2.

= LC analysis showed that voltage level rise 0.618% at 01:00PM due to the integration of large
PV and WT compared to the load only configuration. After integrating storage, maximum
voltage dropped during peak generation time around 12:00PM. It was also found that after

16:00PM storage discharge increased network voltage level

5.4.4 Parkhurst (PKH) ZS Power Network

In Parkhurst, two long network feeders were considered for the analysis and Feeder-1
covered long distant loads. Feeder-1 runs on a line that follows Belmont Road and passes the
Glendale area that covers distant small loads where wind speed is moderate and suitable for
wind turbine installation, therefore WT was considered at Node-5 in Feeder-1. Due to the line
impedance and low capacity load distributed at the distant nodes, there was enough power
loss during supporting of the distant loads. Feeder-2 covered the load of the Kawana suburb
and adjacent areas which have residential and commercial loads. In Feeder-1, 5 different
observation nodes were selected where 500 kW RE and 200 kW storage was integrated. As
Feeder-2 covers mostly populated areas, it is suitable for PV installations. In Feeder-2 500
kW size PV and 200 kW size storage was installed in 5 node points from “F2 N2 to F2 N6~
or observation node 2 to 6 as indicated in Figure 5.53. The network was analysed in load only,
load with RE and load with RE and storage configuration mode. Figure 5.53 shows the
Parkhurst ZS power network with selected feeders and observation nodes in each feeder. In
each feeder the first observation node was named as “F1_All and F2_All” in Feeder-1 and

Feeder-2 respectively.
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Figure 5:53 PKH ZS Power network - Observation feeders and nodes

Load flow (LF) calculations showed that phase voltage decreases from the supply source
to the distant nodes in case of load only configuration. In Feeder-1 installed loads were of
smaller capacity, therefore any voltage drop was mostly because of long line impedance. Due
to high RE penetration phase voltage in Feeder-1 became greater than the rated voltage of
6.35 kV. In Feeder-1 at observation point 5 or at Node-5 the variation of voltage was
observed as shown in Figure 5.54. It was found that at observation point 5 in Feeder-1 the

voltage swing is high from load only to load with RE configuration and also after integrating
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storage. The node voltage was 6.1798 KV, 6.920kV and 6.6945 kV in load only, load with

RE and load with RE and Storage configuration mode respectively.

In Feeder-2 comparatively large capacity loads were connected and a greater voltage drop
was observed at the six observation nodes, as shown in Figure 5.55. After integrating RE,
voltage started increasing in all observation nodes, however due to the high load demand this
rise in voltage did not cross the rated voltage limit. Again, after integrating storage, voltage
started dropping as storage stored excess energy from RE as shown in Figure 5.55. At node
“F2 N6” 1.e. at the distant node in Feeder-2 the observed voltage was 5.8 kV, 6.329 kV and
6.267 kV in load only, load with RE and load with RE and storage configuration mode

respectively.
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Figure 5:54 Phase Voltage at various points in Feeder-1
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Figure 5:55 Phase Voltage at various points in Feeder-2
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Load curve (LC) calculates LF in every 15 minutes for 24 hours a day which provides the
exact scenario of the voltage variation with time. Figure 5.56 (a) shows the voltage regulation
(percentage of voltage compared to rated voltage) in load only configuration at observation
point 1 or at node “F1_N1” in Feeder-1 and it was found that due to high load demand during
mid day, voltage dropped and minimum voltage appeared at 01:00PM to 03:00PM when
voltage regulation was 98.713% and maximum voltage observed in the early morning at

05:30AM when voltage regulation was 99.514%.

After integrating RE, voltage regulation was changed. As the PV and WT generation
profile has maximum generation during mid day, an increase in voltage was observed during
mid day and Figure 5.56(b) showed this for node “F1_N1” in Feeder-1. It was found that the
voltage level exceeds the rated voltage during 07:00AM to 18:00PM, and even the high load
demand during this time and voltage varied from minimum 98.979% to 101.508% of rated
voltage. Therefore at 13:00PM there was a voltage increase of 2.795% compared to load only

condition.

After integrating battery as storage, excess energy stored into the storage during 09:00AM
to 16:00PM reduced the voltage level during that time. At 13:00PM observed voltage was
101.0% of rated voltage. Therefore at 13:00PM storage reduced voltage by 0.508%. However
storage increased voltage after 16:00PM by discharging stored energy to support load
demand of the network. This activity of charging and discharging improved voltage
regulation at the observed node “F1_N1" as shown in Figure 5.56 (c). Figure 5.56 (d) shows

the installed storage charging and discharging cycle.
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Figure 5:56 PKH ZS - Voltage variation observed at ""F1_N1" in Feeder-1 & Storage charge-discharge cycle

Similarly, voltage variation was observed in Feeder-2 also. It was observed that voltage
variation was greater in distant nodes during high load demand and also during maximum
energy penetration from RE. It was also observed that storage reduced high voltage levels but
increased voltage when RE generation was absent. Figure 5.57 shows the voltage variation at
different observation nodes in Feeder-1 and feeder-2 in load only, load with RE and load with

RE and storage configuration mode.
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Figure 5:57 Voltage variation at different observed nodes in the Parkhurst ZS Power network

In PKH, Feeder-1 is much longer than Feeder-2 and load also distributed in vast areas
covered by Feeder-1. The LF and LC analysis in the investigation on PKH ZS power network

showed that:

= Phase voltage level decreases towards the distant nodes in load only condition

= LF analysis showed that voltage starts rising after integrating PV and WT in the network. A
11.97% and 9.12% voltage rise was observed at distant node in Feeder-1 and Feeder-2
respectively, after integrating PV and WT compared to the load only condition.

= After integrating storage with PV and WT voltage dropped in all observed nodes, 3.25% and
0.98% voltage drop was observed at distant node in Feeder-1 and Feeder-2 respectively.

= LC analysis showed that voltage level rise 2.795% at 13:00PM in Feeder-1due to the
integration of large PV and WT compared to the load only configuration. After integrating
storage, maximum voltage dropped during peak generation time and during 13:00PM 0.508%
voltage drop was observed in Feeder-1. It was also found that after 16:00PM storage

discharge increased the network voltage level.

5.4.5 Berserker (BER) ZS Power Network

Berserker ZS power network covers the urban area load. Two main feeders and 5 node
points in each feeder were considered as indicated in Figure 5.58. The observation nodes are
marked in the figure and nodes are named as “F1 NI to F1 N5 and F2 N1 to F2 N5”,

moreover the first observation node in each feeder is stated as “F1_All and F2_All”. Similar
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to other ZS power networks, this part of the network also simulated in load only, load with

RE and load with RE and storage integrated mode.

The LF calculation showed that voltage dropped from source to the end node in both
feeders in load only configuration and after integrating RE the voltage level increases in all
observation nodes especially at the end node as shown in Figure 5.59 and 5.60. After
integrating storage to the network, excess energy stored into the storage lowered the voltage
level. At observation point 5 in Feeder-1 i.e. at node “F1_N5” the observed voltage was
6.2461 kV, 6.5265 kV and 6.5012 kV in load only, load with RE and load with RE and

storage configuration mode.

&%
Berserke, N ‘fam ;
Feeder.2 . _ S e

zzzzzzz

Figure 5:58 Berserker ZS power network showing observed feeders and nodes
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Figure 5:59 Phase Voltage at various points in Feeder-1
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Figure 5:60 Phase Voltages at various points in Feeder-2

Load curve (LC) simulation provides the change in network voltage level in load only,
load with RE and load with RE and storage configuration mode as shown in Figure 5.61. In
load only configuration, the lowest voltage level observed was at 14:00PM due to peak load
demand as shown in Figure 5.61 (a). After integrating RE, the voltage level increased in the
network and at 14:00PM a 2.9% increase in voltage level was observed as shown in Figure
5.61 (b) compared to load only condition. After integrating storage to the network, the
voltage level dropped and at 14:00PM a 0.25% voltage drop was observed at node “F1_All”
as shown in Figure 5.61 (c) compared to load with RE configuration mode. Due to the large
integration of RE, excess energy stored into the storage during 08:00AM to 17:00PM and
from 17:00PM to 24:00AM storage released stored energy to support load demand as shown
in Figure 5.61 (d).
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Load Curve - Node Voltage: BER_F1_All_N2696
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Figure 5:61 BER ZS - Voltage variation observed at ""F1_All"" in Feeder-1 & Storage charge-discharge cycle

The variation of voltage was better observed at the distant nodes. Figure 5.62 shows the

voltage variation in different observation nodes in Feeder-1 and Feeder-2. More variation was

observed in Feeder-2 nodes as Feeder-2 was heavily loaded compared to Feeder-1.
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Figure 5:62 Voltage variation observed at selected points in Berserker Power Network

In BER ZS network, Feeder-1 and Feeder-2 are similar in length and also load distributed

uniformly. The LF and LC analysis in the investigation on BER ZS power network showed

that:

= Phase voltage level decreases towards the distant nodes in load only condition

= LF analysis showed that voltage starts rising after integrating PV in the network. At the

distant node in both feeders voltage rise was observed. Maximum 4.49% voltage increase was

observed at distant node in Feeder-1 after integrating PV compared to the load only condition.

= After integrating storage with PV, voltage dropped in all observed nodes, maximum 0.38%

voltage drop was observed at distant node in Feeder-1.

= LC analysis showed that voltage level rise 2.9% at 14:00PM in Feeder-1due to the integration

of large PV compared to the load only configuration. After integrating storage, maximum

voltage dropped during peak generation time and during 14:00PM 0.25% voltage drop was

observed in Feeder-1. It was also found that after 17:00PM storage discharge increased the

network voltage level.
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5.4.6 Canning Street (CST) ZS Power Network

Like the observation in other ZS power network, in CST power network two feeders were

selected to observe voltage variation. Figure 5.63 shows the selected feeders and observed

nodes.
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Figure 5:63 Canning street ZS power network showing observed feeders and nodes
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In Feeder-1 five nodes were selected as “F1 N1 to F1 N5 and the node “F1_All” is close
to the ZS Transformer where maximum voltage level of Feeder-1 was observed. Similarly in
Feeder-2 five nodes were selected as “F2 N1 to F2 N5” and the node “F2_All” is close to
the ZS Transformer where the maximum voltage level of Feeder-2 was observed. Similar to
other ZS networks, bulk size RE (500kW) and Storage (200kW) was integrated in each 5
points in Feeder-1 and Feeder-2. Figure 5.64 and 5.65 shows the change in voltage in load
only, load with RE and load with RE and Storage configuration in Feeder-1 and Feeder-2
respectively. It i1s found that the large integration of RE increases voltage levels and major
swing appears at the distant nodes where voltage level was low in load only condition.
During maximum power generation from RE sources, storage stored a portion of excess

energy which caused a drop in voltage levels as observed in all nodes shown in Figure 5.64

and Figure 5.65.
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Figure 5:64 Phase Voltages in various observed nodes in Feeder-1
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Figure 5:65 Phase Voltages in various observed nodes in Feeder-2
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The RE generation varies with time and also load demand varies, however this variation is
not matched which caused the variation in Voltage levels as observed in various nodes.
Figure 5.66 (a) shows the percentage of observed voltage at node “F1_All” during 24 hours a
day. It is clear that voltage levels dropped when load demand was high. After the large
integration of RE in the network it was observed that the voltage level increased during mid
day even at the high load demand time. It was found that in node “F1_All”, the voltage level
increased 2.7% at 14:00PM as shown in Figure 5.66 (b). ES discharged stored energy and
improved the voltage level during the evening. In node “F1 All” at 19:30PM, storage
improved the voltage level by 0.232% of rated voltage compared to the without storage
configuration as shown in Figure 5.66 (c). Figure 5.66 (d) shows the charging & discharging
period of ES at Node-5 in Feeder-1. However the variation is clear in distant nodes for both
feeders and Figure 5.67 shows the voltage variation observed at various nodes in Feeder-1

and feeder-2.
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Figure 5:66 CST ZS - Voltage variation observed at "'"F1_All"" in Feeder-1 & Storage charge-discharge cycle
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Figure 5:67 CST ZS Power network - VVoltage variations at different observation nodes

In CST ZS network, Feeder-1 and Feeder-2 are similar in length and in load distribution.

The LF and LC analysis in the investigation on CST ZS power network showed that:

= Phase voltage level decreases towards the distant nodes in load only condition

= LF analysis showed that the maximum rise in voltage was at the distant node after integrating
PV in the network, compared to the load only condition.

= After integrating storage with PV, voltage drop was observed in all nodes.
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LC analysis showed that voltage level rise 2.7% at 14:00PM in Feeder-1due to the integration

of large PV. After integrating storage, maximum voltage dropped during peak generation time.

However at 17:30PM storage discharge increased network voltage level by 0.232%.

5.4.7 Lakes Creek (LCR) ZS Power Network
In the Lakes Creek ZS power network, a portion of the network connects very distant

loads via single phase SWER network. Therefore this ZS network provides a unique
characteristic which is not commonly available. This network consists of both 3 phase and

single phase lines at the voltage level of 11 kV and 12.7 kV respectively. Figure 5.68 shows

the selected 5 observation nodes in Feeder-1 and installed PV of 500 kW capacity and storage

of 200 kW capacity in each observation node.
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Figure 5:68 LCR ZS power network showing observed nodes in Feeder-1
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In Feeder-2, 7 nodes were selected, however in 6 observation nodes 500 kW RE (PV or

WT) and 200 kW storage was installed as indicated by small circles in Figure 5.69. Moreover

3 nodes (6A, 6B and 6C) in SWER network were selected to be investigated. This SWER

network connected to the 3 phase network at two different points with a SWER isolator- a

single phase transformer. This SWER line joins the 3 phase line at the nodes named “F2 N4

and “F2 N6A” in Feeder-2 and connects to phase-1. This configuration of 3 phase and a

single phase network introduces phase unbalances in the network and that influences the

whole network. Figure 5.70 shows the phase unbalance conditions that occurred in Feeder-2

due the SWER line integration into the Feeder in load only configuration. As the load on

Phase-1 (V1) increased therefore voltage level of V1 reduced, as compared to other phases in

all observed nodes.
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Figure 5:69 LCR ZS power network showing observed nodes in Feeder-2 and SWER network
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Figure 5:70 Phase voltages observed at different nodes of 3 phase part of Feeder-2

The impacts of storage and RE in phase voltage variations is explained below and also
shows the comparison in phase-1 voltages for all observed nodes in the LCR network. Small
size load was connected to the very long SWER line. Load Flow (LF) simulation results
showed the variation of voltage due to RE and storage in Feeder-1 and Feeder-2. Figure 5.71
shows that voltage level increases in all observed nodes in Feeder-1 due to the large
integration of RE, however after integrating Storage, this increased voltage starts decreasing.

This variation 1s prominent at the distant nodes although the variation is less at the source end.
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Figure 5:71 Phase voltages (V1) at observed nodes in Feeder-1

Similarly in Feeder-2, RE increases voltage levels in all observed nodes and storage
reduced this increased voltage level. Figure 5.72 shows this variation in various observed
nodes without showing the SWER part and Figure 5.73 shows this variation in the SWER
part of the LCR network. At distant nodes in feeder-2 “F2 N7” the observed voltage was

5.889 kV, 6.186 kV and 6.1247 kV 1in load only, load with RE and load with RE and storage
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configuration mode. Due to the large RE integration, voltage increased 5.043% compared
with load only condition and after integrating storage, voltage dropped 0.99% compared with
load with RE condition. In the SWER part at node “F2 N6C” the observed voltage was
12.589 kV, 13.8595 kV and 13.4167 kV i load only, load with RE and load with RE and
storage configuration mode. Therefore due to RE integration, the voltage level increased
10.09% as compared with load only condition. After integrating storage, voltage dropped
3.195% compared with RE condition. Therefore in single phase SWER network voltage

fluctuation is much more due to RE and storage.
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Figure 5:72 Phase Voltages (V1) at observed nodes in Feeder-2
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Figure 5:73 Voltage (V1) at observed nodes in SWER part of Feeder-2

Load curve (LC) or load profile calculation provides this variation in voltage level in
details with time. As the Feeder-1 and Feeder-2 connects to the Transformer at ZS in LCR,

the variations at node “F1_All and F2 All” are very close, however the variation at distant
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nodes are clearly evident. Figure 5.74 shows the voltage variation at different observed nodes
in Feeder-1 and Feeder-2. It is clear that RE increases voltage levels during mid day when RE
generation is high, however this variation is very high for the SWER single phase network.
Storage reduces the voltage level during mid day by storing excess energy and increases

voltage during peak load demand at the evening by discharging stored energy.
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Figure 5:74 LCR ZS Power network -Voltage variation at different observed nodes

In LCR ZS network consists of three phase and single phase lines. A SWER network was
connected to Feeder-2. The LF and LC analysis in the investigation on LCR ZS power

network showed that:

= Phase unbalanced condition occurred in Feeder-2 due to the SWER network

= Phase voltage level decreases towards the distant nodes in load only condition

= LF analysis showed that voltage increased after integrating RE in the network. At the distant
node in Feeder-2 without SWER network part, 5.043% voltage increased at distant node and
in the SWER network part 10.09% voltage increased after integrating RE compared to the
load only condition.

= After integrating storage with RE, voltage dropped in all observed nodes, maximum 0.99%
voltage drop was observed in Feeder-1 without SWER part and in SWER part 3.195% voltage
drop was observed.

= LC analysis showed that the change in voltage level is higher in SWER part of the network

during the peak generation time from RE.
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5.4.8 Rockhampton South (RSH) ZS Power Network

Like LCR ZS power network, RSH ZS power network also contains a part of SWER
network. Two feeders and 5 node points (F1_N1 up to F1_N5) in Feeder-1 was selected for
observation. The single phase SWER network was connected to the Feeder-1 at node “F1 N2”
as shown in Figure 5.75. The observation nodes on Feeder-2 are shown in Figure 5.76. To
investigate the impacts of Storage, the network was integrated with a large scale RE
installation. Like other network settings, initially PV was installed with 100% capacity of
peak load demand, however as PV cannot supply energy 24 hours a day, a bulk size PV/WT
plant was installed in nodes where voltage level drop is maximum. Each PV/WT plant is of
500kW capacity and a 200kW Energy Storage was installed to support load demand when RE
generation was not available. In SWER part of the network in Feeder-1 500kW PV plant and
200kW Storage was installed in 2 nodes (F1_N4S and F1_N5S). All loads, PV and Storage
are connected to the secondary side of distribution transformer (DT). In SWER part of the
network all load, PV and Storage was connected in Phase-1 (V1) with single phase
transformer of 22kV/415V, therefore the high voltage side of the transformer has a voltage of

12.7kV.

In Feeder-1, 5 observed nodes were selected in a 3-phase line and 3 observation nodes
were selected in the SWER part of the network. Feeder-2 has 2 line segments and in each
segment 3 nodes were selected for observation. The nodes are named as “F2 N1A, F2 N2A,

F2 N3A” and “F2 N1B, F2 N2B, F2 N3B”.
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Figure 5:75 RSH ZS power network showing observed nodes in Feeder-1 and SWER network

Load Flow (LF) calculation was conducted to observe the change in voltage at the selected
nodes in load only, load with RE and load with RE and Storage configuration mode of the
network. Load Curve (LC) simulation was done to investigate the variation according to
timely load demand, RE generation and Storage response. Figure 5.77 shows the change in
voltage at the observed nodes after integrating large scale PV and Storage and it is clear that
PV increased voltage most at the distant nodes where voltage dropped most in the load only
case. Storage stored excess energy generated by PV which caused a drop in voltage levels
and helped to keep the phase voltage within allowable limits. Similarly, in SWER part and in
Feeder-2, RE or PV increased voltage level and Storage tried to limit this increase by storing

excess energy as shown in Figure 5.78 and Figure 5.79.

Due to single phase SWER network connected to phase-1 (V1), more voltage drop was

observed in phase-1 and as a consequence, phase unbalanced condition was observed in
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Feeder-1. Also more fluctuation in voltage was observed in SWER part of the network. In
SWER part, at node “F1_N5S” voltage was increased 10.4465% after integrating RE and

decreased 2.895% after integrating storage into the network.

Figure 5:76 RSH ZS power network showing observed nodes in Feeder-2

RSH - Phase Voltage (V1) in Feeder-1

B Load Only MLoad+RE M Load+RE+Storage
7.0

Phase Voltage [kV|]

RSH_F1_All RSH F1 N1 RSH F1 N2 RSH F1 N3 RSH F1 N4 RSH_F1 N5

Figure 5:77 Phase Voltages at various nodes (without SWER Part) in Feeder-1
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RSH - SWER Part Phase Voltage (V1) in Feeder-1
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Figure 5:78 Line Voltage variations in SWER part of Feeder-1

RSH - Phase Voltage (V1) in Feeder-2
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RSH F2 Al RSH F2 NIA RSH F2 N2A RSH F2 N3A RSH F2 NIB RSH F2 N?B RSH_F2 N3B

Figure 5:79 Voltage variations at various nodes in Feeder-2

As explained earlier Load Curve (LC) simulation considers load profile and the energy
generation profile from RE and consequently storage behaviour in storing excess energy and
releasing stored energy when load demand increases, provides the actual behavior of voltage
variation in the network. Figure 5.80 (a, b, ¢) shows the voltage variation at node “F1_All” in
load only, load with large installation of PV and load with PV and Storage integrated network
condition. This is the node near to the transformer of ZS and the voltage level at this node
remains very close to supply voltage. Figure 5.80 (a) shows the voltage at the node “F1_All”
in load only condition and it is clear that voltage dropped 4.525% from the rated voltage at
14:00PM when load demand was high.

After integrating large scale PV into the network, high load demand was supported by
energy generated by PV and excess energy forced an increase to the voltage level. Figure

5.80(b) shows that from 08:00AM to 17:00PM the voltage level increased and at 14:00PM
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the voltage level increased by 3.975% compared to load only condition. After integrating
Energy Storage into the network, the voltage level drops during 10:00AM to 14:00PM and
there is an increase in voltage level during 17:00PM to 21:00PM as shown in Figure 5.80(c).

Figure 5.80 (d) shows the storage charge and discharge period for the storage installed at

Node-5 in Feeder-1.
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Figure 5:80 RSH ZS - Voltage variation observed at ""F1_All"" in Feeder-1 & Storage charge-discharge cycle

This change in voltage is more significant at the distant nodes of the network. Figure 5.81
shows the change in various nodes in Feeder-1 and Feeder-2 also showing the minimum and

maximum voltage at observed nodes in each feeder. VVoltage variation was high at the SWER

part of the network.
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Feeder-2: Load only (94.464% to 101.675%b)
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Figure 5:81 RSH ZS network- Voltage variation observed at various observed nodes in Feeder-1 & Feeder-2

In RSH ZS network consists of three phase and single phase lines. A SWER network was
connected to Feeder-1. The LF and LC analysis in the investigation on RSH ZS power

network showed that:

= Phase unbalanced condition occurred in Feeder-1 due to the SWER network connection in
Phase-1 only

= More fluctuation in voltage was observed in SWER part of the network and 10.4465%
increase in voltage was observed after integrating RE. After integrating storage with RE 2.895%
voltage drop was observed in SWER part of the network.

= LC analysis showed that the 4.525% voltage dropped during high demand time at 14:00PM in
Feeder-1. After integrating PV voltage level increased during 08:00AM to 17:00PM and a
maximum increase was observed at 14:00PM. A maximum 3.975% increase in voltage level
was observed after integrating PV in Feeder-1. After integrating storage voltage level drops
during 10:00AM to 14:00PM but during 17:00PM to 21:00PM voltage level increased due to

discharge from storage.

5.4.9 Rockhampton Total Power Network

All the 8 ZS power networks and the impacts due to ES and RE were discussed separately
when power flow was from source to load and then ES and RE also supplied power in the
reverse direction in various load demand times. After integrating all 8 ZS power network
together the network is not completely radial anymore, became partially meshed and this

analysis gives the actual impacts on the complete network. However, observation nodes and
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lines are considered from the 11 kV nodes near each ZS transformer, than the 66 kV node
where all 66 kV lines connected in the sub-transmission bus and finally at the node in the 132
kV transmission line. Load, RE and Storage remain connected at the LV side as discussed in

8 ZS power networks. Figure 5.82 indicates the nodes in observation in this case.

O -66/11 kV ZS Transformer

[ sy | o
Transf{:rmer-l‘ L RGE.

[Power Source | "%
| (Power Link)

13266 kv [
Transformer-2

Figure 5:82 Rockhampton power network showing three observed network levels

LF calculation showed that due to the single phase SWER network in LCR and RSH,
phase unbalance condition in these ZS network influenced other connecting ZS power
networks. CST is very close to LCR and in this network, LCR influenced the phase voltage
condition on CST, also phase voltage in BER was influenced by RSH. Interestingly, as all the
ZS network connected close to the RGL network, therefore RGL was also influenced by the
phase unbalanced situation. It was found that RE increased the phase voltage unbalanced
condition; however storage helps in reducing this situation. For example, in LCR ZS, SWER
covers a large part of the network so the difference in phase voltage was very clear. In load

only condition V1= 6.285716 kV, V2= 6.282400kV, V3= 6.262372 kV and after integrating
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RE, V1 increased 1.35718%, V2 1.82645% and V3 1.6182%. After integrating storage,
voltage dropped slightly in all phases such as 0.0548% in V1, 0.1265% in V2 and 0.0959% in
V3. It is clear that phase-2 voltage dropped a maximum which was increased to a maximum
i load with RE configuration. Therefore large storage minimises the phase voltage
unbalanced condition in the network. Figure 5.83 shows the phase voltage in Load only, load
with RE and Load with RE and storage integrated condition at 11 kV side of the network.

Phase Voltage in Rockhampton Power Network
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b. Load with RE condition
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Phase Voltage in Rockhampton Power Network
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c. Load with RE and Storage integrated condition

Figure 5:83 Phase voltages at 8 ZS power networks in three configuration modes

By comparing the LF results it was found that RE (PV or WT) increased phase voltage
and storage helped to reduce this increase in phase voltage. Figure 5.84 shows the phase-1
voltage (V1) in load only, load with RE and load with RE & storage integrated condition at
11 kV, 66 kV and 132 kV side of the network or compared at rated phase voltage of 6.35 kV,
38.1 kV and 76.21 kV respectively. It was found that voltage fluctuation is more at the lower
voltage network and the installation of RE and storage at LV (415V) side of the network
gradually influence the higher voltage level (11/66/132 kV) of the network. This change in
higher voltage level can easily disturb the network performance of other networks that are
connected from the higher voltage level network. It is seen that storage reduces the change in
voltage and phase unbalance situation; therefore large scale storage will have positive

impacts on power network in terms of voltage regulations.
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a. Phase-1 Voltage (V1) at 11 kV side of each ZS power network
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Phase-1 Voltage at 66 kV side of each ZS
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b. Phase-1 Voltage (V1) at 66 kV side of each ZS power network or Sub-Transmission line side

Phase-1 Voltage at 132 kV side of Transmission line
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c. Phase-1 Voltage (v1) at 132 kV side of Transmission line
Figure 5:84 Phase-1 Voltage at 11, 66 & 132 kV network point

The LC calculation provides voltage variation with time and Figure 5.85 shows the
voltage level at the 132 kV Transmission line measured at the primary side of the
Transformer-1 and 2 between the transmission and sub-transmission lines. It is clear from
Figure 5.85 (a & b) that RE increased voltage during mid day even at the high load demand
time, however, after integrating storage the voltage level slightly dropped. At 14:00PM when
load demand was high, the voltage level was 101.05%, 101.30% and 101.25% at 132 kV side
of Transformer-1 and 98.65%, 99.40% and 99.35% at 132 kV side of Transformer-2 in load
only, load with RE and load with RE & storage integrated condition. As the storage was
installed at the LV side (415 V) of the network only at defined nodes in observed feeders, this

Energy Storage and its Strategic Impacts on the Power Network 229|Page



Chapter 5 Impacts of Storage on Network Voltage Regulation

network created more scope for additional storage into the network. However, the trend is
clear that storage improves voltage level and has significant influence at the LV and

distribution network as discussed earlier in each ZS power network.
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Figure 5:85 Voltage variation observed at the HV side of Transmission line

Therefore large scale integration of RE and storage has greater impact in voltage
regulation on LV and distribution networks which can influence the HV network as well and

transmit the impact to other distribution networks connected from this transmission network.
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PV or WT output increases the voltage level during high generation time and deteriorates
unbalanced condition if installed in single phase line. Storage improves voltage regulation

and phase unbalanced condition which improves the voltage regulation.

5.5 Conclusions

This chapter described the results of 4 different investigations of various network size and
configurations and indentified the storage impacts on voltage regulation on the power
network. The basic consideration was to identify the storage influence on the power network
when the network was heavily integrated by various RE resources. In this analysis, solar PV
and WT was considered as the RE sources. In investigation-1, the experiment on a controlled
environment showed the amplitude of voltage waveform increased with increased PV
penetration and a similar result was observed in model simulation. In simulated network,
after integrating storage a voltage drop was observed at the PCC. Phase unbalance was
observed in the experiment and in the simulation result as PV was not distributed
symmetrically among phases. Investigation-2 considered a very small part of the power
network, particularly a feeder or a service line from a distribution transformer (DT) to 45
number single phase distributed residential loads. This investigation was conducted by
integrating RE and storage in distributed mode and then in centralised connection mode.
Results showed that storage improved voltage regulation for both methods of connection,
however centralised connection configuration showed better improvement. It was found that
storage reduced load on DT and in centralised connection, configuration load on DT was a
minimum which improved DT capacity. Moreover, in this investigation it was observed that
storage minimises fluctuation from PV or WT and therefore improves voltage regulations. It
was also observed that during short sudden fluctuations due to sudden change in solar
radiation or wind speed, power generation from these sources changes instantly which causes
transient fluctuations in the network. By supporting loads during that transient changes
storage reduces the impacts on DT and on the network. In investigation-3, a part of the real
power network in Rockhampton was considered. Various capacity PV and storage was

integrated into the network and it was found that voltage levels increased with increased
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capacity of PV and this increase in voltage was more at distant nodes and in the low voltage
network. A maximum of 6.745% and 9.67% of voltage increase was observed at the HV side
and the low voltage side of the network respectively due to PV penetration. However storage
minimises this increase in voltage. At the HV side 1.75%, and at the LV side, 2.23% voltage
drop was observed respectively due to storage integration into the network. This network was
further investigated by integrating centralised installation of large scale RE and storage at the
distant nodes. LF analysis showed that ES increased voltage, however LC analysis showed
that storage reduced voltage when RE generation exceeds load demand and increased voltage
when RE generation failed to support load demand, therefore storage improved voltage
regulation. Investigation-4 covered the total Rockhampton power network. For this ease of
analysis, each ZS network was investigated separately and in that case feeders connected
loads act as a radial network and power flows from HV source to the end node. In this
investigation PV was initially integrated distributed way into the network and further PV or
WT and ES was integrated into the network in a centralised way. Load, RE and storage was
connected to the LV side the network. In each ZS network, 2 feeders were selected to observe
and it was found that storage reduced the voltage level during high RE generation during mid
day and improved voltage levels during the evening by releasing stored energy. Among 8 ZS
power networks, Lakes Creek (LCR) and Rockhampton South (RSH) ZS power networks
contain single phase SWER networks and due to this single phase network, phase unbalance
in voltage was observed in the network. After integrating 8 ZS power network i.e. the
complete Rockhampton power network was investigated which is a partial meshed network
and found the similar result. It was found that the influence of storage was more visible at the

LV and distribution network than HV network.
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Chapter 6

Impacts of Storage on Network Harmonic Distortion

6.0 Introduction

Chapter 5 described the influence of storage on Voltage regulation in several network
configuration scenarios. A detailed network scenario for experimental and model setup was
described in Chapter 4. These networks were considered to analyse harmonic impacts of
storage on power networks. This chapter describes the results of experimental and simulation
work in terms of harmonic distortion in the network due to the integration of Energy Storage
(ES) with RE into the power network. Four different cases were described in chapter 4 to
investigate the impacts from a small scale to a large scale network. The results and discussion
were presented for the small scale network that is based on experimental work to large scale
network model. Similar to Chapter 5 this chapter also describes the result of the following 4

different scenarios:

Investigation-1: Harmonic distortion observation by

A. Experimental Investigation
B. Simulation based on experiment
(i) Without Energy storage
(if) With Energy storage
Investigation-2: Harmonic distortion observation in a small Distributed load network
Investigation-3: Harmonic distortion observation in a small Power Network in Rockhampton

Investigation-4: Harmonic distortion observation in a large Rockhampton Power network

Section 6.1 provides the harmonic distortion results from the experiment and the same
from a simulation investigation. Section 6.2 explains the investigation results of a network

segment by integrating RE and storage in a distributed and a centralised way. Section 6.3
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describes the results covering the practical network of Kawana in Rockhampton. Section 6.4
covers the complete power network of Rockhampton. Results are discussed by the separate
analysis of 8 Zone Substations (ZS) and finally the results of the complete power network of

Rockhampton. Section 6.5 provides the concluding remarks.

6.1 Results and Discussion on Investigation-1

This section covers two parts; (i) results of experimental investigation and (ii) simulation

results without storage and with storage integrated configuration.

6.1.1 Result and discussion - Experimental Investigation

Detailed experimental setup was explained in Chapter 4, and the connection layout of the
experiment was shown in Figure 4.38 in Chapter 4 and repeated in Figure 5.1 in Chapter 5.

The experiment was conducted by increasing PV penetration.

Experimental data was collected from the data acquisition system in DAQ_PV at 5000
samples/sec for the following two experiments. As explained in Chapter 5, the PV was
connected into the network in different sizes in different phases and showed the inverter
connection layout in section 4.4.1.2 and Figure 4.40 in Chapter 4, but load was connected in a
3-phase line. SMA 1100W and SMA 1700W inverter was used to connect PV into the

network.

= Experiment-1: 7.5 kW PV integration with varying load (23/43/53/63 KW)
=  Experiment-2: 11.31 kW PV integration with varying load (23/43/53/63 kW)

Experimental data was captured by the data acquisition system “DAQ_PV” for both the
experiments. From the experimental result it was found that the harmonic current increases

with increased PV penetration.

Figure 6.1 and Figure 6.2 shows the phase currents of the PV system with the integration
of 7.5 kW and 11.31 kW PV into the grid. The phase currents were not purely sine wave and
ripples were clearly visible at peak value, also phase currents were not in same magnitude.

Moreover magnitude of neutral current for 7.5 kW and 11.31 kW PV is very high and
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fluctuates significantly because of unbalanced PV generation which caused a significant
amount of harmonics in the connected system. From the experimental result, it was observed
that harmonic injection increased with increased PV penetration i.e. with increase of PV
penetration from 7.5 kW to 11.31 kW. Figure 6.3 shows the neutral current of 7.5 kW and

11.31 kW PV systems. Neutral current of the PV system can be calculated from Equation 6.1.

Ly=PA+ 12 ~1,0,~ 1,1 ~11, 6.1)

where ly is the neutral current, 1, Ig, and Ic are the RMS current of phase A, phase B and
phase C respectively. Neutral current should be small however, as the phase current was not
balanced neutral current increased. The experimental setup in connecting PV in different

phases was not balanced therefore neutral current was found very high as shown in Figure 6.3.
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Figure 6:1 Phase current after 7.5 kW PV integration
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Figure 6:2 Phase current after 11.31 KW PV integration
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Meutral currents for 11.31 kW and 7.5 kW PV
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Figure 6:3 Neutral currents after 11.31 kW and 7.5 kW PV integration

Spectral analysis on experimental sampled data provides the amplitude of different
harmonics present in the distribution network by applying Discrete Fourier Transform (DFT).
DFT converts a discrete time signal from time domain to frequency domain. The Fast Fourier
Transform (FFT) is an efficient method for computing the DFT and its inverse. For the
analysis of harmonic emissions on experimental data, FFT was used considering 50Hz as the
fundamental frequency. FFT found the presence of harmonic contents as the integral multiple

of fundamental frequency.

In the experiment, data was collected at the rate of 5000 samples/sec or the sampling
frequency was 5 kHz. MATLAB was used as a tool to apply FFT and to perform spectral
analysis, harmonic effects were presented in a graphical representation. Figure 6.4 shows the
time domain representation of the first 13 harmonics current. From the spectral analysis, it
has been observed that with the integration of PV, current harmonics were injected into the
network. Figure 6.5 shows the injected harmonics current in different frequencies with 7.5
kW of PV integration. Figure 6.5 shows that other than fundamental frequency, maximum
current was found in the 3 (150Hz) and the 9™ (450Hz) harmonics. The magnitude of
individual harmonics current (other than at fundamental frequency) after integrating 11.31
kW PV penetration is as shown in Figure 6.6. Harmonic injections from all even harmonics
are very low and within the range of AS-4777 standard [144]. However, 3™ and 9™ harmonics

exceeded the regulatory standard limit [144] while 7" and 15" harmonics just touch the
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threshold level. Table 6.1 shows the observed harmonic current in terms of percentage of

fundamental current at different harmonic frequencies.

Figure 6:4 Time domain representations of first 13 harmonics

14

Amplitude (Normalized)

pl e N N _N_NE_
o 5 10 15 20 3 30
Harmonics order

Figure 6:5 Amplitude of Harmonic current (with 7.5 kW PV)[145]
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Figure 6:6 Amplitude of harmonic current with 11.31 kW PV (not showing the fundamental current)[145]
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Table 6:1 Harmonic current at different harmonic frequencies[145]

Harmonic Harmonic current (% of fundamental)
order (n) after integrating 7.5 kW PV | after integrating 11.31 kW PV
3 6.5810 11.8865

5 1.0145 1.9349

7 1.8473 3.2047

9 10.049 12.9414

11 2.6881 2.1572

13 0.5592 1.3458

15 2.5153 2.4919

All even negligible

harmonics

Therefore, from Table 6.1 it is clear that harmonic current injection increases with
increased PV into the power network. Total harmonic (current) distortion (THD) was
calculated using harmonic distortion at each frequency and found THD of 17.63% for 11.31
kKW PV integrated condition. As mentioned in section 5.1.1 in Chapter 5, the voltage
waveform had flat peak, an indication of the presence of harmonic voltage. Minor voltage
harmonics was observed due to PV and non linear load and THD was calculated as 1.28% in

11.31 kW PV integrated condition.

As the experiment was conducted without storage, a software model was developed,
configured and simulated according to the experimental setup and then simulated after

including battery as the energy storage.

6.1.2 Result and discussion - Model Simulation

A model was developed using PSS SINCAL which mimics to the experimental setup.
Figure 6.7 shows the model, highlighting the line elements to observe current flow. Similar to
the experimental setup PV was connected to the network with 1100W and 1700W capacity
inverter. Harmonic current data for load, inverter and storage was included into the model.
Harmonic data for SMA 1100W and SMA 1700W inverter was collected as shown in Table
4.14 in Chapter 4. Harmonic current data for load and storage are shown in Table 4.13 in
Chapter 4. As the load harmonics data was not known in during the experiment, therefore
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there were some differences in the result of the harmonic calculation by experiment and by

simulation.

The model setup was discussed in Chapter 4, moreover section 5.1.2 in Chapter 5 also
described additional settings. As mentioned earlier, the SINCAL based model provides
flexibility to increase PV integration and allows integrating energy storage (ES) into the

network.
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Figure 6:7 Software model mimic of experimental setup showing Observed lines

6.1.2.1 Model without Energy Storage condition

Similar to the experimental setup, in the model, solar PV was integrated in Phase-A, B and
C as total installed PV capacity was 7.5 kW and 11.31 kW. Each PV was connected to the
network with the inverter. The connection layout of PV via inverter is explained in section
4.4.1.2 and is shown in Figure 4.40 in Chapter 4. Three phase load was considered and
commercial load profile was used as shown in Figure 4.31(a) in chapter 4. The model was

simulated under the following configurations and results were compared:

= Configuration-1: 7.5 kW PV integration with 63 kW load
= Configuration-2: 11.31 kW PV integration with 63 kW load
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Simulation was conducted and the harmonic current was measured at the observed lines

(Line-1 and Line-2) as shown in Figure 6.7.

Harmonic Current:

Simulation results showed that harmonic current increases with the increased PV penetration
in every harmonic order. The third harmonic was found to be very significant, even
harmonics were very low therefore it was not shown and THD (up to 15™ harmonics) is as
shown 1n Figure 6.8. It is clear from the figure that harmonics is higher with the integration of
11.31 kW PV than 7.5 kW PV. Third harmonics exceeded the limit of AS-4777 (4%) and
THD also exceeded AS-4777 limit (5%), although in this setup major harmonic contributor
was the load where THD for load was 4.3%. However it is clear that increasing PV
penetration increased harmonics distortion. Figure 6.8 shows the harmonic current in Line-1

1.e. from BUS-1 to Tx_Secondary node as indicated in Figure 6.7.

Harmonic current in 7.5 kW and 11.31 kW PV integrated
condition m7.5kWPV ®11.31kWPV

o
W

Harmonic current (%)
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Harmonic order (n)

Figure 6:8 Harmonic current (% of fundamental) observed at Line-1 with different size PV penetration
Harmonic Voltage:
Harmonic voltage was measured at BUS-2 where all PV connected to the network and at
Tx_Secondary node where all LV elements are connected. At BUS-2 THD voltage harmonics
was calculated as 10.786% for 7.5 kW PV integrated condition and with 11.31 kW PV it was
12.014%. But at Tx_Secondary node, Transformer influenced the voltage condition and the

harmonic voltage decreased, therefore THD for 7.5 kW and 11.31 kW PV becomes 0.6611%
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and 0.6924% respectively as shown in Figure 6.9. Therefore voltage harmonics also increases

with increased PV penetration.

Harmonic voltage in 7.5 kW and 11.31 kW PV integrated
condition
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Figure 6:9 Harmonic voltage observed at Tx_Secondary node

6.1.2.2 Model with Energy Storage (ES) Integrated condition

In order to observe the storage impacts, the model was modified and ES was integrated
into the model as explained in section 5.1.2.2 in Chapter 5. In this case a commercial load of
63 kW, PV 129 KW and 63 kW ES was integrated for the best utilisation of PV energy. The
model was simulated as per the following configurations:

* Load Only (63 kW)

* Load with Solar PV (63 kW Load & 129 kW PV)
* Load with Solar PV and ES (63 kW Load, 129 kW PV and 63 kW Storage)

Harmonic Current:

As explained earlier in section 6.1.2.1, harmonic current increases with increased PV
penetration. After adding storage it was found that storage increases more harmonics into the
network. Figure 6.10 shows the harmonic current observed as a percentage of line current in
Line-1 in three different configurations. In load only condition, total load current flows
through Line-1 from Infeeder to load after integrating large PV into the network part of the
load demand met by the PV which caused reduction in current flow through Line-1 and as a
consequence, the percentage of harmonic current increased. Similarly after increasing ES into

the network, additional load demand was met by the storage which caused further reduction
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in load current flow through Line-1. Furthermore harmonic current from load, PV inverter

and storage injected into the network which caused increased THD in ES integrated condition.

Harmonic current (%) observed in Line-1
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Figure 6:10 Harmonic current (% of line current) in Line-1 in different configurations
Harmonic Voltage:

As indicated earlier, harmonic current increases with the integration of PV and ES. Harmonic
current into the network system causes harmonic voltage to rise [137], and the same
consequence was observed in this experiment. It was observed from the simulation result that
harmonic voltage slightly increased with storage integrated condition at the Tx Secondary
node as shown in Figure 6.11. However significant harmonic voltage was observed at BUS-1
where PV, Storage and loads are connected, particularly 3, 9 and 15™ harmonics, although

THD is still below the standard limit of 8% [22] as shown in Figure 6.12.
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Figure 6:11 Harmonic Voltage (% of phase voltage) at Tx_Secondary node
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Figure 6:12 Harmonic Voltage (% of phase voltage) at BUS-1

Therefore, both experimental and simulation results clearly indicated that PV and ES
increased harmonics current and harmonics voltage into the network, however the observed
network level and integrated PV and ES was limited which kept the result close to the
allowable limit. Large scale integration in a large network could have different result. This
mvestigation covered only one 3-phase load, the next investigation describes harmonics due

to ES and RE integrated condition in single phase distributed load network.

6.2 Results and Discussion on Investigation-2

In this investigation, Distributed single phase residential load was considered. Solar PV
and wind turbine (WT) was considered as RE sources and Battery as ES. The model was
configured such that solar PV or WT and storage were connected with distributed load in 3
node buses as shown in Figure 4.42 in Chapter 4. The model was modified to connect solar
PV, WT and storage in a centralised way at the end node. The model setup, load, renewable
energy (PV and wind turbine), storage allocation, installed elements harmonics data and
required parameter settings were described in section 4.4.2 in Chapter 4. It was mentioned
that a total of 45 houses were connected from 3 node buses and distributed among 3 phases.
In each node bus, 5 houses installed 5 kW capacity PV/WT and 1.72 kW capacity ES,
therefore a total of 15 houses installed PV/WT and ES. In the centralised connection of RE

and storage total 75 kW capacity of PV/WT and 25.8 kW capacity ES was installed at the end
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node. For the ease of understanding the results from this investigation, the model layout in
Figure 4.42 as detailed in Chapter 4 is shown below highlighting the lines indicating the
observed flow of current (Figure 6.13). A total of 5 line elements were observed, as shown in
Figure 6.13. These line elements are DL3, DL2, DL1, DT (from secondary side to primary
side of DT) and infeeder (from primary side of DT to Infeeder).
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Figure 6:13 A small network model showing observed lines

The model was simulated to evaluate the harmonic injection from RE and the storage into
the network. Harmonic calculation was done in SINCAL and observed the flow of load
current and harmonic current from load, RE and storage into the network and identified the
harmonic emission due to storage. The model was configured in the following 9 different

cases and the findings are summarised below:

e C(Case-0: Load only

e C(Case-1: Load with Solar PV

e C(Case-2: Load with PV + Storage

e C(Case-3: Load with Large central PV power plant

e (Case-4: Load with central PV power plant + Storage
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e (Case-5: Load with Wind turbine (WT)
e (Case-6: Load with WT + Storage
e (Case-7: Load with large central WT Power plant

e (Case-8: Load with central WT Power plant + Storage

Harmonic emission on DN was analysed by providing harmonic data of the inverter
connecting PV and storage and converter harmonics data with wind turbine in the network
model. Load harmonics data was scaled down to 25% of the maximum limit in AS/NZS
61000.3.2 [139] so as to view the harmonic emission from PV/WT and ES in a comparative
way. After adding PV, WT and storage in different case configurations, the observed lines
were investigated and harmonic current, load current data were noted. Based on this data, the
percentage of harmonic current in different harmonic frequencies up to 25th harmonics were
observed and finally, total harmonic (current) distortion (THD) was calculated using

Equation 4.8 in Chapter 4.

Figure 6.14 shows the THD observed in 5 line segments in nine different case
configurations. It was found that in all cases where RE and storage were integrated, THD
exceeded the limit of AS-4777. In distributed connection configuration i.e. in Case-1, Case-2,
Case-5 and Case-6 have the highest level of THD, therefore these connection configurations
of RE and storage have great concern for power quality. When PV/WT was installed in a
distributed way into the network, load current flow through the observed lines reduced as the
load demand was partially met by the RE and when ES was integrated, further load demand
met by the ES, which further reduced the flow of load current. On the other hand, the
integration of these RE and ES adds harmonic currents into the network, also inverter
operation increases which causes additional harmonic current into the network. This increases
in harmonic current and a decrease in load current finally increased THD in the network. In
centralised connection configuration i.e. in Case-3, Case-4, Case7 and Case-8, where PV, WT
and storage connected to the network at the end point of service line, there is less harmonic
emission compared to the distributed connection configuration as shown in Figure 6.14. In
this case PV/WT and ES acts as a power plant at the other end of the feeder which supports
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the load demand and the flow of load current increased in the observed lines, especially
through the end line (DL3) which cause reduced THD at that line and other observed lines
compared to the distributed connection configuration. Moreover, the switching of the inverter

was reduced which caused reduced of harmonic current into the network.

However, in both connection configurations it was found that storage increased THD in
the network. It is clear from Figure 6.14 that Case-2 has a higher THD than in Case-1 and the
same 1n Case-6 and Case-5 in the distributed connection configuration. Similarly, Case-4 has
higher THD than Case-3 and also Case-8 has higher THD than Case-7. As ES adds additional
harmonic current mto the network and also by storing excess energy from PV/WT plant,

there was reduction in the flow of load current and that caused the increase in THD.

Current Harmonic (THD) is different cases
mInfeeder mDT (LV-HVside) mDL1 mDL2 mDL3

THD i(%)

Case-0 Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7 Case-8

Figure 6:14 THD in different case configurations in different observed lines

As mentioned earlier the increase of harmonic current into the network causes the increase
of harmonic voltage. Total harmonic voltage distortion (THD) of the complete LV side of the
network 1.e. from secondary side of DT to the end load, THD was measured as 24.5% and up
to 25™ harmonic frequency as shown in Figure 6.15. However at end node (DN3), the

observed THD in Case-7 & 8 are 19.75% and 23.25% respectively.
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Figure 6:15 Harmonics Voltage distortion at the LV side of the network

Therefore, in all cases, storage adds additional harmonics to the network although it was
found that in the centralised connection configuration, THD is less than for the distributed

connection configuration. VVoltage harmonic also increases with the integration of ES.

6.3 Results and Discussion on Investigation-3

In this investigation, a small section of the power network in Rockhampton was modelled
in PSS SINCAL. A detailed model setup of Kawana, a suburb of Rockhampton, was
discussed in section 4.4.3 in Chapter 4 and also in section 5.3 in Chapter 5. The network was
divided into 7 load zones and loads were connected at the LV side of DT (11kV/415V) in
each phase. Loads considered are residential loads and the load profile is shown in Figure
4.31(b) and for PV, summer solar radiation was considered as shown in Figure 4.32 in

Chapter 4.

This network was configured in distributed integration of PV and ES and again centralised
integration of PV and ES. Harmonic data for load, PV and ES was included into the model

and the data shown in Tables 4.13 and 4.14 in Chapter 4.
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6.3.1 Distributed Integration of RE and ES

This Power network of Kawana was modeled with real load and network parameter data.

For the harmonic calculation, the model was simulated in the following three configurations.

= Load only (no PV or storage installed)
= Load with PV ( PV 20% of load rating)

= Load with PV and storage ( PV & Storage 20% of load rating)

As the load, PV and ES were distributed in LV side of all nodes in phases; therefore
harmonic current was measured in only the line “All_Zone” that connects total network to the
infeeder as shown in Figure 6.16. In load only condition total current harmonic distortion
(THD) found was nearly 3%. This investigation was done after integrating PV and storage
into the network at 20% of load rating and large load current still flowing through the
observed line, a significant increase in harmonic current was not observed at the observed

line. A detailed investigation was done after integrating PV and storage in centralised

configuration in each zone.
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Figure 6:16 Distribution network of Kawana showing observed line

Voltage harmonics was observed on each node of the LV side of the DTs and the result is
shown in Figure 6.17. Figure 6.16 highlighted one LV side of node showing load, PV and

storage connected from DT. PV and storage was integrated at 20% of the load capacity. It
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was found that PV adds additional harmonics to the network and storage further adds

harmonics to the network although the total harmonic voltage distortion (THD) was found to

be within the acceptable limit of 8%[22].
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Figure 6:17 Observed harmonic voltage (THD) at the LV side of the network

Therefore, in distributed connection configuration both current harmonics and voltage
harmonics increased with PV and ES. A further investigation on the Kawana network was

done in centralised integration of PV and ES.

6.3.2 Centralized Integration of RE and ES

The power network of Kawana, described above, was modified to integrate PV and ES in
a centralised approach. However the load distribution was kept unchanged. Bulk size PV and
storage was integrated into the distant nodes in each zone as shown in Figure 6.18. For this
analysis, 500 kW of PV plant was installed at the distant node of each zone and for the best
utilisation of PV, 100 kW capacity of Energy storage was added in each zone. The installed
PV and storage capacity against load in each zone is shown in Table 5.1 in Chapter 5. The
harmonic calculation was done and the flow of harmonic current and load current was

observed in the selected lines as shown in Figure 6.18.
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Figure 6:18 Power network of Kawana showing observed lines and bulk size PV and Storage in each zone

PV was integrated into the network with an inverter and considered as the current source
element and similarly storage (Battery) was also integrated into the network. Harmonic
current for the inverter was described Table 14 in Chapter 4 and the 10 kW inverter current

harmonics data was scaled up for 100 kW capacity inverter for the analysis.

When PV generates energy and supplies to the network, this caused reduced load current
flow from the infeeder and also PV injects harmonic current into the network. Similarly when
ES stored excess energy that further reduced the flow of load current and when storage
released energy to the network at that time PV was unable to supply energy. Hence, overall
flow of load current remained the same. However harmonic current was injects into the
network when PV and ES became active in the operation. The distribution of load among
different zones is different however the same size solar PV and ES was integrated in all zones

therefore load current and harmonic current was also not uniform among all zones.

Simulation for harmonic calculation was done in load only, load with PV and load with
PV and storage integrated condition and results were compared. Figure 6.19 shows the Load
current, Figure 6.20 shows the harmonic current and Figure 6.21 shows the total harmonic
current distortion (THD) in three different configurations. The position of observed lines in
Zone-1, Zone-4 and Zone-6 is such that current flows through these lines to the other part of

the network, therefore flow of load current and harmonic current in these observed lines was
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high in load only condition. After integrating large PV in each zone, much of the load
demand was met by PV, as a consequence flow of load current dropped significantly in these
observed sections of the network, however PV injects additional harmonic currents into the
network therefore harmonic current increases in these observation zone which caused THD to
increase as can be seen in Figure 6.21. After integrating ES in each zone, some additional
load demand was met by the storage which reduced the flow of load current further, however
it increased the harmonic current and therefore THD was increased. The observed lines in
Zone-2, Zone-3, Zone-5 and Zone-7 can see the flow of current only on those zones,
therefore flow of load current and harmonic current was less in these lines, in load only
configuration. After integrating large PV in these zones, energy generated from PV was
supplied to the other loads therefore the observed lines see more current flowing through
these lines, which caused an increase in load current also an increase in harmonic current.
After integrating large storage in these zones, flow of load current increased in these lines
which caused reduction in total harmonic distortion in these observed lines as seen in Figure

6.21.

The line “Line Infeeder” can observe the flow of current of the complete network from
infeeder to the end load, also harmonic current from all node to the infeeder in the reverse
direction. Therefore this observation provides the overall impact on the complete network. It
was found that after integrating PV in the network, flow of load current from the infeeder to
the load dropped with big margin as PV supported load demand. After integrating ES, flow of
load current further dropped as storage also supported some additional load demand.
However, the flow of harmonic current increased on both occasions i.e. after integrating PV
and storage, total harmonic current distortion increased on both occasions as illustrated in
Figures 6.19, 6.20 and 6.21 and also THD exceeded the allowable limit of 5% mentioned in

AS-4T7717.
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Figure 6:19 Load current in selected lines of observation in three configurations
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Figure 6:20 Harmonic current in selected lines of observation in three configurations
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Figure 6:21 THD across selected lines of observation in three configurations

Therefore, this investigation on the power network in Kawana showed that total harmonic
current distortion increases with the integration of RE such as PV, and ES further increased

this level. Similarly total harmonic voltage distortion also increased with the integration of

PV and ES.
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6.4 Results and Discussion on Investigation-4

This investigation is considering the same network settings as described in section 5.4 in
Chapter 5. However required harmonic data for load, inverter with PV and storage and also
for WT was entered into the network model for network simulation to get the harmonic
distortion in the network. This investigation covers the power network of Rockhampton
which was divided into 8 zone substations (ZS) and finally combined to get the total power
network model of Rockhampton for the investigation of harmonic impacts on the network

due to ES. The power networks of the 8 ZS are listed below:

Rockhampton Glenmore (RGL) ZS network
Pandoin (PAN) ZS network

Frenchville (FRN) ZS network

Parkhurst (PKH) ZS network

Berserker (BER) ZS network

Canning Street (CST) ZS network

N o &M w0 o doE

Lakes Creek (LCR) ZS network

®©

Rockhampton South (RSH) ZS network

It was mentioned earlier that the networks contained a 3 phase 11 kV distribution network
which connect to the 66 kV sub-transmission part at Rockhampton Glenmore BSS and finally
to the 132 kV transmissions line that connects the entire network to the main supply from

Power Link.

It was also mentioned in section 5.4 in Chapter 5 that load is connected to the network
through LV DT with 50% loaded condition. Load is connected to the LV side (415V line-line)
of DT and in the same node RE resources (solar PV or Wind turbine) was installed at the
same capacity of load. In Chapter-3 it was mentioned that for best utilisation of RE, ES is
essential and estimation of required storage was also explained. Moreover, in investigation-2
& 3, the distributed and centralised installation of RE and ES was evaluated. In this
investigation after integrating PV of 100% of load capacity in nodes, bulk size RE and

storage was integrated in some selected nodes where voltage drop was higher. 500 kW PV or
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WT and 200 kW storage size was considered as bulk size RE and storage installation. This
bulk size RE and storage were integrated at 5 or 6 different distant nodes in the selected
feeder. In each ZS power network two feeders were selected and in each selected feeder 6
line segments were selected to observe current flow. The observed feeder, installed bulk size

RE and storage and the flow of harmonic current are also indicated in the network figures.

The model allows switching on/off any network element as required. The investigation

was conducted and results were compared in three network configuration modes:

1. Load only configuration
2. Load with RE configuration and

3. Load with RE and ES configuration

In each ZS network the two longest feeders were selected for observation and simulated in

the above three network configuration modes.

The investigation of each ZS power network was conducted separately by observing
selected feeders that act as a radial network. Load allocation, RE and storage distribution is
listed in the Appendix-A for each ZS power network. For load, commercial summer load
profile, summer solar and wind energy profile was considered as shown in Figure 4.31 (a),
4.32 and 4.33 respectively in Chapter-4. Line parameter were explained in Table 4.4 in
section 4.2.2 and the harmonic data for load, PV, WT and ES was shown in Table 4.13 and
4.14 in Chapter 4. Each of the ZS power network model was simulated for harmonic

calculations and the results are explained below.

6.4.1 Rockhampton Glenmore (RGL) ZS Power Network

The details of the Rockhampton Glenmore ZS power network have already been described
in section 5.4.1 in Chapter 5. The selected feeders with installed bulk size RE (PV) and ES
are highlighted in Figure 5.38 in Chapter 5. This investigation referred the same figure to
observe the flow of harmonic current and load current through the highlighted line segments
with an arrow sign. The arrow sign shows the flow of harmonic current from the installed RE

and ES to the network. Two feeders were selected and in each feeder, 5 line segments were
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selected and named “L._ F1HI1 to L F1HS5” and “L. F2H1 to L_F2HS5”. Another line segment

“L_F1All and L F2AIl”, also highlighted in Feeder-1 and Feeder-2 to observe the overall

harmonic impacts on each feeder.

The network model in SINCAL was simulated for harmonic calculations in load only, load

with RE and load with RE and ES configurations mode. Therefore, in comparison impacts of

ES can be identified. Harmonic calculation was done up to the 25 harmonic frequency

where 50Hz is the fundamental frequency. Total harmonic current up to 25® harmonics were

compared and the total harmonic current distortion was evaluated for each observed line

segment. Figure 6.22 shows the load current, harmonic current and total harmonic current

distortion (THD) at the observed line segments in Feeder-1 and Feeder-2.

RGL - Load current [A] in Feeder-1

RGL - Load current in Feeder-2

b-1. Harmonic current in Feeder-1
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Figure 6:22 RGL ZS - Harmonic current, load current & THD at observed lines in Feeder-1 and Feeder-2

ES and RE (PV) were installed at the end of the observed lines and load demand remains
the same. However after integrating RE, the observed lines experienced additional flow of
load current to the other part of the network. Therefore increase in load current was observed
i lines (L F1HI to L _F1HS and L F2H1 to L_F2HS) after integrating RE into the network
as seen in Figure 6.22 (a-1 and a-2). But overall flow of load current decreased in each
feeder as the RE generated energy supports load demand that reduced power flows from the
infeeder as observed in line “L_F1All and L F2AIl” in feeder-1 and feeder-2. However after
integrating ES, a part of the excess energy generated from RE was stored into the storage
which reduced the flow of load current through the observed lines as seen in Figure 6.22 (a-1

and a-2).

PV or ES acts as a current source node element and after integrating RE, flow of harmonic
current was increased in all the observed lines and ES further increased the harmonic current
mnto the network as seen in Figure 6.22 (b-1 and b-2). Therefore the total harmonic current
was increased in each feeder as observed in line “L._F1All and L F2AIl” after integrating RE

and ES.

Increase in harmonic current and decrease in load current increase the total harmonic
current distortion (THD) in the network. It was observed that after integrating RE, THD was

increased compared to the load only condition and after integrating ES, THD further
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increased as seen in Figure 6.22 (c-1 and c-2). In load only condition, line “L. F1H4, L F1HS
and L _F2H4” observed very low load current flow as installed load beyond the observed
lines was with very low capacity therefore THD increased in these observed lines in load
only condition. However Fedder-1 and Feeder-2 observed THD as 3.50% and 4.17% in load
condition, 10.65% and 10.82% in load with RE integrated condition and finally 14.14% and
17.89% in load with RE & ES integrated condition. Therefore ES increased the harmonic

current distortion of the network.

Increase in harmonic current increased harmonic voltage distortion in the network. It was
observed that total harmonic voltage distortion also increased with the integration of RE and
ES. Harmonic voltage distortion was noticed in the nodes being observed for voltage
regulation as shown in Figure 5.38 in Chapter 5. Total harmonic voltage distortion (THD)

observed in Feeder-1 and Feeder-2 is summarised below in Table 6.2.

Table 6:2 THD (%v) observed in Feeder-1 and Feeder-2 in RGL ZS power network

Node Load only Load+RE Load+RE+Storage
Feeder-1: RGL_F1_All | 8.807% 27.767% 31.075%
Feeder-2: RGL_F2_All | 8.615% 27.193% 30.423%

Therefore ES increases harmonic current distortion and harmonic voltage distortion in the

network.

6.4.2 Pandoin (PAN) ZS Power Network

Pandoin ZS power network was described in section 5.4.2 in Chapter 5 and Figure 5.43 in
Chapter 5 shows the line segments used to observe current flow and also highlights the nodes
used to observe node voltages. There are 5 line segments in each feeder named “L_F1HI to
L F1HS and L F2H1 to L F2H5” in Feeder-1 and Feeder-2 respectively that were selected
to observe current flow. Load current flows from the infeeder to end load, however power
flow can reverse from RE installed at end node towards the infeeder which eventually
reduces the flow of load current through the observed line segments. RE and ES acts as a
current source element that injects harmonic current to the network and in Figure 5.43 arrow
shows the flow harmonic current at the observed lines i.e. from RE or ES to the infeeder.
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Two line segments named “L_F1All and L F2All” were selected to observe the overall

immpacts on each selected feeder in the network. Load, RE (PV) and ES integration was

discussed 1n section 5.4.2 in Chapter 5. In addition, harmonic data for load, inverter with RE

and ES was applied in the network model and the model was simulated in load only, load

with RE and load with RE and ES integrated condition. Figure 6.23 shows the observed load

current, harmonic current and total harmonic current distortion (THD) in the observed line

segments in load only, load with RE and load with RE and storage integrated condition.

PAN - Load current [A] in Feeder-1
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Figure 6:23 PAN ZS - Harmonic current, load current & THD at observed lines in Feeder-1 and Feeder-2

It was found that in Feeder-1 and Feeder-2 overall load current flow decreased (in line
“L_F1AIl & L F2All) as the flow of power from RE sources increased. Also ES further
decreased the flow of load current by supporting some additional load demand as shown in
Figure 6.23 (a-1 and a-2). Although the other observed lines (L _F1HI1 to L FIHS and
L F2HI1 to L F2HS5) in both feeders show the increase in load current flow after integrating
RE as the adjacent load demand is low therefore much of generated power from RE flow to
the other part of the network through the observed lines, however ES reduced the load current
flow by storing energy from RE as shown in Figure 6.23 (a-1 and a-2). Harmonic current
flow increases with the integration of RE and ES as shown in Figure 6.23 (b-1 and b-2).
Therefore the overall total harmonic current distortion (THD) was increased in both feeders

after integrating ES into the network as shown in Figure 6.23 (c-1 and c-2).

As mentioned earlier, increases in harmonic current increase voltage distortion. It was
observed that harmonic voltage distortion increased with the integration of RE and ES. At
node “All” where both feeders join, the observed total harmonic voltage distortion (THD)
was 3.5%, 10.1% and 13.09% 1n load only, load with RE and load with RE and ES integrated
condition. Therefore ES increased harmonic current distortion and harmonic voltage

distortion in the network.
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6.4.3 Frenchville (FRN) ZS Power Network

In the Frenchville ZS power network, two feeders were selected and in each feeder 5
nodes were selected to observe voltage regulation. Also 5 line segments in each feeder were
selected to observe flow of current as shown in Figure 5.48 in Chapter 5. At Node-4 and 5 in
Feeder-2 500 kW WT and 200 kW ES was installed therefore in this network PV and WT
both were installed as RE sources and ES was installed in each bulk size RE installed nodes.
The details of the network are described in section 5.4.3 in Chapter 5. The harmonic data for
load, PV, WT and ES up to 25th harmonics was described in Table 4.13 and 4.14 in Chapter
4. The power network model was simulated for harmonic calculation in load only, load with

RE and load with RE and storage configuration mode.

Various capacity loads and inverter integrated elements are the source of harmonics. The
installation of various capacity RE resources (Storage, PV or wind turbine) at various node
points in the network, changes the flow of current, moreover the current flow also varies with
electricity generation from the RE sources and the load demand which changes the load

current and harmonic current level in various line elements.

The simulation result showed that the observed lines (L_F1H1 to L_F1H5 and L_F2H1 to
L_F2H5) experienced additional flow of load current after integrating RE into the network.
This increase in load current is due to the excess power generation from RE sources which
passed to other loads in the network. However overall flow of load current from infeeder to
load decreased as a sizable portion load demand was met by the RE as seen in Figure 6.24 (a-
1 and a-2). Line “L_F1All and L_F2AIlI” was selected to observe the overall flow of current
in each feeder. After integrating ES into the network a portion of RE generated energy stored
into the storage when RE generates excess energy and also supports load demand when RE
sources stop generating power which reduces the load on the infeeder and as a consequence

flow of load current from infeeder is reduced as seen from Figure 6.24 (a-1 and a-2).

The simulation result showed that harmonic current injection into the network increased

with the installation of RE and ES in both the feeders as shown in Figure 6.24 (b-1 and b-2).
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This increase in harmonic current increases the total harmonic current distortion (THD) in the

network as shown in Figure 6.24 (c-1 and c-2). The overall THD in each feeder observed at

line L F1All and L-F2All was 3.06%, 7.33% and 8.93% in Feeder-1 and 3.61%, 13.60% and

18.94% 1n Feeder-2 in load only, load RE and load with RE and storage integrated condition.
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Figure 6:24 FRN ZS - Harmonic current, load current & THD at observed lines in Feeder-1 and Feeder-2

Harmonic Voltage distortion at the observed nodes in Feeder-1 and Feeder-2 was

investigated and found that RE (PV or WT) increased total harmonic voltage distortion (THD)
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and storage further increases it. At node “F1_All” and “F2_All” in Feeder-1 and Feeder-2 the

observed THD is as shown in Table 6.3.

Table 6:3 THD (%v) observed in Feeder-1 and Feeder-2

Node Load only Load+RE Load+RE+Storage
Feeder-1: F1_All 5.86% 11.607% 12.625%
Feeder-2: F2_All 5.845% 11.589% 12.606%

Therefore, ES increased harmonic current distortion and the harmonic voltage distortion of

the network.

6.4.4 Parkhurst (PKH) ZS Power Network

Like other ZS power networks, two feeders were selected to observe the flow of current in
the network. Five line elements in each feeder were selected to be observe and assigned
names were “L__F1H1 up to L F1H5” and “L_F2H1 up to L_F2H5” in Feeder-1 and Feeder-
2 respectively. These lines are next to the bulk installation of PV, WT & ES and the observed
harmonic current flow direction was also indicated in Figure 5.53 in Chapter 5. Total current
flow in Feeder-1 and Feeder-2 was observed at line segment “L_FI1AIl” and “L_F2All”
respectively. The effect of voltage harmonics was observed in nodes “F1_All and F2_All” in
Feeder-1 and Feeder-2 respectively. In Feeder-2 WT was installed in Node-5. A detail of this

network is available in section 5.4.4 in Chapter 5.

Harmonic data for load, inverter with RE and storage was considered in the model. Table
4.13 and 4.14 in Chapter 4 shows the considered harmonic data. The power network model

was simulated in load only, load with RE and load with RE and storage integrated condition.

From simulation results it was found that flow of load current increased in all observed
lines in Feeder-1 but in Feeder-2 the flow of load current decreased after integrating RE into
the network. The length of Feeder-1 is more than Feeder-2, but concentration of load is less
and the total loading also less in Feeder-1, therefore after installation of bulk size RE, power
produced is greater than the load demand which forced excess electricity to flow to other part
of the network and that was observed in all line segments in Feeder-1. In Feeder-2, although

the length is less but loading is more than Feeder-1, in addition selected feeder-2 is connected
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to adjacent various capacity loads that consumed the power generated from RE and as a
consequence load current demand from the infeeder was reduced after integrating RE into the
network. However after integrating ES, excess energy from RE was stored in the storage also
storage supports load demand which eventually reduced the flow of load current through the

observed lines in both feeders as seen in Figure 6.25 (a-1 and a-2).

It was found that the flow of harmonic current increases in all the observed line elements
in Feeder-1 and Feeder-2 after integrating RE (PV or WT) into the network. However after
mtegrating ES, injection of harmonic current into the network was further increased as seen
m Figure 6.25 (b-1 and b-2). Increase in harmonic current and decrease in load current
increases total harmonic current distortion (THD) in the network. In observation line
“L_F1H2”, load current was much less than harmonic current as the small size load was
connected at the end of the line, therefore THD was very high in that line. It was observed
that overall THD in Feeder-1 1s 12.29%, 14.57% and 26.17% and in Feeder-2 it is 3.038%,
6.69% and 8.60% in load only, load with RE and load with RE and Storage integrated

conditions respectively.

PKH - Load Current [A] in Feeder-1 PKH - Load Current in Feeder-2
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a-1. Load current in Feeder-1 a-2. Load current in Feeder-2
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c-1. Total harmonic distortion in Feeder-1 c-2. Total harmonic distortion in Feeder-2
Figure 6:25 PKH ZS - Harmonic current, load current & THD at observed lines in Feeder-1 and Feeder-2

Harmonic voltage distortion was observed in nodes “F1_All” and “F2_All” where both the
11 kV feeders started from the sub-transmission network of 66 kV. It was found that in load
only condition THD was 4.1%. After large integration of RE in various nodes in both feeders
the voltage harmonics level increased and THD becomes 8.33%. In order to maximise the RE
utilisation energy storage was integrated with various nodes in both feeders and it was found
that voltage harmonics increased in all frequency levels and THD reached to 9.239% and

exceeded the allowable limit of 8% [22].

Therefore it 1s again found that ES increases harmonic current distortion and harmonic

voltage distortion in the power network.

6.4.5 Berserker (BER) ZS Power Network

The power network under Berserker ZS was described in section 5.4.5 and the integration

of bulk size RE and ES is shown in Figure 5.58 in Chapter 5. Two feeders were selected to be
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observed and in each feeder bulk size RE and ES was installed in 5 node points. Five line
segments adjacent to the bulk installation of RE and ES in each feeder was selected to

observe the flow of current.

The power network model was simulated for harmonic calculation and found that RE and
ES increase total harmonic current distortion in the network. Similar to other ZS power
network this part of the network also simulated in load only, load with RE and load with RE
and storage integrated mode. Figure 6.26 shows the flow of load current, harmonic current

and the total harmonic distortion (THD) in both feeders.

The total load on this network model is 18,364 kVA but the feeder length is less compared
to other ZS power networks and it was found from the observation of voltage regulation in
this network that available voltage was above the rated voltage and it further increased after
mtegrating RE as discussed in section 5.4.5 in Chapter 5. This constant high voltage in all
nodes of both feeders ensured that the flow of load current was high as shown in Figure 6.26
(a-1 and a-2). It was noted that in all observed lines experienced increased flow of load
current and the overall flow of load current was also increased. However after integrating ES,
this level of load current decreased in all observed lines as shown in Figure 6.26 (a-1 and a-2).
Harmonic current increased with the integration of RE and ES into the network and the
increase in harmonic current was observed in all lines. Therefore, increase in load current
decreased total harmonic current distortion (THD) after integrating RE, however a decrease

in load current after integrating ES increased THD in the network as seen in Figure 6.26 (c-1

and c-2).
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a-1. Load current in Feeder-1 a-2. Load current in Feeder-2
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c-1. Total harmonic distortion in Feeder-1
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Figure 6:26 BER ZS - Harmonic current, load current & THD at observed lines in Feeder-1 and Feeder-2

Increased harmonic current increases harmonic voltage distortion. It was observed that

overall harmonic voltage distortion increases with the integration of RE and ES into the

network. At the observed node “F1 All and F2 All” the beginning of both feeders

experienced total harmonic voltage distortion which increased with ES as seen in Table 6.4.

Table 6:4 THD (%v) observed in Feeder-1 and Feeder-2 in BER ZS

Node Load only Load+RE Load+RE+Storage |
Feeder-1: F1_All | 2.575% 6.57% 7.822%
Feeder-2: F2_All | 7.968% 9.708% 10.543%

Therefore ES increased harmonic current distortion and harmonic voltage distortion in the

network.

6.4.6 Canning Street (CST) ZS Power Network

Like the observations in other ZS power networks, in the CST power network two feeders

were selected and in each feeder 5 line segments were selected to observe current flow.
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Figure 5.63 in Chapter 5 shows the selected lines in the network model. These selected line
segments are adjacent to the installed bulk RE and ES in the network and named as “L._F1H]1
to L FIHS and L F2H1 to L F2H5” in Feeder-1 and Feeder-2 respectively. To observe the

overall impacts, line “L._F1All and L. F2All” were selected at the starting of each feeder.

The power network model was simulated in load only, load with RE, load with RE and ES
mntegrated condition. Simulation results showed that total harmonic distortion was increased
with the integration of RE and ES. Figure 6.27 shows the load current, harmonic current and

total harmonic distortion observed in both feeders.

There are two large loads near the observed line “L._F1H2” that caused a large amount of
load current to flow through this line as shown in Figure 6.27 (a-1). After integrating a large
RE source or RE plant into the network, flow of load current decreased in all observed lines
in Feeder-1 and Feeder-2 as shown in Figure 6.27 (a-1 and a-2). ES stored energy during
peak generation from RE sources and also supplied energy and supported load when RE
sources were unable to support load. Therefore overall flow of load current reduced further as
seen 1n Figure 6.27 (a-1 and a-2). Harmonic current injection increased with RE and ES as
shown in Figure 6.27 (b-1 and b-2) therefore total harmonic current distortion was increased
with RE and ES 1n both feeders as seen in Figure 6.27 (c-1 and c-2). The overall THD was
observed in Feeder-1 at line L F1All as 2.14%, 4.95% and 5.81% in load only, load RE and
load RE and ES condition respectively and in Feeder-2 at line L _F2All as 2.99%, 7.26% and
8.31% 1in load only, load with RE and load with RE and ES integrated condition.
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a-1. Load current in Feeder-1 a-2. Load current in Feeder-2
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Figure 6:27 CST ZS - Load current, Harmonic current & THD at observed lines in Feeder-1 and Feeder-2

Harmonic voltage distortion was observed in 5 observation nodes in each feeder as shown
in Figure 5.63 in Chapter 5. Increased current harmonics caused voltage harmonic to increase
with ES integrated condition. The overall harmonic voltage distortion (THD) in Feeder-1 and
Feeder-2 was observed at node “F1_All and F2_ All” and found that THD increased with RE

and ES integrated condition as shown in Table 6.5.

Table 6:5 THD (%v) observed in Feeder-1 and Feeder-2 in CST ZS

Node Load only Load+RE Load+RE+Storage |
Feeder-1: CST_F1_All 12.208% 15.006% 15.731%
Feeder-2: CST_F2_All 12.237% 15.056% 15.785%

Therefore ES increases current harmonic distortion and voltage harmonic distortion in the

network.
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6.4.7 Lakes Creek (LCR) ZS Power Network

The power network model (single line diagram) of LCR ZS was described in section 5.4.7
in Chapter 5. In Feeder-1, 5 node points where bulk size RE and ES were installed and
adjacent lines of this installation were selected to observe current flow. Lines are named as
“L_F1HI to L _F1HS5” and the overall impact on Feeder-1 was observed at line “L_F1All” as
shown in Figure 5.68 in Chapter 5. In Feeder-2, although bulk size RE and ES was installed
in 6 node points, the flow of current was observed in 5 line segments marked with an arrow
sign and named as “L__F2H1 to L _F2H5” as shown in Figure 5.69 in Chapter 5. The arrow
sign shows the flow of harmonic current from RE and ES in Feeder-1 and Feeder-2. A part of
SWER network connected to the Feeder-2. The network model was simulated in load only,

load with RE and load with RE and ES integrated condition.

Simulation results showed that load current in Feeder-1 increased in all observed line
segments after integrating RE into the network. Power generated from RE sources exceeded
the local load demand, therefore the observed line segments experienced more flow of load
current in Feeder-1 and the excess current flowed to the other loads. However overall flow of
load current reduced in Feeder-2 after integrating RE into the network as seen in Figure 6.28
(a-1 and a-2). After integrating ES into the network, a part of the excess energy was stored in
the storage and the ES also supported load demand when RE was unable to support it.
Therefore overall flow of load current reduced in both Feeder-1 and Feeder-2 as seen in

Figure 6.28 (a-1 and a-2).

Storage and RE both are current source elements that increase harmonic current flow in
the network as seen in Figure 6.28 (b-1 and b-2). This increase in harmonic current increased
total harmonic current distortion (THD) in the network as observed in both feeders as seen in
Figure 6.28 (c-1 and c-2). The overall THD observed 6.52%, 7.15% and 10.07% in Feeder-1
and 6.47%, 18.69% and 26.17% in Feeder-2 load only, load with RE and load with RE and

ES integrated condition.
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Figure 6:28 LCR ZS - Load current, Harmonic current & THD at observed lines in Feeder-1 and Feeder-2

Various size load, large scale RE and ES in the network introduced harmonic current in

the network which caused an increase in harmonic voltage in the network. The harmonic

calculation was conducted up to the 25™ harmonic values and the total harmonic voltage

distortion (THD) was observed at node “F1_All and F2_All” in load only, load with RE and

load with RE and ES integrated condition as shown in Table 6.6.
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Table 6:6 THD (%vV) observed in Feeder-1 and Feeder-2 in LCR ZS

Node Load only Load+RE Load+RE+Storage
Feeder-1: LCR_F1_All 9.032% 12.851% 16.408%
Feeder-2: LCR_F2_All 9.2% 12.983% 16.545%

Therefore, ES increased harmonic current and voltage distortion in the power network.

6.4.8 Rockhampton South (RSH) ZS Power Network

The RSH ZS power network also contains a part of the SWER network. Two feeders and 5
line segments in Feeder-1 and 6 line segments in Feeder-2 were selected to observe the flow
of current as shown in Figures 5.75 and 5.76 in Chapter 5. This power network was
described in section 5.4.8 in Chapter 5. In Feeder-1, observed lines are named as “L_F1HI to
L F1H5” and in Feeder-2 “L__ F2H1A to L F2H3A and L F2HI1B to L_F2H3B” as indicated
in Figure 5.75 and 5.76 in Chapter 5. Total impacts on each feeder was observed in line

“L_F1All and L_F2AIl” in Feeder-1 and Feeder-2 respectively.

The power network model was simulated in load only, load with RE and load with RE and
ES integrated condition. It was found that flow of load current falls on most of the observed
lines in both Feeder-1 and Feeder-2 after integrating RE into the network as the load demand
was supported by power generated from RE. However the lines “L F1H3, L F1H4, L F1HS5”
in Feeder-1 and lines “L_F2H3A and L F2H2B” in Feeder-2 experienced increase in load
current as the power generated from the bulk RE source at the end node of these lines was
more than the load demand of those nodes. After integrating large storage into the network
flow of load current dropped in all observed lines as storage supported additional load

demand as seen in Figure 6.29 (a-1 and a-2).

Harmonic current increases in all observed lines after integrating RE into the network and
further increases after integrating ES into the network as seen in Figure 6.29 (b-1 and b-2).
The observed lines “L_F1H1 & L FI1H2” in Feeder-1 and “L_F2H1A & L F2H1B” in
Feeder-2 are in the path towards line L_F1All and L_F2All therefore these lines experienced
the total flow of current behind these lines. Therefore load current and harmonic current in

these lines was very high. As the harmonic current increased and load current decreased total

Energy Storage and its Strategic Impacts on the Power Network 271|Page



Chapter 6 Impacts of Storage on Network Harmonic Distortion

harmonic current distortion (THD) was increased after integrating RE and ES further
increased it in all observed lines as shown in Figure 6.29 (c-1 and c-2). The lines “L._F1H3,
L F1H4 and L HIF5” in Feeder-1 observed low flow of load current as the load at the end of
this line was very low however after integrating RE at the end of this line and excess power
generated therefore flow of load current increased which reduced THD but after integrating
ES flow of load cuirent decreased which caused THD to increase. Overall THD was
increased in both feeders after integrating RE and ES into the network. It was found that in
Feeder-1 THD was 8.0%, 22.77% and 28.96% and in Feeder-2 THD was 3.02%, 6.19% and

7.51% 1n load only, load with RE and load with RE and ES integrated condition.
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Figure 6:29 RSH ZS - Load current, Harmonic current & THD at observed lines in Feeder-1 and Feeder-2

Harmonic voltage distortion was observed in all observed nodes as harmonic current
distortion was found in all observed lines. The overall total harmonic voltage distortion

increased with the integration of RE and ES in Feeder-1 and Feeder-2 as shown in Table 6.7.

Table 6:7 THD (%v) observed in Feeder-1 and Feeder-2 in RSH ZS

Node Load only | Load+RE Load+RE+Storage |
Feeder-1: RSH F1 All | 9.465% 16.934% 19.025%
Feeder-2: RSH F2 All | 8.701% 15.552% 17.419%

Therefore harmonic current distortion and harmonic voltage distortion increased with the

integration of ES.

6.4.9 Rockhampton total Power Network

After completing harmonic calculation of all 8 ZS power networks separately, the total
impact on the HV power network was observed by integrating all 8 ZS networks together.
Although the distribution network 1.e. the network of 11 KV to the LV 415 V network was
radial type but after integrating all network together some lines of one ZS power network
connects to other ZS power network therefore it is not totally radial anymore although not
completely meshed. The detail of this complete network was described in section 5.4.9 in

Chapter 5 and the observed nodes were highlighted in Figure 5.82 in Chapter 5.

Harmonic distortion on distribution network due to RE and ES integration in the LV

network was investigated in each ZS power network as explained above. The harmonic
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distortion on HV 66 kV sub-transmission and 132 kV transmission network due to the RE
and ES in LV network was investigated. To observe harmonic distortion a 66kV line in each
ZS was selected and 132 kV lines of two transformers connecting all 66 kV lines were
selected. The Rockhampton power network model was simulated for harmonic calculation in
load only, load with RE and Load with RE and ES integrated condition. It was found that in
all 66 kV sub-transmission network load current reduces due to the integration of RE except
the BER ZS network. RE installed in BER ZS network generated excess power that flowed to
the other parts of the network and the observed line experienced increased flow of load
current. However after integrating ES, the flow of load current reduced in all observed lines
in sub-transmission network. In the 132 kV transmission line part, flow of load current
decreases through Transformer-2 but increases through Transformer-1. Figure 6.30 shows the
flow of load current in the transmission and sub-transmission network. By calculating total
flow of load current, it was found that in load only condition a total of 487.54 A current
passed from transmission to sub-transmission network. After integrating RE it was 380.09A
and after integrating ES it was 372.24A, therefore overall flow of load current reduced after

integrating ES into the network.

Harmonic current increased in all observed lines in the transmission and sub-transmission
lines after integrating RE and ES in the power network as shown in Figure 6.31. This increase
in harmonic current and decrease in load current increase the total harmonic current distortion
(THD) in this part of the Rockhampton network as shown in Figure 6.32. The “66kV_BER”
line i.e. the 66 kV power line that connects the 11 kV distribution line in Berserker,
experienced high THD in load only condition as the load current demand was low however
harmonic current injection was high. After the RE integration load current flow increased
which eventually reduces THD, however after integrating ES, flow of load current reduced
which caused an increase in THD. It was observed that in the transmission network i.e. in the
two 132 kV lines with Transformer-1, THD was 10.07%, 12.86% and 13.74% in load only,
load with RE and load with RE & ES integration condition and 132 kV line with
Transformer-2, THD was 6.71%, 17.55% and 19.39% in load only, load with RE and load

Energy Storage and its Strategic Impacts on the Power Network 274|Page



Chapter 6 Impacts of Storage on Network Harmonic Distortion

with RE and ES integrated condition. Therefore ES increased THD in transmission and sub-

transmission network.

Rockhamoton Power Network - Observed load current [A]
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Figure 6:30 Load current - in selected lines in Transmission & sub-transmission network of Rockhampton
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Figure 6:31 Harmonic current - in Transmission & sub-transmission part of Rockhampton network
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Figure 6:32 THD - in selected lines in Transmission & sub-transmission network of Rockhampton

Energy Storage and its Strategic Impacts on the Power Network 275|Page



Chapter 6 Impacts of Storage on Network Harmonic Distortion

High harmonic current increases voltage distortion in the power network. Total harmonic
voltage distortion (THD) was observed at the 66 kV network as 22.38%, 31.59%, 33.72%
and at 132 kV network it was observed at 18.46%, 25.98% and 27.76% in load only, load

with RE and load with RE and ES integrated condition respectively.

Therefore large scale integration of ES into the LV network has the impact on the total
power network. In this investigation, the harmonic current or voltage values for all network
elements were based on the standard limit or from element data sheet maximum limits. Hence,
results showed the high value in total harmonic distortion and exceeded the standard

allowable limit.

6.5 Conclusions

Integration of large scale RE and ES has impacts on voltage regulation and it was
discussed in Chapter 5. This chapter described harmonic distortion on power networks due to
the large scale integration of ES. After integrating RE into the network, a part of the load
demand was met by the energy generated from RE, therefore the flow of load current
decreased. Moreover, ES stores excess energy generated from RE and that also supported a
part of the load demand which further reduced the flow of load current in the network as the
load demand was met from RE or ES locally. However harmonic current injects from load,

RE and ES into the network. Therefore total harmonic distortion increases in the network.

From experimental investigation it was found that harmonic current distortion increases
with the increased PV integration and nominal voltage distortion was also observed. Similar
results observed from model simulation and model with ES showed that ES increases current
and voltage harmonics in the network. Investigation with distributed installation of RE and
ES in the network showed that harmonic current distortion exceeded the allowable limit of
AS-4777 standard, however integrating RE and ES in a centralised way showed that
harmonic current and voltage distortion reduce but exceeds the AS-4777 limit. Investigation
of harmonic distortion on the power network on Kawana also showed that integration ES

increased harmonic current and voltage distortion in the network. Lastly, large installation of
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RE and ES in the LV side of power network in Rockhampton shows that ES increases
harmonic current and voltage distortion in the network and influences the HV sub-

transmission and transmission network.
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Chapter 7

Conclusions and Future Work

7.0 Introduction

This Chapter details the major findings and accomplishments of this work and how the
work addressed the aims and methodology as proposed in Chapter 1. Moreover, it presents
the conclusions that are drawn from the findings and also notes the limitations of the study.

Future research directions are also outlined in this chapter.

Modern Power systems are required to accommodate more and more RE from various
sources, especially from solar and wind energy sources as nations around the world target to
achieve certain amount of energy from RE sources. However both these energy sources have
significant problem in timely load support, fluctuation in energy level or even unavailability
of effective energy level. Energy storage is the building block for the effective utilisation and

large scale integration of solar PV and wind energy into the power network.

In this thesis, the effects of deploying energy storage with the power network was
examined particularly the power quality. Large scale integration of ES was examined for
voltage regulation and harmonic distortion in the power network. Other influences such as
distribution transformer loading and response in energy fluctuation from RE was also

investigated. Moreover, environmental and economical advantages of ES were also examined.

First of all, the thesis looked at the storage requirement by examining the potential of solar
and wind energy in Rockhampton; Australia. It also identified the environmental and
economical benefit of energy storage. This thesis primarily addressed the major challenges
associated with the integration of large scale ES with the solar and wind energy into the
network. Experiment was conducted and impacts of solar PV were identified. In order to
identify the impacts of ES in a typical distribution network, a power network model from

small scale to large scale was developed. Modeling was done for Rockhampton distribution
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network for the present load condition. Performance of network in terms of voltage regulation

and harmonic distortion was investigated in various sized power network models.

The major findings of this thesis, results and novel ideas have been presented in various
publications listed in the list of publication section. Section 7.1 presents the general overview
of the specific tasks carried out for the successful completion of this research. This section
also described how the accomplished task addressed the aims mentioned in Chapter 1. Lastly,
section 7.2 describes future research directions and possible future research where this study

can be applied.

7.1 Summary and Achievements of the Research

The present power network structure, renewable energy potential in Queensland, and the
benefit and limitations of renewable distributed generators (DG) were discussed in Chapter 2.
Various energy storage technologies were investigated which helped in comprehending the
possibilities of the large scale integration of ES into the future power network. The available
regulatory standards were discussed in Chapter 2 that provided the insight of power quality

that needed to be maintained.

The required size of energy storage in power networks depends on the energy generation
from various RE sources and load demand. Chapter 3 described the detailed steps of the
estimation process considering various standards. This estimation was done to support
residential load with solar PV and wind turbines in grid connected mode. However these
estimation steps can be applied to any other load types. The significance of storage was also

investigated in Chapter 3 for economical and environmental advantages.

The primary objective of this work was to identify the impacts of energy storage in terms
of two power quality indexes. In order to achieve this, the large power network model of
Rockhampton was developed and the model database was populated with all real network
parameter data collected from the utility operator in Rockhampton. The details of the
development of the network were discussed in Chapter 4. This network can be utilised for

any future investigation.
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One of the major research findings is presented in Chapter 5. The experimental
investigation and four different network models were evaluated for the change in voltage
level due to the integration of energy storage. Experimental results showed that the network
voltage level increases with increased PV penetration and also asymmetrical distribution of
RE in phases introduces phase voltage unbalance condition. The experimental case was
simulated in the software model and it found the same result. Therefore, the model was
further extended by integrating energy storage and it was found that ES minimises the
increased voltage by RE and also minimises the phase unbalance condition. Investigation was
further extended to large networks up to the total power network of Rockhampton, and

impacts of ES were evaluated by the large integration of RE and ES into the network.

Another key finding was presented in Chapter 6, which illustrates the harmonic distortion
of ES on power networks. The experimental investigation showed that harmonic current and
voltage distortion increase with increased PV integration. Models were developed that
mimics the experimental setup, also showed that both PV and ES increase harmonic
distortion in the network. For large scale integration, the large power network model of
Rockhampton was considered and 8 zone substation supported networks were investigated
separately and again collectively. It was found that the flow of load current decreases with the
integration of RE. ES further reduces the flow of load current, however both RE and ES
inject harmonic current to the network, therefore the overall harmonic distortion increases in

the network and exceeds the limit as described in AS-4777.
Finally, based on the research undertaken, the followings have been achieved and noted:

1. An estimation process for the energy storage requirements with RE application in grid
connected conditions. This has provided an idea of the required storage in a grid connected
RE application.

2. Development of an accurate distribution network model which allows the integration of
distributed renewable energy sources with energy storage. The model can be run for future

load flow, load curve analysis and harmonic calculation.
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3. Significant improvement in voltage regulation achieved after the integration of energy storage
while the network is largely integrated with solar PV or wind turbines.

4. Significant improvement was also observed in the distribution transformer loading. Energy
storage reduces loading on the distribution transformer which increases the network capacity
and also reduces the risk of network capacity improvement.

5. Energy storage increases harmonic current and the total harmonic distortion in the network
although the major harmonic contributor was load and RE.

6. Installation of storage and RE in the low voltage side of the network influences the change in
voltage regulation and the harmonic distortion, not only in the LV network but also in the

high voltage network.

7.2  Future Works

This thesis clearly identifies the merits of energy storage in terms of voltage regulation,
phase balance and fluctuation reduction. However storage increases harmonics in the network
which is a concern for a large scale practical network. Moreover, the experiment was
conducted in a limited scale, therefore there are some scope for further investigation to

improve the harmonic distortion caused by energy storage.
The thesis concluded with the scope of further research works as follows:

1. As the simulation result shows improvement for the network performance of power quality
after the integration of storage into the network, therefore further experimental investigation
with large scale ES and RE is required.

2. Although there are several techniques available to minimise harmonics in the power network,
it can be further investigated after integrating large scale storage and RE in the power network.

3. There is scope to investigate the security risk of power networks after integrating storage and
RE as distributed generators in various sites in the low voltage side of the power network.

4. Finally for the best utilisation, in large scale networks, large scale storage with RE should be

investigated for a life cycle assessment.
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Appendix-A

A-1: Load, RE and ES Data

Tables below shows the data of load, PV, WT and ES installed in various nodes in different

ZS Power network in Rockhampton. It also shows the installed distribution transformer (DT)

capacity.

Rockhampton Glenmore (RGL) ZS Power Network:

# Nodel Element S[kVA] cosphi PV[kW] DT[kVA] Bulk RE & ES
1 | RGL_N156 RGL_LO100 0.57 0.9 | 0.55670103 1.14 | RGL_F1_N1
2 | RGL_N2040 | RGL_LO1005 33.959 0.8 | 29.4814976 67.918 | 500 KW PV
3 | RGL N157 | RGL _LO101 0.856 0.9 | 0.83602821 1.712 | 200 KW ES
4 | RGL N2055 | RGL LO1013 14322 0.9 | 130.858926 286.4
5 | RGL N2066 | RGL LO1015 251.297 0.9 | 245433858 |  502.504 | RGL_F1_N2
6 | RGL N158 | RGL LO102 0.57 0.9 | 055670103 1.14 | 500 kw PV
7 | RGL_N2081 | RGL_LO1024 67.918 0.8 | 58.9629951 |  135.836 | 200 kW ES
8 | RGL N2087 | RGL LO1025 450 0.8 | 390.66739 900
9 | RGL_N2092 | RGL_LO1028 192.159 0.95 | 198.102062 | 384318 | RCL_FLN3

10 | RGL N160 | RGL LO103 1.426 0.9 | 1.39272925 2.852 | 500 KW PV
11 | RGL_N2095 | RGL_LO1030 50 0.9 | 48.8334238 100 | 200 KW ES
12 | RGL N2125 | RGL LO1038 157.5 0.95 | 162.371134 315

13 | RGL N2130 | RGL LO1041 84.898 0.95 | 875237113 |  169.796 | RCL_F1_N4
14 | RGL N2144 | RGL LO1045 372.321 0.95 | 383.836082 |  744.642 | 500 kKW PV
15 | RGL_N2175 | RGL _LO1059 67.918 0.95 | 70.0185567 |  135.836 | 200 KW ES
16 | RGL N2185 | RGL LO1065 0.57 0.95 | 0.58762887 1.14

17 | RGL_N2208 | RGL_L01070 102.16 0.95 | 105.319588 204,32 | RGL_FLNS
18 | RGL N2219 | RGL LO1075 0.57 0.9 | 055670103 1.14 | 500 kw PV
19 | RGL_N2239 | RGL_L0O1082 45.318 0.95 | 46.7195876 90.636 | 200 KW ES
20 | RGL N2247 | RGL LO1088 388.305 0.9 | 379.245252 776.61

21 | RGL_N2255 | RGL_LO1093 0.57 0.9 | 055670103 1.14

22 | RGL N2305 | RGL LO1111 90.635 0.95 | 934381443 181.27

23 | RGL N2324 | RGL LO1121 1.141 0.9 | 1.11437873 2282 | RGL_F2_N1
24 | RGL N2334 | RGL LO1124 102.16 0.9 | 99.7764514 204.32 | 500 kw PV
25 | RGL_N2348 | RGL_LO1130 33.959 0.9 | 33.1666848 67.918 | 200 KW ES
26 | RGL N2377 | RGL LO1141 118.729 0.95 | 122401081 |  237.458

27 | RGL_N2384 | RGL _LO1144 192.159 0.9 | 187.675638 |  384.318 | RCL_F2_N2
28 | RGL N2387 | RGL LO1145 33.959 0.9 | 33.1666848 67.918 | 500 KW PV
29 | RGL_N2397 | RGL _LO1151 0.57 0.9 | 055670103 1.14 | 200 kW ES
30 | RGL N2409 | RGL LO1159 128.106 0.95 | 132068041 |  256.212
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31 | RGL_N2417 RGL_LO1163 45.318 0.9 | 44.260662 90.636
32 | RGL_N2418 RGL_LO1164 239.832 0.9 | 234.236354 479.664
33 | RGL N2434 RGL LO1172 169.795 0.9 | 165.833424 339.59
34 | RGL_N2485 RGL_LO1199 84.898 0.95 | 87.5237113 169.796
35 | RGL_N2488 RGL_L0O1200 125 0.9 | 122.083559 250
36 | RGL_N2509 RGL_LO1204 59.406 0.95 | 61.243299 118.812
37 | RGL_N2512 RGL_L0O1206 101.877 0.9 | 99.5000543 203.754
38 | RGL_N2556 RGL_LO1226 101.877 0.9 | 99.5000543 203.754
39 | RGL N2568 RGL LO1231 128.106 0.95 | 132.068041 256.212
40 | RGL_N2623 RGL_LO1255 178.093 0.95 | 183.601031 356.186
41 | RGL_N2646 RGL_LO1266 67.918 0.9 | 66.3333695 135.836
42 | RGL_N2654 RGL_LO1269 90.635 0.9 | 88.5203473 181.27
43 | RGL_N2676 RGL_L0O1280 102.16 0.9 | 99.7764514 204.32
44 | RGL_N216 RGL_LO140 67.918 0.8 | 58.9629951 135.836
45 | RGL_N238 RGL_LO153 150 0.9 | 146.500271 300
46 | RGL_N239 RGL_LO154 101.877 0.9 | 99.5000543 203.754
47 | RGL_N249 RGL_LO160 33.959 0.9 | 33.1666848 67.918
48 | RGL_N250 RGL_LO161 67.918 0.9 | 66.3333695 135.836
49 | RGL_N251 RGL_LO162 33.959 0.9 | 33.1666848 67.918
50 | RGL_N253 RGL_LO163 100 0.9 | 97.6668475 200
51 | RGL_N266 RGL_LO173 100 0.8 | 86.8149756 200
52 | RGL_N282 RGL_LO177 100 0.8 | 86.8149756 200
53 | RGL_N288 RGL_LO178 192.159 0.9 | 187.675638 384.318
54 | RGL_N293 RGL_LO180 157.5 0.95 | 162.371134 315
55 | RGL_N29%4 RGL_LO181 100 0.8 | 86.8149756 200
56 | RGL_N296 RGL_LO182 100 0.9 | 97.6668475 200
57 | RGL_N368 RGL_LO221 1.426 0.95 | 1.47010309 2.852
58 | RGL_N388 RGL_LO227 67.918 0.9 | 66.3333695 135.836
59 | RGL_N391 RGL_L0O228 118.812 0.95 | 122.486598 237.624
60 | RGL_N393 RGL_L0O229 45.318 0.95 | 46.7195876 90.636
61 | RGL_N399 RGL_LO231 372.321 0.95 | 383.836082 744.642
62 | RGL_N400 RGL_L0O232 0.856 0.9 | 0.83602821 1.712
63 | RGL_N409 RGL_LO236 67.918 0.8 | 58.9629951 135.836
64 | RGL_N433 RGL_L0O244 640 0.8 | 555.615844 1280
65 | RGL_N435 RGL_LO245 372.321 0.9 | 363.634183 744.642
66 | RGL_N441 RGL_LO249 128.106 0.9 | 125.117092 256.212
67 | RGL_N465 RGL_LO259 1.426 0.95 | 1.47010309 2.852
68 | RGL_N476 RGL_LO264 2.852 0.8 | 2.4759631 5.704
69 | RGL_N481 RGL_LO267 128.106 0.9 | 125.117092 256.212
70 | RGL_N500 RGL_LO274 800 0.9 | 781.33478 1600
71 | RGL_N502 RGL_LO275 6.196 0.95 | 6.38762887 12.392
72 | RGL_N504 RGL_LO277 6.297 0.9 | 6.15008139 12.594
73 | RGL_N506 RGL_LO278 101.877 0.9 | 99.5000543 203.754
74 | RGL_N520 RGL_L0O284 33.959 0.9 | 33.1666848 67.918
75 | RGL_N522 RGL_LO286 118.812 0.9 | 116.039935 237.624
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RGL_F2_N3

500 kW PV
200 KW ES

RGL_F2_N4

500 kW PV
200 kW ES

RGL_F2_N5

500 kW PV
200 kKW ES
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76 | RGL_N534 RGL_LO290 450 0.8 | 390.66739 900
77 | RGL_N579 RGL_LO303 255.399 0.95 | 263.297938 510.798
78 | RGL N595 RGL LO309 90.635 0.9 | 88.5203473 181.27
79 | RGL_N601 RGL_LO312 0.57 0.95 | 0.58762887 1.14
80 | RGL_N626 RGL_LO323 1.426 0.9 | 1.39272925 2.852
81 | RGL_N639 RGL_LO330 67.918 0.8 | 58.9629951 135.836
82 | RGL_N647 RGL_LO334 90.635 0.95 | 93.4381443 181.27
83 | RGL_N682 RGL_LO350 128.106 0.95 | 132.068041 256.212
84 | RGL N683 RGL LO351 100 0.9 | 97.6668475 200
85 | RGL_N686 RGL_LO353 1.426 0.8 | 1.23798155 2.852
86 | RGL_N703 RGL_LO362 153.239 0.95 | 157.978351 306.478
87 | RGL_N704 RGL_LO363 135.953 0.8 | 118.027564 271.906
88 | RGL_N717 RGL_LO369 2.852 0.8 | 2.4759631 5.704
89 | RGL_N719 RGL_LO370 280 0.95 | 288.659794 560
90 | RGL_N728 RGL_LO374 426.535 0.95 | 439.726804 853.07
91 | RGL_N743 RGL_LO382 255.446 0.95 | 263.346392 510.892
92 | RGL_N754 RGL_LO388 0.57 0.95 | 0.58762887 1.14
93 | RGL_N59 RGL_LO39 40 0.95 | 41.2371134 80
94 | RGL_N759 RGL_LO392 153.239 0.9 149.6637 306.478
95 | RGL_N766 RGL_LO394 2.852 0.95 | 2.94020619 5.704
96 | RGL_N787 RGL_LOA403 255.446 0.95 | 263.346392 510.892
97 | RGL_N800 RGL_LO405 192.159 0.95 | 198.102062 384.318
98 | RGL_N815 RGL_LOA413 45.318 0.9 | 44.260662 90.636
99 | RGL_N825 RGL_LOA417 0.856 0.9 | 0.83602821 1.712
100 | RGL_N839 RGL_L0O423 51.08 0.95 | 52.6597938 102.16
101 | RGL_N846 RGL_LO426 113.294 0.9 | 110.650678 226.588
102 | RGL_N849 RGL_L0OA428 67.918 0.9 | 66.3333695 135.836
103 | RGL_N874 RGL_LO440 102.16 0.9 | 99.7764514 204.32
104 | RGL_N879 RGL_L0O441 0.57 0.9 | 0.55670103 1.14
105 | RGL_N886 RGL_L0O443 1.426 0.9 | 1.39272925 2.852
106 | RGL_N891 RGL_LO445 2.519 0.9 | 2.46022789 5.038
107 | RGL_N907 RGL_L0O453 33.959 0.95 | 35.0092784 67.918
108 | RGL_N911 RGL_LO454 1.141 0.9 | 1.11437873 2.282
109 | RGL_N918 RGL_LO457 372.321 0.9 | 363.634183 744.642
110 | RGL_N933 RGL_LO465 45.318 0.95 | 46.7195876 90.636
111 | RGL_N939 RGL_LO469 118.812 0.9 | 116.039935 237.624
112 | RGL_N947 RGL_LOA473 113.294 0.95 | 116.797938 226.588
113 | RGL_N965 RGL_L0OA485 1.141 0.9 | 1.11437873 2.282
114 | RGL_N74 RGL_LO51 50 0.95 | 51.5463918 100
115 | RGL_N1020 RGL_LO513 59.364 0.9 | 57.9789474 118.728
116 | RGL_N75 RGL_LO52 20 0.9 | 19.5333695 40
117 | RGL_N77 RGL_LO53 80 0.9 | 78.133478 160
118 | RGL_N1059 RGL_LO533 67.918 0.9 | 66.3333695 135.836
119 | RGL_N1062 RGL_LO535 153.239 0.9 149.6637 306.478
120 | RGL_N1072 RGL_LO539 90.635 0.9 | 88.5203473 181.27
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121 | RGL_N1096 RGL_LO549 0.57 0.95 | 0.58762887 1.14
122 | RGL_N1099 RGL_LO551 128.106 0.9 | 125.117092 256.212
123 | RGL N1103 RGL LO553 423.873 0.95 | 436.982474 847.746
124 | RGL_N1104 RGL_LO554 2.852 0.95 | 2.94020619 5.704
125 | RGL_N82 RGL_LO56 140 0.9 | 136.733587 280
126 | RGL_N1114 RGL_LO560 1.426 0.9 | 1.39272925 2.852
127 | RGL_N1144 RGL_LO579 2.852 0.95 | 2.94020619 5.704
128 | RGL_N84 RGL_LO58 200 0.95 | 206.185567 400
129 | RGL N1147 RGL LO581 0.57 0.9 | 0.55670103 1.14
130 | RGL_N86 RGL_LO59 145 0.9 | 141.616929 290
131 | RGL_N1170 RGL_LO591 160.133 0.95 | 165.085567 320.266
132 | RGL_N1199 RGL_LO606 6.297 0.95 | 6.49175258 12.594
133 | RGL_N1213 RGL_LO611 2.852 0.95 | 2.94020619 5.704
134 | RGL_N1219 RGL_LO614 45.318 0.95 | 46.7195876 90.636
135 | RGL_N1250 RGL_LO628 212.673 0.95 | 219.250515 425.346
136 | RGL_N1261 RGL_LO632 166.277 0.8 | 144.353337 332.554
137 | RGL_N1271 RGL_LO640 550 0.8 | 477.482366 1100
138 | RGL_N1276 RGL_LO642 90.635 0.95 | 93.4381443 181.27
139 | RGL_N1287 RGL_LO647 50.939 0.8 | 44.2226804 101.878
140 | RGL_N1296 RGL_LO653 33.959 0.95 | 35.0092784 67.918
141 | RGL_N1307 RGL_LO662 90.635 0.95 | 93.4381443 181.27
142 | RGL_N1309 RGL_LO664 372.321 0.9 | 363.634183 744.642
143 | RGL_N1314 RGL_LOG667 51.08 0.9 | 49.8882257 102.16
144 | RGL_N109 RGL_LO67 385 0.8 | 334.237656 770
145 | RGL_N1330 RGL_LO672 169.795 0.9 | 165.833424 339.59
146 | RGL_N1335 RGL_LOG676 153.239 0.95 | 157.978351 306.478
147 | RGL_N1343 RGL_LO680 423.873 0.95 | 436.982474 847.746
148 | RGL_N1350 RGL_LO683 102.16 0.95 | 105.319588 204.32
149 | RGL_N1353 RGL_LO684 33.959 0.95 | 35.0092784 67.918
150 | RGL_N1357 RGL_LO686 150 0.9 | 146.500271 300
151 | RGL_N1361 RGL_LO688 67.918 0.9 | 66.3333695 135.836
152 | RGL_N1437 RGL_LO723 128.106 0.95 | 132.068041 256.212
153 | RGL_N1459 RGL_LO731 128.106 0.95 | 132.068041 256.212
154 | RGL_N1464 RGL_LO735 67.918 0.95 | 70.0185567 135.836
155 | RGL_N1467 RGL_LO736 0.285 0.95 | 0.29381443 0.57
156 | RGL_N1470 RGL_LO739 600 0.8 | 520.889853 1200
157 | RGL_N1472 RGL_LO740 0.57 0.95 | 0.58762887 1.14
158 | RGL_N1486 RGL_LO746 143.2 0.9 | 139.858926 286.4
159 | RGL_N1497 RGL_LO754 128.106 0.95 | 132.068041 256.212
160 | RGL_N1498 RGL_LO755 90.635 0.95 | 93.4381443 181.27
161 | RGL_N1516 RGL_LO763 0.57 0.9 | 0.55670103 1.14
162 | RGL_N1528 RGL_LO767 166.277 0.8 | 144.353337 332.554
163 | RGL_N124 RGL_LO77 40 0.95 | 41.2371134 80
164 | RGL_N1544 RGL_LO774 100 0.9 | 97.6668475 200
165 | RGL_N125 RGL_LO78 100 0.8 | 86.8149756 200
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166 | RGL_N1584 RGL_LO796 135.953 0.9 | 132.781009 271.906
167 | RGL_N1612 RGL_LO809 67.918 0.95 | 70.0185567 135.836
168 | RGL N1620 RGL LO813 1575 0.95 | 162.371134 315
169 | RGL_N1651 RGL_L0O826 2.852 0.95 | 2.94020619 5.704
170 | RGL_N1652 RGL_LO827 101.877 0.95 | 105.027835 203.754
171 | RGL_N1654 RGL_LO829 33.959 0.95 | 35.0092784 67.918
172 | RGL_N1665 RGL_LO831 0.57 0.95 | 0.58762887 1.14
173 | RGL_N1693 RGL_LO844 6.196 0.95 | 6.38762887 12.392
174 | RGL N1695 RGL LO846 200.651 0.95 | 206.856701 401.302
175 | RGL_N1714 RGL_LO858 160.284 0.95 | 165.241237 320.568
176 | RGL_N1718 RGL_LO860 157.5 0.95 | 162.371134 315
177 | RGL_N1726 RGL_LO865 2.519 0.9 | 2.46022789 5.038
178 | RGL_N1752 RGL_LO877 102.16 0.95 | 105.319588 204.32
179 | RGL_N1763 RGL_LO881 0.57 0.9 | 0.55670103 1.14
180 | RGL_N1768 RGL_LO883 128.106 0.9 | 125.117092 256.212
181 | RGL_N1802 RGL_LO897 102.16 0.9 | 99.7764514 204.32
182 | RGL_N1807 RGL_LO901 118.729 0.8 | 103.074552 237.458
183 | RGL_N1822 RGL_LO908 102.16 0.95 | 105.319588 204.32
184 | RGL_N1825 RGL_LO909 1.426 0.95 | 1.47010309 2.852
185 | RGL_N141 RGL_LO91 45 0.95 | 46.3917526 90
186 | RGL_N1842 RGL_LO918 128.106 0.95 | 132.068041 256.212
187 | RGL_N1863 RGL_L0929 118.729 0.95 | 122.401031 237.458
188 | RGL_N1865 RGL_LO930 1.426 0.95 | 1.47010309 2.852
189 | RGL_N1869 RGL_LO933 320.266 0.9 | 312.793706 640.532
190 | RGL_N1897 RGL_L0O942 0.57 0.95 | 0.58762887 1.14
191 | RGL_N1909 RGL_LO946 212.673 0.95 | 219.250515 425.346
192 | RGL_N1917 RGL_L0O949 67.918 0.8 | 58.9629951 135.836
193 | RGL_N1929 RGL_LO955 102.16 0.95 | 105.319588 204.32
194 | RGL_N1935 RGL_L0O958 67.918 0.9 | 66.3333695 135.836
195 | RGL_N1953 RGL_LO964 0.57 0.9 | 0.55670103 1.14
196 | RGL_N1967 RGL_LO967 33.959 0.8 | 29.4814976 67.918
197 | RGL_N150 RGL_LO97 1575 0.95 | 162.371134 315
198 | RGL_N1973 RGL_LO971 128.106 0.9 | 125.117092 256.212
199 | RGL_N1977 RGL_LO972 143.2 0.95 | 147.628866 286.4
200 | RGL_N1978 RGL_LO973 0.57 0.95 | 0.58762887 1.14
201 | RGL_N1989 RGL_LO978 2.478 0.9 | 2.42018448 4.956
202 | RGL_N154 RGL_LO98 1.426 0.9 | 1.39272925 2.852
203 | RGL_N1995 RGL_LO981 423.873 0.9 | 413.983397 847.746
204 | RGL_N2001 RGL_L0O984 90.635 0.95 | 93.4381443 181.27
205 | RGL_N155 RGL_LO99 0.57 0.9 | 0.55670103 1.14
206 | RGL_N2025 RGL_L0998 128.106 0.95 | 132.068041 256.212
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Pandoin (PAN) ZS Power Network:

BUIK RE &
# Nodel Element S[kVA] | cosphi PV[kW] DT[kVA] | ES
1| PAN N2123 PAN LO1037 |  6.163 1| 6688008681 | 12306 | PAN-FINI
2 | PAN N2131 PAN_LO1042 | 2465 | 0980019 | 2621537531 4.93 | 500 KW PV
3 | PAN F1 N6 N2140 | PAN LO1044 | 2465 | 0.980019 | 2.621537531 4.93 | 200 KW ES
4 | PAN N2153 PAN_LO1048 | 2.465 | 0.980019 | 2.621537531 4.93
5 | PAN N2164 PAN_LO1054 2465 | 0980019 | 2.621537531 4.93 | PAN_F1N2
6 | PAN N2170 PAN LO1057 | 12.327 | 0980019 | 13.10981466 |  24.654 | 500 kW PV
7 | PAN N2228 PAN_LO1079 | 120.341 | 0.980010 | 127.9831432 | 240.682 | 200 kW ES
8 | PAN N2249 PAN_LO1089 | 2.465 | 0.980019 | 2621537531 4.93
9 | PAN N2261 PAN LO1096 2465 | 0980019 | 2.621537531 493 | PAN_F1_N3
10 | PAN_N2279 PAN LO1101 |  2.465 1| 2674986435 4.93 | 500 KW PV
11 | PAN_N2289 PAN_LO1107 | 2465 | 0980019 | 2621537531 4.93 | 200 KW ES
12 | PAN_N2315 PAN LO1117 | 2.465| 0980019 | 2621537531 4.93
13 | PAN_N2340 PAN_LO1128 2465 | 0980019 | 2.621537531 4,93 | PAN_FL1N4
14 | PAN_N181 PAN_LO116 150 0.9 | 1465002713 300 | 500 kW PV
15 | PAN_N2425 PAN_LO1167 | 36.102 0.95 | 372185567 |  72.204 | 200 KW ES
16 | PAN_N182 PAN_LO117 1575 0.95 | 162.371134 315
17 | PAN_N183 PAN_LO118 2 0.9 | 1.953336951 4 | PAN_FLNS
18 | PAN_N2454 PAN LO1183 | 2465 | 0980019 | 2621537531 4.93 | 500 KW PV
19 | PAN_N2457 PAN LO1185 | 2465 | 0.980019 | 2621537531 4.93 | 200 KW ES
20 | PAN N184 PAN LO119 150 0.9 | 1465002713 300
21 | PAN_N2477 PAN_LO1194 | 4931 | 0980019 | 5244138566 9.862
22 | PAN_N2482 PAN LO1197 | 6017 | 0.980010 | 63.99103986 |  120.34
23 | PAN N185 PAN L0120 150 0.9 | 1465002713 300 | PAN_F2_N1
24 | PAN_N2518 PAN_LO1209 | 4.931 | 0.980019 | 5244138566 9.862 | 500 kW PV
25 | PAN_N186 PAN_LO121 100 0.9 | 97.66684753 200 | 200 KW ES
26 | PAN N2537 PAN LO1216 | 2465 | 0.980019 | 2621537531 4.93
27 | PAN_N187 PAN_LO122 100 0.9 | 97.66684753 200 | PAN_F2_N2
28 | PAN_N2554 PAN LO1225 |  2.465 1| 2674986435 4.93 | 500 KW PV
29 | PAN_N2560 PAN_LO1227 | 2.465| 0980019 | 2621537531 4.93 | 200 KW ES
30 | PAN_N188 PAN_LO123 50 0.9 | 4883342377 100
31 | PAN N2576 PAN LO1235 2.465 | 0.980019 | 2621537531 4.93 | PAN_F2_N3
32 | PAN N2584 PAN LO1239 | 2.465| 0980019 | 2621537531 4.93 | 500 KW PV
33 | PAN_N190 PAN_LO124 1575 0.95 | 162371134 315 | 200 kKW ES
34 | PAN_N2587 PAN LO1241 | 2.465| 0980019 | 2621537531 4.93
35 | PAN N2600 PAN LO1246 2.465 1| 2674986435 493 | PAN_F2_N4
36 | PAN_N2603 PAN LO1248 | 6017 1| 6520571351 | 12034 | 500 kw PV
37 | PAN_N191 PAN_LO125 2 0.9 | 1.953336951 4 | 200 kW ES
38 | PAN N2619 PAN LO1252 | 6.163 | 0980010 | 6.55437558 |  12.326
39 | PAN N193 PAN LO126 5 0.9 | 4883342377 10 | PAN_F2_N5
40 | PAN N194 PAN LO127 27 0.95 | 27.83505155 54 | 500 kW PV
41 | PAN_N196 PAN_LO128 2 0.9 | 1953336951 4 | 200 kW ES
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42 | PAN_N198 PAN_LO129 2 0.9 | 1.953336951
43 | PAN_N199 PAN_LO130 2 09 | 1.953336951

44 | PAN N200 PAN LO131 2 0.9 | 1.953336951 4
45 | PAN_N201 PAN_LO132 50 0.9 | 48.83342377 100
46 | PAN_N202 PAN_LO133 5 0.9 | 4.883342377 10
47 | PAN_N203 PAN_LO134 5 0.9 | 4.883342377 10
48 | PAN_N204 PAN_LO135 150 0.9 | 1465002713 300
49 | PAN F2 N2 N364 | PAN LO218 | 180.511 | 0.980019 | 191.9741831 | 361.022
50 | PAN N380 PAN L0225 2.465 | 0.980019 | 2.621537531 4.93
51 | PAN_N404 PAN_L0233 2.465 | 0.980019 | 2.621537531 4.93
52 | PAN_N415 PAN_LO239 4.931 | 0.980019 | 5.244138566 9.862
53 | PAN_N447 PAN LO251 | 180511 | 0.980019 | 191.9741831 | 361.022
54 | PAN_N448 PAN_L0O252 2.465 | 0.980019 | 2.621537531 4.93
55 | PAN_N454 PAN_LO254 6.163 | 0.980019 |  6.55437558 12.326
56 | PAN_N462 PAN_L0O257 2.465 | 0.980019 | 2.621537531 4.93
57 | PAN_N477 PAN_LO265 2.465 | 0.980019 | 2.621537531 4.93
58 | PAN_N489 PAN_LO270 | 235.868 | 0.980019 | 250.8465779 | 471.736
59 | PAN_N508 PAN_L0279 2.465 | 0.980019 | 2.621537531 4.93
60 | PAN_N513 PAN_LO282 2.465 | 0.980019 | 2.621537531 4.93
61 | PAN_N516 PAN_L0O283 60.17 | 0.980019 | 63.99103986 120.34
62 | PAN N521 PAN_LO285 2.465 | 0.980019 | 2.621537531 4.93
63 | PAN_N567 PAN_L0297 2.465 | 0.980019 | 2.621537531 4.93
64 | PAN_N588 PAN_LO305 2.465 | 0.980019 | 2.621537531 4.93
65 | PAN_N591 PAN_LO307 60.17 1| 65.29571351 120.34
66 | PAN_N603 PAN_LO313 | 180511 | 0.980019 | 191.9741831 | 361.022
67 | PAN_N614 PAN_LO316 2.465 | 0.980019 | 2.621537531 4.93
68 | PAN_N633 PAN_L0O326 2.465 | 0.980019 | 2.621537531 4.93
69 | PAN_N656 PAN_LO338 | 180511 | 0.980019 | 191.9741831 | 361.022
70 | PAN_N663 PAN_LO342 2.465 | 0.980019 | 2.621537531 4.93
71 | PAN_N54 PAN_LO35 70 0.9 | 68.36679327 140
72 | PAN_N684 PAN_LO352 2.465 | 0.980019 | 2.621537531 4.93
73 | PAN_N693 PAN_LO358 | 120.341 1| 1305925122 |  240.682
74 | PAN_N697 PAN LO360 | 120.341 | 0.980019 | 127.9831432 | 240.682
75 | PAN_N57 PAN_LO38 300 0.8 | 260.4449267 600
76 | PAN_N757 PAN_LO390 2.465 | 0.980019 | 2.621537531 4.93
77 | PAN F2 N3 N771 | PAN_LO396 60.17 | 0.980019 | 63.99103986 120.34
78 | PAN_N793 PAN_LO404 3.698 | 0.980019 | 3.932838049 7.396
79 | PAN_N831 PAN_LO420 2.465 | 0.980019 | 2.621537531 4.93
80 | PAN_N848 PAN_LO427 2.465 | 0.980019 | 2.621537531 4.93
81 | PAN_N860 PAN_LO434 2.465 | 0.980019 | 2.621537531 4.93
82 | PAN_N868 PAN_L0O436 50 0.9 | 48.83342377 100
83 | PAN_N870 PAN_L0437 2.465 | 0.980019 | 2.621537531 4.93
84 | PAN_N889 PAN_LO444 2.465 1| 2.674986435 4.93
85 | PAN_N916 PAN_LO456 4.931 | 0.980019 | 5.244138566 9.862
86 | PAN_N929 PAN_LO461 2.465 | 0.980019 | 2.621537531 4.93
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87 | PAN_N944 PAN_LO471 2.465 | 0.980019 2.621537531 4.93
88 | PAN_N977 PAN_LO490 2.465 | 0.980019 2.621537531 4.93
89 | PAN N996 PAN LO499 235.868 | 0.980019 250.8465779 471.736
90 | PAN_N1016 PAN_LO509 235.868 | 0.980019 250.8465779 471.736
91 | PAN_N1019 PAN_LO512 6.163 | 0.980019 6.55437558 12.326
92 | PAN_N1022 PAN_LO515 2.465 1 2.674986435 4.93
93 | PAN_N1026 PAN_LO517 12.327 1 13.37710255 24.654
94 | PAN_N1035 PAN_LO522 2.465 | 0.980019 2.621537531 4.93
95 | PAN N1039 PAN LO525 2.465 | 0.980019 2.621537531 4.93
96 | PAN_N1052 PAN_LO529 2.46 0.98 2.616169289 4.92
97 | PAN_N1066 PAN_LO536 2.465 | 0.980019 2.621537531 4.93
98 | PAN_N1079 PAN_LO542 235.868 | 0.980019 250.8465779 471.736
99 | PAN_N1095 PAN_LO548 2.465 | 0.980019 2.621537531 4.93
100 | PAN_N1105 PAN_LOS555 2.465 | 0.980019 2.621537531 4.93
101 | PAN_N1145 PAN_LO580 2.465 | 0.980019 2.621537531 4.93
102 | PAN_N1158 PAN_LO585 2.465 | 0.980019 2.621537531 4.93
103 | PAN_N1168 PAN_LO590 2.465 | 0.980019 2.621537531 4.93
104 | PAN_N1189 PAN_LO601 120.341 1 130.5925122 240.682
105 | PAN_N1192 PAN_LO602 4.931 | 0.980019 5.244138566 9.862
106 | PAN_N1223 PAN_LO616 6.163 1 6.688008681 12.326
107 | PAN_N1227 PAN_LO618 12.327 | 0.980019 13.10981466 24.654
108 | PAN_N1245 PAN_LO625 2.465 | 0.980019 2.621537531 4.93
109 | PAN_N1264 PAN_LO635 50 0.9 48.83342377 100
110 | PAN_N1283 PAN_LOG46 120.341 | 0.980019 127.9831432 240.682
111 | PAN_N1305 PAN_LO660 2.465 | 0.980019 2.621537531 4.93
112 | PAN_N1306 PAN_LO661 27 0.95 27.83505155 54
113 | PAN_N1320 PAN_LO670 256.559 | 0.980019 272.8515406 513.118
114 | PAN_N1321 PAN_LO671 50 0.9 48.83342377 100
115 | PAN_N1332 PAN_LO674 2.465 | 0.980019 2.621537531 4.93
116 | PAN_N1341 PAN_LO678 2.465 | 0.980019 2.621537531 4.93
117 | PAN_N1354 PAN_LOG85 2.465 | 0.980019 2.621537531 4.93
118 | PAN_N114 PAN_LO69 180 0.9 175.8003256 360
119 | PAN_N115 PAN_LO70 150 0.9 146.5002713 300
120 | PAN_N1418 PAN_LO714 235.868 | 0.980019 250.8465779 471.736
121 | PAN_N1426 PAN_LO718 2.465 | 0.980019 2.621537531 4.93
122 | PAN_N1435 PAN_LO722 4.931 | 0.980019 5.244138566 9.862
123 | PAN_N1457 PAN_LO730 2.465 | 0.980019 2.621537531 4.93
124 | PAN_N1489 PAN_LO749 2.465 | 0.980019 2.621537531 4.93
125 | PAN_N1492 PAN_LO751 100 0.9 97.66684753 200
126 | PAN_N1500 PAN_LO756 4.931 | 0.980019 5.244138566 9.862
127 | PAN_N1513 PAN_LO761 2.465 | 0.980019 2.621537531 4.93
128 | PAN_N1537 PAN_LO772 27 0.95 27.83505155 54
129 | PAN_N1550 PAN_LO778 2.465 | 0.980019 2.621537531 4.93
130 | PAN_N1555 PAN_LO781 6.163 1 6.688008681 12.326
131 | PAN_N1561 PAN_LO784 2.465 | 0.980019 2.621537531 4.93
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132 | PAN_N1572 PAN_LO788 6.163 1 6.688008681 12.326
133 | PAN_N1573 PAN_LO789 2.465 | 0.980019 2.621537531 4.93
134 | PAN N1577 PAN LO792 2.465 | 0.980019 2.621537531 4.93
135 | PAN_N1585 PAN_LO797 2.465 | 0.980019 2.621537531 4.93
136 | PAN_N1586 PAN_LO798 2.465 | 0.980019 2.621537531 4.93
137 | PAN_N1587 PAN_LO799 2.465 | 0.980019 2.621537531 4.93
138 | PAN_N1607 PAN_LO807 2.465 | 0.980019 2.621537531 4.93
139 | PAN_N1613 PAN_LO810 4.931 | 0.980019 5.244138566 9.862
140 | PAN N1671 PAN L0833 4.931 | 0.980019 5.244138566 9.862
141 | PAN_N1674 PAN_LO834 2.465 | 0.980019 2.621537531 4.93
142 | PAN_N1682 PAN_LO837 2.465 | 0.980019 2.621537531 4.93
143 | PAN_N1700 PAN_LO849 2.465 | 0.980019 2.621537531 4.93
144 | PAN_N1705 PAN_LO852 180.511 0.9 176.2994031 361.022
145 | PAN_N1713 PAN_LO857 2.465 | 0.980019 2.621537531 4.93
146 | PAN_N1760 PAN_LO879 2.465 | 0.980019 2.621537531 4.93
147 | PAN_N1772 PAN_LO886 2.465 | 0.980019 2.621537531 4.93
148 | PAN_N1815 PAN_LO904 2.465 1 2.674986435 4.93
149 | PAN_N1841 PAN_LO917 180.511 | 0.980019 191.9741831 361.022
150 | PAN_N1844 PAN_LO919 2.465 | 0.980019 2.621537531 4.93
151 | PAN_N144 PAN_LO9%4 150 0.9 146.5002713 300
152 | PAN_N1891 PAN_LO940 2.465 | 0.980019 2.621537531 4.93
153 | PAN_N1908 PAN_LO945 2.465 1 2.674986435 4.93
154 | PAN_N1919 PAN_LO951 2.465 | 0.980019 2.621537531 4.93
155 | PAN_N1920 PAN_LO952 2.465 | 0.980019 2.621537531 4.93
156 | PAN_N1931 PAN_LO956 4.931 | 0.980019 5.244138566 9.862
157 | PAN_N1940 PAN_LO960 2.465 | 0.980019 2.621537531 4.93
158 | PAN_N1944 PAN_LO961 2.465 | 0.980019 2.621537531 4.93
159 | PAN_N1968 PAN_LO969 4.931 | 0.980019 5.244138566 9.862
160 | PAN_N1990 PAN_LO979 6.163 | 0.980019 6.55437558 12.326
161 | PAN_N2005 PAN_LO986 12.327 1 13.37710255 24.654
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Frenchville (FRN) ZS Power Network:

# Nodel Element S[kVA] cosphi PV[kW] DT[kVA] Bulk RE & ES
1| FRN_N2048 | FRN_LO1011 117.281 0.9 | 114.5446555 234,562 | FRN_F1_N1
2 | FRN_N2062 | FRN_LO1014 102.046 0.9 | 99.66511123 204.092 | 500 kW PV
3 | FRN_N2070 | FRN_LO1017 153.068 0.9 | 149.4966902 306.136 | 200 kW ES
4 | FRN_N2071 | FRN_LO1018 51.023 0.9 | 49.83255562 102.046
5 | FRN N2127 | FRN LO1040 12.731 0.95 | 13.12474227 25462 | FRN_F1_N2
6 | FRN N2138 | FRN_L01043 125,578 0.95 | 129.4618557 251,156 | 500 kW PV
7 | FRN_N2157 | FRN_LO1050 192.202 0.95 | 198.1463918 384.404 | 200 kW ES
8 | FRN_N2160 | FRN_L0O1052 117.281 0.95 | 120.9082474 234.562
9 | FRN N2166 | FRN LO1055 128.135 0.95 | 132.0979381 25627 | FRN_FLN3

10 | FRN_N2168 | FRN_LO1056 188.366 0.9 | 183.971134 376.732 | 500 kW PV
11 | FRN_N2177 | FRN_LO1061 100 0.9 | 97.66684753 200 | 200 KW ES
12 | FRN_N2179 | FRN_LO1062 188.366 0.95 | 194.1917526 376.732

13 | FRN_N2227 | FRN_LO1078 102.046 0.8 | 88.59120998 204,092 | FRN_FI_N4
14 | FRN_N2254 | FRN_LO1092 153.068 0.9 | 149.4966902 306.136 | 500 kW PV
15 | FRN_N2272 | FRN_LO1099 221.66 0.9 | 216.4883342 443.32 | 200 kW ES
16 | FRN_N2283 | FRN_LO1105 125,578 0.95 | 129.4618557 251.156

17 | FRN N2290 | FRN LO1108 192.202 0.9 | 187.7176343 384.404 | FRN_FI_N5
18 | FRN_N2313 | FRN_LO1115 331.904 0.95 | 342.1690722 663.808 | 500 KW PV
19 | FRN_N2321 | FRN_LO1120 331.904 0.95 | 342.1690722 663.808 | 200 kW ES
20 | FRN_N2352 | FRN_LO1132 188.366 0.95 | 194.1917526 376.732

21 | FRN_N2362 | FRN LO1135 61.952 0.9 | 60.50656538 123.904

22 | FRN_N2382 | FRN LO1143 125,578 0.9 | 122.6480738 251.156

23 | FRN_N2390 | FRN_LO1147 251.155 0.9 | 2452951709 50231 | FRN_F2_N1
24 | FRN_N2401 | FRN LO1153 64.067 0.95 | 66.04845361 128.134 | 500 kKW PV
25 | FRN_N2403 | FRN_LO1154 123.905 0.95 | 127.7371134 247.81 | 200 KW ES
26 | FRN_N2414 | FRN_LO1161 125,578 0.9 | 122.6480738 251,156

27 | FRN_N2429 | FRN_LO1169 128.135 0.95 | 132.0979381 256,07 | FRN_F2_N2
28 | FRN_N2435 | FRN LO1173 6.365 0.95 | 656185567 12.73 | 500 KW PV
29 | FRN_N2444 | FRN_LO1179 123.905 0.95 | 127.7371134 247.81 | 200 KW ES
30 | FRN_N2448 | FRN_LO1180 6.365 0.9 | 6.216494845 12.73

31 | FRN N2463 | FRN LO1188 102.046 0.95 | 105.2020619 204.092 | FRN_F2_N3
32 | FRN_N2534 | FRN_LO1215 185.857 0.9 | 181.5206728 371.714 | 500 kW PV
33 | FRN_N2553 | FRN LO1224 64.067 0.95 | 66.04845361 128.134 | 200 kW ES
34 | FRN_N2575 | FRN LO1234 64.067 0.9 | 6257221921 128.134

35 | FRN_N2578 | FRN_LO1236 6.365 0.8 | 5525773196 12,73 | FRN_F2_N4
36 | FRN_N2621 | FRN LO1253 819.791 0.9 | 800664026 |  1639.582 | 500 kW PV
37 | FRN_N2628 | FRN_LO1259 352,057 0.9 | 343.8429734 704.114 | 200 kW ES
38 | FRN_N2633 | FRN LO1261 125,578 0.95 | 129.4618557 251.156

39 | FRN_N2648 | FRN LO1267 153.068 0.9 | 149.4966902 306.136 | FRN_F2_N5
40 | FRN_N2651 | FRN_LO1268 192.202 0.9 | 187.7176343 384.404 | 500 kW PV
41 | FRN N2657 | FRN LO1271 160.168 0.9 | 156.4310364 320.336 | 200 kW ES
42 | FRN_N2659 | FRN_LO1272 12.731 0.95 | 13.12474227 25.462

A-10|Page

Energy Storage and its Strategic Impacts on the Power Network




Appendix-A

43 | FRN_N2702 FRN_LO1283 102.046 0.9 | 99.66511123 204.092
44 | FRN_N208 FRN_LO138 1575 0.95 | 162.371134 315
45 | FRN N256 FRN LO165 150 0.9 | 146.5002713 300
46 | FRN_N258 FRN_LO167 100 0.9 | 97.66684753 200
47 | FRN_N259 FRN_LO168 100 0.8 | 86.81497558 200
48 | FRN_N261 FRN_LO169 600 0.8 | 520.8898535 1200
49 | FRN_N263 FRN_LO170 600 0.8 | 520.8898535 1200
50 | FRN_N264 FRN_LO171 102.046 0.8 | 88.59120998 204.092
51 | FRN N267 FRN LO174 100 0.9 | 97.66684753 200
52 | FRN_N270 FRN_LO176 100 0.9 | 97.66684753 200
53 | FRN_N292 FRN_LO179 100 0.9 | 97.66684753 200
54 | FRN_N305 FRN_LO187 100 0.9 | 97.66684753 200
55 | FRN_N307 FRN_LO188 50 0.9 | 48.83342377 100
56 | FRN_N309 FRN_LO189 160.722 0.95 | 165.6927835 321.444
57 | FRN_N311 FRN_LO190 153.068 0.9 | 149.4966902 306.136
58 | FRN_N312 FRN_LO191 150 0.9 | 146.5002713 300
59 | FRN_N314 FRN_LO192 100 0.9 | 97.66684753 200
60 | FRN_N328 FRN_LO204 153.068 0.9 | 149.4966902 306.136
61 | FRN_N330 FRN_LO205 153.068 0.9 | 149.4966902 306.136
62 | FRN_N331 FRN_LO206 160.722 0.95 | 165.6927835 321.444
63 | FRN_N333 FRN_LO207 102.046 0.8 | 88.59120998 204.092
64 | FRN_N335 FRN_LO208 153.068 0.9 | 149.4966902 306.136
65 | FRN_N336 FRN_LO209 102.046 0.8 | 88.59120998 204.092
66 | FRN_N340 FRN_LO212 117.281 0.9 | 114.5446555 234.562
67 | FRN_N360 FRN_LO216 123.905 0.95 | 127.7371134 247.81
68 | FRN_N425 FRN_LO242 331.904 0.9 | 324.1601736 663.808
69 | FRN_N440 FRN_LO248 188.366 0.95 | 194.1917526 376.732
70 | FRN_N460 FRN_LO256 125.578 0.9 | 122.6480738 251.156
71 | FRN_N466 FRN_LO260 125.578 0.95 | 129.4618557 251.156
72 | FRN_N469 FRN_LO261 123.905 0.95 | 127.7371134 247.81
73 | FRN_N593 FRN_LO308 192.202 0.9 | 187.7176343 384.404
74 | FRN_N600 FRN_LO311 128.135 0.9 | 125.1454151 256.27
75 | FRN_N627 FRN_LO324 125.578 0.9 | 122.6480738 251.156
76 | FRN_N643 FRN_LO333 62.789 0.95 | 64.73092784 125.578
77 | FRN_N650 FRN_LO335 128.135 0.95 | 132.0979381 256.27
78 | FRN_N668 FRN_LO343 156.972 0.9 | 153.3096039 313.944
79 | FRN_N674 FRN_LO345 6.365 0.8 | 5.525773196 12.73
80 | FRN_N688 FRN_LO354 84.981 0.95 | 87.60927835 169.962
81 | FRN_N689 FRN_LO355 128.135 0.9 | 125.1454151 256.27
82 | FRN_N69%4 FRN_LO359 153.068 0.9 | 149.4966902 306.136
83 | FRN_N711 FRN_LO366 221.66 0.95 | 228.5154639 443.32
84 | FRN_N744 FRN_LO383 221.66 0.95 | 228.5154639 443.32
85 | FRN_N746 FRN_LO385 153.068 0.9 | 149.4966902 306.136
86 | FRN_N779 FRN_LO398 12.24 0.95 | 12.6185567 24.48
87 | FRN_N781 FRN_LO399 2.511 0.9 | 2.452414542 5.022
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88 | FRN_N806 FRN_LO409 125.578 0.95 | 129.4618557 251.156
89 | FRN_N808 FRN_LO410 102.046 0.95 | 105.2020619 204.092
90 | FRN N858 FRN LO433 221.66 0.95 | 228.5154639 443.32
91 | FRN_N883 FRN_LO442 123.905 0.95 | 127.7371134 247.81
92 | FRN_N893 FRN_LO446 128.135 0.9 | 125.1454151 256.27
93 | FRN_N904 FRN_LO451 185.857 0.95 | 191.6051546 371.714
94 | FRN_N930 FRN_LO462 102.046 0.8 | 88.59120998 204.092
95 | FRN_N934 FRN_LO466 123.905 0.95 | 127.7371134 247.81
96 | FRN N951 FRN LO476 102.046 0.95 | 105.2020619 204.092
97 | FRN_N961 FRN_LO482 64.067 0.95 | 66.04845361 128.134
98 | FRN_N971 FRN_LOA488 123.905 0.95 | 127.7371134 247.81
99 | FRN_N979 FRN_LO491 62.789 0.95 | 64.73092784 125.578
100 | FRN_N988 FRN_LO496 125.578 0.95 | 129.4618557 251.156
101 | FRN_N1001 FRN_LO503 185.857 0.9 | 181.5206728 371.714
102 | FRN_N1015 FRN_LO508 127.557 0.95 | 131.5020619 255.114
103 | FRN_N1018 FRN_LO511 185.857 0.9 | 181.5206728 371.714
104 | FRN_N1031 FRN_LO519 192.202 0.9 | 187.7176343 384.404
105 | FRN_N1032 FRN_LO520 100 0.9 | 97.66684753 200
106 | FRN_N1037 FRN_LO524 1.005 0.9 | 0.981551818 2.01
107 | FRN_N1088 FRN_LO546 62.789 0.95 | 64.73092784 125.578
108 | FRN_N1108 FRN_LO557 123.905 0.95 | 127.7371134 247.81
109 | FRN_N1126 FRN_LO565 125.578 0.95 | 129.4618557 251.156
110 | FRN_N1129 FRN_LO567 100 0.9 | 97.66684753 200
111 | FRN_N83 FRN_LO57 600 0.9 | 586.0010852 1200
112 | FRN_N1138 FRN_LO575 192.202 0.8 | 166.8601194 384.404
113 | FRN_N1139 FRN_LO576 125.578 0.95 | 129.4618557 251.156
114 | FRN_N1142 FRN_LO578 128.135 0.95 | 132.0979381 256.27
115 | FRN_N1160 FRN_LO586 450 0.8 | 390.6673901 900
116 | FRN_N1164 FRN_LO588 1575 0.95 | 162.371134 315
117 | FRN_N1240 FRN_LO623 5.023 0.9 | 4.905805751 10.046
118 | FRN_N1249 FRN_LO627 123.905 0.9 | 121.0141074 247.81
119 | FRN_N1253 FRN_LO629 188.366 0.9 | 183.971134 376.732
120 | FRN_N1262 FRN_LO633 125.578 0.95 | 129.4618557 251.156
121 | FRN_N1270 FRN_LO639 128.135 0.95 | 132.0979381 256.27
122 | FRN_N1273 FRN_LO641 100 0.9 | 97.66684753 200
123 | FRN_N1295 FRN_LO652 60.116 0.95 | 61.97525773 120.232
124 | FRN_N1308 FRN_LO663 185.857 0.95 | 191.6051546 371.714
125 | FRN_N1317 FRN_LO669 62.789 0.9 | 61.3240369 125.578
126 | FRN_N1338 FRN_LO677 185.857 0.95 | 191.6051546 371.714
127 | FRN_N1393 FRN_LO700 153.068 0.9 | 149.4966902 306.136
128 | FRN_N1399 FRN_LO704 125.578 0.95 | 129.4618557 251.156
129 | FRN_N1412 FRN_LO711 123.905 0.95 | 127.7371134 247.81
130 | FRN_N1417 FRN_LO713 50 0.9 | 48.83342377 100
131 | FRN_N1423 FRN_LO717 94.183 0.95 | 97.09587629 188.366
132 | FRN_N1462 FRN_LO733 100 0.9 | 97.66684753 200
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133 | FRN_N1463 FRN_LO734 185.857 0.9 | 181.5206728 371.714
134 | FRN_N1474 FRN_LO742 12.558 0.9 | 12.26500271 25.116
135 | FRN N1529 FRN LO768 150 0.9 | 146.5002713 300
136 | FRN_N1594 FRN_LO802 464.637 0.9 | 453.7963104 929.274
137 | FRN_N129 FRN_LO81 160 0.9 | 156.266956 320
138 | FRN_N1629 FRN_LO817 100 0.9 | 97.66684753 200
139 | FRN_N130 FRN_LO82 1575 0.95 | 162.371134 315
140 | FRN_N132 FRN_LO83 100 0.8 | 86.81497558 200
141 | FRN N1677 FRN LO835 255.114 0.9 | 249.1618014 510.228
142 | FRN_N135 FRN_LO84 215 0.95 | 221.6494845 430
143 | FRN_N1694 FRN_LO845 192.202 0.9 | 187.7176343 384.404
144 | FRN_N136 FRN_LO85 250 0.8 | 217.037439 500
145 | FRN_N1703 FRN_LO850 128.135 0.9 | 125.1454151 256.27
146 | FRN_N1708 FRN_LO854 185.857 0.9 | 181.5206728 371.714
147 | FRN_N1722 FRN_LO862 153.068 0.95 | 157.8020619 306.136
148 | FRN_N1732 FRN_LO868 125.578 0.95 | 129.4618557 251.156
149 | FRN_N1744 FRN_LO873 313.944 0.95 | 323.6536082 627.888
150 | FRN_N1750 FRN_LO876 192.202 0.95 | 198.1463918 384.404
151 | FRN_N1791 FRN_LO893 100 0.9 | 97.66684753 200
152 | FRN_N1812 FRN_L0O902 102.046 0.95 | 105.2020619 204.092
153 | FRN_N1820 FRN_LO907 185.857 0.9 | 181.5206728 371.714
154 | FRN_N1829 FRN_LO912 188.366 0.9 | 183.971134 376.732
155 | FRN_N1831 FRN_LO913 102.046 0.9 | 99.66511123 204.092
156 | FRN_N1835 FRN_LO914 309.762 0.9 | 302.5347802 619.524
157 | FRN_N1853 FRN_LO925 185.857 0.9 | 181.5206728 371.714
158 | FRN_N1862 FRN_LO928 123.905 0.95 | 127.7371134 247.81
159 | FRN_N1866 FRN_LO931 102.046 0.95 | 105.2020619 204.092
160 | FRN_N1880 FRN_LO937 521.453 0.9 | 509.2867065 1042.906
161 | FRN_N1915 FRN_LO948 62.789 0.95 | 64.73092784 125.578
162 | FRN_N145 FRN_LO95 345 0.8 | 299.5116658 690
163 | FRN_N1969 FRN_LO970 123.905 0.95 | 127.7371134 247.81
164 | FRN_N1996 FRN_LO982 150 0.9 | 146.5002713 300
165 | FRN_N2009 FRN_LO989 51.023 0.9 | 49.83255562 102.046
166 | FRN_N2014 FRN_LO990 188.366 0.9 | 183.971134 376.732
167 | FRN_N2016 FRN_LO991 188.366 0.95 | 194.1917526 376.732
168 | FRN_N2019 FRN_LO994 153.068 0.9 | 149.4966902 306.136
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Parkhurst (PKH) ZS Power Network:

# Nodel Element S[kVA] cosphi PV[kW] DT[kVA] Bulk RE & ES
1| PKH N2034 | PKH LO1002 | 50917 0.95 | 52.49175258 101.834 | PKH_F1_N1
2 | PKH_N2037 | PKH_LO1003 1.465 0.9 | 1.430819316 2.93 | 500 kw PV
3 | PKH N2046 | PKH LO1010 | 150432 0.9 | 155.7122084 318.864 | 200 kW ES
4 | PKH N2072 | PKH LO1019 |  26.978 0.95 | 27.81237113 53.956
5 | PKH N2076 | PKH LO1021 1.099 0.9 | 1073358654 2.198 | PKH_FI_N2
6 | PKH N2077 | PKH LO1022 |  101.834 0.95 | 104.9835052 203.668 | 500 kW PV
7 | PKH N2122 | PKH LO1036 |  85.644 0.8 | 74.35181769 171.288 | 200 kW ES
8 | PKH N167 | PKH_LO104 3.663 0.95 | 3.77628866 7.326
9 | PKH_N168 | PKH_LO105 0.733 0.9 | 0.715897992 1.466 | PKH_FI_N3

10 | PKH N169 | PKH_LO106 0.733 0.9 | 0715897992 1.466 | 500 KW PV
11 | PKH N2183 | PKH_LO1064 0.733 0.9 | 0.715897992 1.466 | 200 KW ES
12 | PKH N2205 | PKH LO1069 |  214.11 0.9 | 209.1144872 428.22

13 | PKH_N170 | PKH_LO107 0.733 0.9 | 0.715897992 1.466 | PKH_FI_N4
14 | PKH N2210 | PKH LO1071 |  53.144 0.9 | 51.90406945 106.288 | 500 kW PV
15 | PKH_N2223 | PKH_LO1077 1.465 0.9 | 1.430819316 2.93 | 200 KW ES
16 | PKH N171 | PKH_LO108 26.978 0.95 | 27.81237113 53.956

17 | PKH N172 | PKH L0109 1.831 0.9 | 1788279978 3.662 | PKH_FLNS
18 | PKH_N173 | PKH_LO110 0.733 0.9 | 0.715897992 1.466 | 500 kKW PV
19 | PKH N2282 | PKH LO1104 | 101.834 0.95 | 104.9835052 203.668 | 200 kW ES
20 | PKH_N174 | PKH_LO111 0.733 0.9 | 0.715897992 1.466

21 | PKH_N2309 | PKH_LO1114 3.663 0.9 | 3577536625 7.326

22 | PKH_N2316 | PKH _LO1118 3.663 0.9 | 3.577536625 7.326

23 | PKH_N2319 | PKH_LO1119 | 42,822 0.95 | 44.14639175 85.644 | PKH_F2_N1
24 | PKH_N175 | PKH_LO112 1.831 0.9 | 1.788279978 3.662 | 500 kW PV
25 | PKH_N177 | PKH LO113 | 159.432 0.9 | 155.7122084 318.864 | 200 KW ES
26 | PKH_N2350 | PKH _LO1131 0.366 0.95 | 0.377319588 0.732

27 | PKH_N2365 | PKH_LO1136 | 128.466 0.9 | 1254686923 256,932 | PKH_F2_N2
28 | PKH_N178 | PKH LO114 | 106.288 0.9 | 103.8081389 212.576 | 500 kW PV
29 | PKH_N2392 | PKH_LO1149 |  85.644 0.95 | 88.20278351 171.288 | 200 kW ES
30 | PKH N179 | PKH LO115 | 160.388 0.95 | 165.3484536 320.776

31 | PKH N2406 | PKH LO1156 1.099 0.9 | 1.073358654 2.198 | PKH_F2_N3
32 | PKH_N2416 | PKH_LO1162 1.831 0.95 | 1.887628866 3.662 | 500 kW PV
33 | PKH_N2437 | PKH_LO1175 450 0.8 | 390.6673901 900 | 200 KW ES
34 | PKH_N2438 | PKH _LO1176 |  42.822 0.9 | 41.82289745 85.644

35 | PKH_N2451 | PKH_LO1182 85.644 0.95 | 88.29278351 171.288 | PKH_F2_N4
36 | PKH_N2484 | PKH _LO1198 |  85.644 0.9 | 83.6457949 171.288 | 500 kW PV
37 | PKH_N2496 | PKH_LO1202 0.982 0.9 | 0.950088443 1.964 | 200 kW ES
38 | PKH_N2511 | PKH_LO1205 1 0.9 | 0.976668475 2

39 | PKH N2543 | PKH_LO1219 50.917 0.95 | 52.49175258 101.834 | PKH_F2_N5
40 | PKH_N2565 | PKH_LO1229 3880 0.8 | 3368421053 7760 | 500 kw PV
41 | PKH N2611 | PKH LO1250 |  106.288 0.8 | 92.27390125 212,576 | 200 kW ES
42 | PKH_N2622 | PKH_LO1254 |  152.751 0.9 | 149.1870863 305.502
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43 | PKH_N2642 | PKH_LO1265 1.831 0.95 | 1.887628866 3.662
44 | PKH_N2664 | PKH LO1274 1.831 0.9 | 1788279978 3.662
45 | PKH N2668 | PKH LO1275 1.831 0.9 | 1.788279978 3.662
46 | PKH_N265 | PKH _LO172 85.644 0.9 | 83.6457949 171.288
47 | PKH_N298 | PKH_LO183 101.834 0.9 | 99.45805751 203.668
48 | PKH_N299 | PKH_LO184 85.644 0.9 | 83.6457949 171.288
49 | PKH N300 | PKH _LO185 85.644 0.8 | 74.35181769 171.288
50 | PKH_N321 | PKH_LO198 101.834 0.9 | 99.45805751 203.668
51 | PKH N322 | PKH LO199 152.751 0.9 | 149.1870863 305.502
52 | PKH_N324 | PKH_LO200 42.822 0.9 | 41.82289745 85.644
53 | PKH_N325 | PKH_LO201 134.889 0.95 | 139.0608247 269.778
54 | PKH N326 | PKH_ L0202 85.644 0.8 | 74.35181769 171.288
55 | PKH_N327 | PKH_LO203 85.644 0.9 | 83.6457949 171.288
56 | PKH_N366 | PKH L0220 0.733 0.9 | 0.715897992 1.466
57 | PKH_N410 | PKH_LO237 25 0.9 | 2.441671188 5
58 | PKH_N458 | PKH_LO255 3.663 0.9 | 3.577536625 7.326
59 | PKH_N482 | PKH_LO268 265.72 0.9 | 259.5203473 531.44
60 | PKH_N523 | PKH_LO287 152.751 0.8 | 132.6107434 305.502
61 | PKH N540 | PKH L0292 127.292 0.95 | 131.228866 254.584
62 | PKH_N544 | PKH_ L0293 0.733 0.9 | 0.715897992 1.466
63 | PKH N556 | PKH L0295 3100 0.8 | 2691.264243 6200
64 | PKH_N585 | PKH_LO304 152.751 0.9 | 149.1870863 305.502
65 | PKH_N599 | PKH_LO310 53.144 0.9 | 51.90406945 106.288
66 | PKH N608 | PKH LO314 1.831 0.9 | 1.788279978 3.662
67 | PKH_N610 | PKH_LO315 159.432 0.95 | 164.3628866 318.864
68 | PKH N624 | PKH LO321 107.055 0.9 | 1045572436 214.11
69 | PKH_N625 | PKH L0322 106.288 0.95 | 1095752577 212,576
70 | PKH_N676 | PKH_LO346 159.432 0.9 | 155.7122084 318.864
71 | PKH_N692 | PKH_LO357 106.288 0.95 | 1095752577 212,576
72 | PKH_N701 | PKH_LO361 3.663 0.95 | 3.77628866 7.326
73 | PKH_N714 | PKH_LO367 132.86 0.95 | 136.9690722 265.72
74 | PKH N721 | PKH_LO371 152.751 0.9 | 149.1870863 305.502
75 | PKH_N730 | PKH_LO376 0.733 0.9 | 0.715897992 1.466
76 | PKH N736 | PKH _LO378 101.834 0.95 | 104.9835052 203.668
77 | PKH_N738 | PKH_LO379 1.831 0.9 | 1.788279978 3.662
78 | PKH_N739 | PKH_LO380 1.099 0.9 | 1.073358654 2.198
79 | PKH_N748 | PKH_LO386 101.834 0.95 | 104.9835052 203.668
80 | PKH N758 | PKH_LO391 128.466 0.95 | 132.4391753 256.932
81 | PKH N764 | PKH L0393 106.288 0.8 | 92.27390125 212,576
82 | PKH_N63 | PKH_LO41 300 0.8 | 260.4449267 600
83 | PKH N817 | PKH _LO414 1.099 0.95 | 1132989691 2.198
84 | PKH N830 | PKH L0419 0.733 0.9 | 0.715897992 1.466
85 | PKH_N64 | PKH_LO42 157.5 0.95 | 162371134 315
86 | PKH N833 | PKH L0421 1.473 0.95 | 1518556701 2.946
87 | PKH_N873 | PKH_L0439 1500 0.8 | 1302.224634 3000
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88 | PKH_N896 PKH_LO447 152.751 0.8 | 132.6107434 305.502
89 | PKH_N924 PKH_LO458 128.466 0.9 | 125.4686923 256.932
90 | PKH N948 PKH LO474 152.751 0.9 | 149.1870863 305.502
91 | PKH_N953 PKH_LO477 152.751 0.9 | 149.1870863 305.502
92 | PKH_N954 PKH_LO478 214.11 0.9 | 209.1144872 428.22
93 | PKH_N957 PKH_LO480 85.644 0.9 | 83.6457949 171.288
94 | PKH_N962 PKH_LO483 85.644 0.9 | 83.6457949 171.288
95 | PKH_N966 PKH_LO486 1.831 0.95 | 1.887628866 3.662
96 | PKH N980 PKH LO492 1.053 0.95 | 1.08556701 2.106
97 | PKH_N99%4 PKH_LO498 134.889 0.95 | 139.0608247 269.778
98 | PKH_N998 PKH_LO501 42.822 0.9 | 41.82289745 85.644
99 | PKH_N1009 | PKH_LO507 0.733 0.9 | 0.715897992 1.466
100 | PKH_N1036 | PKH_LO523 42.822 0.9 | 41.82289745 85.644
101 | PKH_N1044 | PKH_LO528 1.831 0.95 | 1.887628866 3.662
102 | PKH_N1056 | PKH_LO531 128.466 0.9 | 125.4686923 256.932
103 | PKH_N79 PKH_LO54 330 0.8 | 286.4894194 660
104 | PKH_N1073 | PKH_LO540 152.751 0.95 | 157.4752577 305.502
105 | PKH_N1092 | PKH_LO547 30.55 0.95 | 31.49484536 61.1
106 | PKH_N1101 | PKH_LO552 101.834 0.95 | 104.9835052 203.668
107 | PKH_N1115 | PKH_LO561 50.917 0.9 | 49.72902876 101.834
108 | PKH_N1124 | PKH_LO564 1.099 0.95 | 1.132989691 2.198
109 | PKH_N1130 | PKH_LO568 0.733 0.9 | 0.715897992 1.466
110 | PKH_N1133 | PKH_LO570 0.733 0.9 | 0.715897992 1.466
111 | PKH_N1136 | PKH_LO573 265.72 0.9 | 259.5203473 531.44
112 | PKH_N1141 | PKH_LO577 265.72 0.9 | 259.5203473 531.44
113 | PKH_N1177 | PKH_LO59% 50.917 0.9 | 49.72902876 101.834
114 | PKH_N1181 | PKH_LO595 3.663 0.95 | 3.77628866 7.326
115 | PKH_N1182 | PKH_LO596 85.644 0.95 | 88.29278351 171.288
116 | PKH_N1184 | PKH_LO598 101.834 0.9 | 99.45805751 203.668
117 | PKH_N1187 | PKH_LO600 101.834 0.9 | 99.45805751 203.668
118 | PKH_N1218 | PKH_LO613 0.982 0.9 | 0.959088443 1.964
119 | PKH_N1221 | PKH_LO615 0.733 0.9 | 0.715897992 1.466
120 | PKH_N1243 | PKH_LO624 159.432 0.9 | 155.7122084 318.864
121 | PKH_N1265 | PKH_LO636 3.663 0.9 | 3.577536625 7.326
122 | PKH_N1292 | PKH_LO649 1.831 0.9 | 1.788279978 3.662
123 | PKH_N93 PKH_LOG65 617 0.8 | 535.6483993 1234
124 | PKH_N1301 | PKH_LO658 42.822 0.95 | 44.14639175 85.644
125 | PKH_N1303 | PKH_LO659 50.917 0.95 | 52.49175258 101.834
126 | PKH_N1310 | PKH_LO665 85.644 0.9 | 83.6457949 171.288
127 | PKH_N1331 | PKH_LO673 128.466 0.9 | 125.4686923 256.932
128 | PKH_N112 PKH_LO68 250 0.95 | 257.7319588 500
129 | PKH_N1345 | PKH_LO681 101.834 0.95 | 104.9835052 203.668
130 | PKH_N1358 | PKH_LO687 101.834 0.95 | 104.9835052 203.668
131 | PKH_N1367 | PKH_LO690 0.733 0.9 | 0.715897992 1.466
132 | PKH_N1395 | PKH_LO701 128.466 0.9 | 125.4686923 256.932
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133 | PKH_N1396 | PKH_LO702 1.099 0.95 | 1.132989691 2.198
134 | PKH_N1400 | PKH_LO705 106.288 0.9 | 103.8081389 212,576
135 | PKH N1402 | PKH LO706 1.099 0.95 | 1.132989691 2.198
136 | PKH_N1403 | PKH_LO707 0.733 0.9 | 0.715897992 1.466
137 | PKH_N116 | PKH_LO71 160 0.9 | 156.266956 320
138 | PKH_N119 | PKH_LO73 150 0.9 | 1465002713 300
139 | PKH_N1461 | PKH_LO732 152.751 0.9 | 149.1870863 305.502
140 | PKH_N1473 | PKH_LO741 254.584 0.9 | 248.6441671 509.168
141 | PKH N1483 | PKH LO744 85.644 0.95 | 88.29278351 171.288
142 | PKH_N1487 | PKH_LO747 0.733 0.9 | 0.715897992 1.466
143 | PKH_N1488 | PKH_LO748 300 0.8 | 260.4449267 600
144 | PKH N121 | PKH_LO75 110 0.9 | 107.4335323 220
145 | PKH_N1494 | PKH_LO752 0.733 0.9 | 0.715897992 1.466
146 | PKH_N1496 | PKH LO753 0.733 0.9 | 0.715897992 1.466
147 | PKH_N1508 | PKH_LO759 1.831 0.9 | 1.788279978 3.662
148 | PKH N122 | PKH_LO76 300 0.95 | 309.2783505 600
149 | PKH_N1542 | PKH_LO773 1.831 0.9 | 1.788279978 3.662
150 | PKH_N1547 | PKH_LO777 0.733 0.9 | 0.715897992 1.466
151 | PKH_N1552 | PKH_LO779 0.366 0.9 | 0.357460662 0.732
152 | PKH_N1563 | PKH_LO785 101.834 0.9 | 99.45805751 203.668
153 | PKH_N127 | PKH_LO79 115 0.9 | 112.3168747 230
154 | PKH_N128 | PKH_LOS0 15 0.9 | 14.65002713 30
155 | PKH_N1601 | PKH_LO805 85.644 0.9 | 83.6457949 171.288
156 | PKH_N1630 | PKH LO818 50.917 0.95 | 52.49175258 101.834
157 | PKH_N1643 | PKH_LO823 3.663 0.95 | 3.77628866 7.326
158 | PKH_N1690 | PKH L0843 3.663 0.9 | 3.577536625 7.326
159 | PKH_N1696 | PKH_LO847 106.288 0.9 | 103.8081389 212,576
160 | PKH_N1720 | PKH_LO861 316.882 0.95 | 326.6824742 633.764
161 | PKH_N138 | PKH_LO87 160 0.9 | 156.266956 320
162 | PKH_N139 | PKH_LO89 600 0.8 | 520.8898535 1200
163 | PKH_N1816 | PKH LO905 128.466 0.95 | 132.4391753 256.932
164 | PKH_N1818 | PKH_LO906 85.644 0.95 | 88.29278351 171.288
165 | PKH_N1828 | PKH L0911 0.733 0.9 | 0.715897992 1.466
166 | PKH_N1837 | PKH_L0O915 5.265 0.95 | 5.427835052 10.53
167 | PKH_N143 | PKH_LO93 140 0.9 | 136.7335865 280
168 | PKH_N1885 | PKH L0939 85.644 0.9 | 83.6457949 171.288
169 | PKH_N1918 | PKH_LO950 152.751 0.9 | 149.1870863 305.502
170 | PKH_N147 | PKH_LO9 500 0.8 | 434.0748779 1000
171 | PKH_N1985 | PKH_LO976 19.644 0.95 | 20.25154639 39.288
172 | PKH_N1993 | PKH_ L0980 0.733 0.9 | 0.715897992 1.466
173 | PKH_N2023 | PKH_L0O996 0.733 0.9 | 0.715897992 1.466
174 | PKH_N2024 | PKH_L0O997 152.751 0.9 | 149.1870863 305.502
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Berserker (BER) ZS Power Network:

# Nodel Element S[kVA] | cosphi | PV[kW] DT[kVA] | BulkRE & ES
1| BER N2033 | BER LO1001 | 239.832 | 09| 2342363538 | 479.664 | BER F1 N1
2 | BER N2044 | BER LO1009 | 192159 | 095 |  198.1020619 | 384.318 | 500 KW PV
3 | BER N2088 | BER LO1026 | 10216 | 095| 1053195876 |  204.32 | 200 KW ES
4 | BER N2202 | BER LO1068 | 255446 | 095 |  263.3463918 | 510.892
5| BER N2211 | BER LO1072 | 10216 | 095|  105.3195876 20432 | BER_FI_N2
6 | BER N2241 | BER LO1083 | 118729 | 095 | 1224010309 | 237.458 | 500 KW PV
7 | BER N2258 | BER LO1095 | 10216 | 0.9 |  99.77645144 |  204.32 | 200 KW ES
8 | BER N2266 | BER LO1097 | 401302 | 095 | 4137134021 | 802.604
9 | BER N2277 | BER LO1100 | 5108 | 09|  49.88822572 102.16 | BER-FLN3

10 | BER N2333 | BER LO1123 | 1677 | 09|  1.637873033 3.354 | 500 kW PV
11 | BER N2339 | BER LO1127 | 439.296 | 09|  429.0465545 | 878.592 | 200 KW ES
12 | BER N2419 | BER LO1165 | 255446 | 0.9 |  249.4860553 | 510.892

13 | BER N2462 | BER LO1187 150 | 09| 1465002713 300 | BER_FL_N4
14 | BER N2515 | BER LO1207 | 118812 | 095 | 1224865979 | 237.624 | 500 KW PV
15 | BER N2517 | BER LO1208 | 118.729 | 095 |  122.4010309 |  237.458 | 200 KW ES
16 | BER N2533 | BER LO1214 | 118812 | 095 | 1224865979 | 237.624

17 | BER N254 | BER LO164 1575 | 095 162.371134 315 | BER_FINS
18 | BER N257 | BER LO166 | 201.767 | 095 | 2080072165 | 403.534 | 500 KW PV
19 | BER N318 | BER LO196 100 | 09| 97.66684753 200 | 200 KW ES
20 | BER N319 | BER LO197 50| 09| 4883342377 100

21 | BER N339 | BER L0211 | 34099 | 09| 333.0341834 | 68198

22 | BER N358 | BER LO215 | 439.604 | 09| 4293473684 | 879.208

23 | BER N486 | BER LO269 | 153239 | 0.9 149.6637005 |  306.478 | BER_F2_NI
24 | BER N490 | BER LO271 150 | 09| 1465002713 300 | 500 KW PV
25 | BER N637 | BER LO329 | 363519 | 09| 3550375475 | 727.038 | 200 kW ES
26 | BER N52 BER LO34 4000 | 09|  3906.673901 8000

27 | BER N56 BER LO37 9| 09| 87.90016278 180 | BER_F2_N2
28 | BER N785 | BER LO402 | 89.046 | 0.95 91.8 | 178.092 | 500 kw PV
29 | BER_N66 BER_LO43 260 | 09| 2539338036 520 | 200 KW ES
30 | BER N856 | BER LO432 | 153230 | 09|  149.6637005 | 306.478

31 | BER N67 BER LO44 00| 09 97.66684753 200 | BER_F2_N3
32 | BER N928 | BER LO460 | 118.729 | 09| 1159588714 | 237.458 | 500 kW PV
33 | BER N935 | BER LO467 | 439.604 | 09| 4203473684 | 879.208 | 200 kW ES
34 | BER N1040 | BER LO526 5150 | 078 |  4350.196961 10300

35 | BER N1078 | BER LO541 | 118812 | 09| 1160399349 | 237.624 | BER-F2_N4
36 | BER N1134 | BER LO571 150 | 09| 1465002713 300 | 500 KW PV
37 | BER N1211 | BER LO610 | 439.604 | 09| 4293473684 | 879.208 | 200 kW ES
38 | BER N1239 | BER LO622 | 192150 | 09|  187.6756375 | 384.318

39 | BER N1372 | BER L0692 150 | 09 1465002713 300 | BER_F2_N5
40 | BER N1302 | BER LO699 | 153239 | 09|  149.6637005 | 306.478 | 500 kW PV
41 | BER N1449 | BER LO725 | 153239 | 095| 157.9783505 | 306.478 | 200 kW ES
42 | BER N1491 | BER LO750 | 128106 | 08| 1112151926 | 256212
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43 | BER_N1517 BER_LO764 102.16 0.95 105.3195876 204.32
44 | BER_N1536 BER_LO771 153.239 0.95 157.9783505 306.478
45 | BER N1560 BER LO783 153.239 0.95 157.9783505 306.478
46 | BER_N1581 BER_LO794 106.83 0.9 104.3374932 213.66
47 | BER_N1592 BER_LO800 178.093 0.95 183.6010309 356.186
48 | BER_N1644 BER_L0O824 320.266 0.9 312.7937059 640.532
49 | BER_N1730 BER_LO867 169.901 0.95 175.1556701 339.802
50 | BER_N1766 BER_L0O882 212.673 0.95 219.2505155 425.346
51 | BER N1840 BER L0916 255.446 0.9 249.4860553 510.892
52 | BER_N1898 BER_L0O9%43 102.16 0.95 105.3195876 204.32
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Canning Street (CST) ZS Power Network:

# Nodel Element S[kVA] | cosphi | PV[kW] DT[kVA] | Bulk RE & ES
1| CST HV N2042 | ST LO1007 400 | 085 | 3689636462 800 | CST_F1 N1
2 | CST HV N2116 | CST LO1034 | 1575 | 095 | 162.371134 315 | 500 KW PV
3 | CST HV N2242 | CST LO1084 | 117.852 | 0.9 | 1151023332 | 235704 | 200 KW ES
4 | CST HV N2243 | CST LO1085 1170 | 085 | 1079.218665 2340
5 | CST HV N2246 | CST LO1087 | 289.982 | 09 | 2832162778 | 579.964 | CST-F1N2
6 | CST HV N2251 | CST LO1091 400 | 08| 3472509023 800 | 500 KW PV
7 | CST HV N2267 | CST LO1098 | 221562 | 095 | 228.414433 |  443.124 | 200 kW ES
8 | CST HV N2306 | CST LO1112 | 221562 | 095 | 228414433 | 443.124
9 | CST HV N2329 | CST LO1122 | 117.852 | 09| 1151023332 | 235704 | CST-F1.N3

10 | CST HV N2353 | CST LO1133 | 119.152 | 0.9 | 1163720022 | 238.304 | 500 kW PV
11 | CST HV N2370 | CST LO1137 | 200.668 | 0.8 | 174.2098752 | 401.336 | 200 kW ES
12 | CST HV N2373 | CST LO1139 | 381.286 | 0.9 | 3723900163 | 762.572

13 | CST HV N2375 | CST LO1140 | 595.044 | 09 | 5811607162 | 1190088 | CST-F1N4
14 | CST HV N2381 | CST LO1142 | 115993 | 095 | 1195804124 | 231.986 | 500 kKW PV
15 | CST HV _N2395 | CST LO1150 | 173.989 | 0.8 | 1510485079 | 347.978 | 200 KW ES
16 | CST HV _N2407 | CST LO1157 | 278.655 | 0.95 | 287.2731959 |  557.31

17 | CST HV N2441 | CST LO1177 | 119152 | 095 | 1228371134 | 238.304 | CST-FIN5
18 | CST HV N2443 | CST LO1178 | 59576 | 0.9 | 58.18600109 | 119.152 | 500 kW PV
19 | CST HV _N2478 | CST LO1195 | 117.852 | 095 | 1214969072 | 235.704 | 200 KW ES
20 | CST HV N2544 | CST LO1220 | 332.344 | 095 | 3426226804 | 664.688

21 | CST HV N2547 | CST LO1222 | 221562 | 095 | 228414433 | 443124

22 | CST HV N2562 | CST LO1228 | 119.152 | 095 | 1228371134 | 238.304

23 | CST HV _N2567 | CST LO1230 | 119152 | 0.9 | 116.3720022 | 238304 | CST-F2_N1
24 | CST HV N2591 | CST LO1243 | 115993 | 09 | 113.2867065 | 231986 | 500 kW PV
25 | CST HV N2594 | CST LO1244 | 6103 | 095 | 6291752577 |  12.206 | 200 kW ES
26 | CST HV _N2602 | CST LO1247 | 12756 | 0.95 | 13.15051546 | 25512

27 | CST HV N2670 | CST LO1277 130 | 095 | 1340206186 260 | CST_F2_N2
28 | CST HV N2679 | CST LO1281 | 59576 | 095 | 614185567 | 119.152 | 500 kw PV
29 | CST HV N221 | CST LO144 1575 | 095 | 162.371134 315 | 200 KW ES
30 | CST HV N222 | CST L0145 100| 09| 97.66684753 200

31 | CST HV N230 | CST LO148 150 | 09| 1465002713 300 | CST-F2.N3
32 | CST HV N232 | CST L0149 1575 | 095 | 162.371134 315 | 500 KW PV
33 | CST HV N233 | CST LO150 100| 09| 9766684753 200 | 200 KW ES
34 | CST HV N241 | CST LO155 100| 08| 8681497558 200

35 | CST HV N243 | CST LO156 100| 09| 9766684753 200 | CST_F2_N4
36 | CST HV _N245 | CST LO157 150 | 09| 1465002713 300 | 500 KW PV
37 | CST HV N246 | CST LO158 50| 09| 4883342377 100 | 200 KW ES
38 | CST HV N248 | CST LO159 100| 08| 8681497558 200

39 | CST HV N377 | CST L0224 | 173989 | 09| 169.9295714 | 347.978 | CST-F2.N5
40 | CST HV N398 | CST L0230 | 57.996 | 09 | 56.64286489 | 115992 | 500 kw PV
41| CST HV N430 | CST L0243 | 241265 | 09| 2356350197 |  482.53 | 200 kW ES
42 | CST HV N439 | CST L0247 100 | 09| 97.66684753 200
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43 | CST_HV_N451 CST_L0O253 115.993 0.95 119.5804124 231.986
44 | CST_HV_N480 CST_L0O266 124.4 0.95 128.2474227 248.8
45 | CST HV N553 CST L0294 88.389 0.9 86.32674986 176.778
46 | CST_HV_N557 CST_L0O296 119.152 0.95 122.8371134 238.304
47 | CST_HV_N617 CST_LO317 600 0.8 520.8898535 1200
48 | CST_HV_N655 CST_LO337 115.993 0.9 113.2867065 231.986
49 | CST_HV_N661 CST_L0O340 190.812 0.9 186.3600651 381.624
50 | CST_HV_N662 CST_LO341 402.495 0.9 393.104178 804.99
51 | CST HV N672 CST LO344 125 0.9 122.0835594 250
52 | CST_HV_Ne681 CST_L0O349 59.576 0.9 58.18600109 119.152
53 | CST_HV_N55 CST_LO36 405 0.95 | 41.75257732 81
54 | CST_HV_N724 | CST_LO372 117.852 0.9 115.1023332 235.704
55 | CST_HV_N735 CST_LO377 124.4 0.9 121.4975583 248.8
56 | CST_HV_N740 CST_LO381 402.495 0.9 393.104178 804.99
57 | CST_HV_N767 CST_LO395 228.771 0.9 223.4334238 457.542
58 | CST_HV_NG62 CST_LO40 200 0.95 206.185567 400
59 | CST_HV_N802 CST_L0O407 440.862 0.9 | 430.5760174 881.724
60 | CST_HV_N872 CST_L0O438 186.6 0.9 182.2463375 373.2
61 | CST_HV_N902 CST_L0O449 100 0.9 97.66684753 200
62 | CST_HV_N903 CST_L0O450 124.4 0.9 121.4975583 248.8
63 | CST_HV_N932 CST_LO464 127.208 0.95 131.142268 254.416
64 | CST_HV_N945 CST_LOA472 186.599 0.95 192.3701031 373.198
65 | CST_HV_N955 CST_LO479 12.206 0.95 12.58350515 24.412
66 | CST_HV_N1004 | CST_LO504 119.152 0.95 122.8371134 238.304
67 | CST_HV_N1055 | CST_LO530 119.152 0.95 122.8371134 238.304
68 | CST_HV_N1057 | CST_LO532 62.2 0.95 64.12371134 1244
69 | CST_HV_N1071 | CST_LO538 59.576 0.95 61.4185567 119.152
70 | CST_HV_N1081 | CST_LO543 278.655 0.9 272.153554 557.31
71 | CST_HV_N1127 | CST_LO566 119.152 0.95 122.8371134 238.304
72 | CST_HV_N1137 | CST_LO574 332.343 0.8 288.5234943 664.686
73 | CST_HV_N1166 | CST_LO589 117.852 0.95 121.4969072 235.704
74 | CST_HV_N1186 | CST_L0O599 412.483 0.85 380.4780792 824.966
75 | CST_HV_N87 CST_LO60 400 0.8 347.2599023 800
76 | CST_HV_N88 CST_LO61 180 0.95 185.5670103 360
77 | CST_HV_N1258 | CST_LO631 12.756 0.95 13.15051546 25.512
78 | CST_HV_N1263 | CST_LO634 332.344 0.95 342.6226804 664.688
79 | CST_HV_N1269 | CST_LO638 124.4 0.95 128.2474227 248.8
80 | CST_HV_N1279 | CST_L0O643 332.344 0.95 342.6226804 664.688
81 | CST_HV_N1294 | CST_LO651 115.993 0.8 100.6992946 231.986
82 | CST_HV_N1299 | CST_LO656 119.152 0.95 122.8371134 238.304
83 | CST_HV_N1342 | CST_LO679 115.993 0.95 119.5804124 231.986
84 | CST_HV_N1397 | CST_LO703 497.599 0.8 | 431.9904504 995.198
85 | CST_HV_N1410 | CST_LO710 332.344 0.95 342.6226804 664.688
86 | CST_HV_N1429 | CST_LO719 124.4 0.9 121.4975583 248.8
87 | CST_HV_N1432 | CST_LO720 89.364 | 0.955 92.61271839 178.728
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88 | CST_HV_N1451 | CST_LO727 147.315 0.95 151.871134 294.63
89 | CST_HV_N1456 | CST_LO729 1575 0.95 162.371134 315
90 | CST HV N120 CST LO74 300 0.8 260.4449267 600
91 | CST_HV_N1479 | CST_LO743 228.771 0.95 235.8463918 457.542
92 | CST_HV_N1510 | CST_LO760 497.599 0.8 | 431.9904504 995.198
93 | CST_HV_N1518 | CST_LO765 124.4 0.95 128.2474227 248.8
94 | CST_HV_N1554 | CST_LO780 62.2 0.95 64.12371134 124.4
95 | CST_HV_N1570 | CST_LO787 58.926 0.95 60.74845361 117.852
96 | CST HV N1576 | CST LO791 553.906 0.9 540.9825285 | 1107.812
97 | CST_HV_N1593 | CST_L0O801 115.993 0.9 113.2867065 231.986
98 | CST_HV_N1598 | CST_L0O803 1170 0.85 1079.218665 2340
99 | CST_HV_N1608 | CST_L0O808 124.4 0.95 128.2474227 248.8
100 | CST_HV_N1614 | CST_L0O811 200 0.95 206.185567 400
101 | CST_HV_N1616 | CST_L0O812 150 0.9 146.5002713 300
102 | CST_HV_N1622 | CST_L0O814 124.4 0.9 121.4975583 248.8
103 | CST_HV_N1633 | CST_L0820 115.993 0.9 113.2867065 231.986
104 | CST_HV_N1653 | CST_L0O828 1575 0.95 162.371134 315
105 | CST_HV_N1697 | CST_L0O848 63.604 0.9 62.1200217 127.208
106 | CST_HV_N1728 | CST_LO866 241.265 0.9 235.6359197 482.53
107 | CST_HV_N1757 | CST_LO878 160.07 0.9 156.3353228 320.14
108 | CST_HV_N1761 | CST_L0O880 400 0.8 347.2599023 800
109 | CST_HV_N1782 | CST_L0O889 241.265 0.8 209.4541508 482.53
110 | CST_HV_N1826 | CST_L0O910 464.011 0.9 | 453.1849159 928.022
111 | CST_HV_N142 CST_LO92 120 0.9 117.200217 240
112 | CST_HV_N1848 | CST_L0922 127.208 0.9 124.2400434 254.416
113 | CST_HV_N1855 | CST_L0926 124.4 0.95 128.2474227 248.8
114 | CST_HV_N1868 | CST_L0932 278.655 0.9 272.153554 557.31
115 | CST_HV_N1870 | CST_L0O934 124.4 0.95 128.2474227 248.8
116 | CST_HV_N1882 | CST_L0938 58.926 0.95 60.74845361 117.852
117 | CST_HV_N1932 | CST_L0O957 115.993 0.95 119.5804124 231.986
118 | CST_HV_N1954 | CST_L0O965 88.389 0.95 91.12268041 176.778
119 | CST_HV_N1966 | CST_L0O966 124.4 0.95 128.2474227 248.8
120 | CST_HV_N2018 | CST_L0993 297.879 0.9 290.9290288 595.758
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Lakes Creek (LCR) ZS Power Network:

# Nodel Element S[kVA] cosphi | PV[KW] DT[kVA] | Bulk RE & ES
1 | LCR HV N2039 | LCR LO1004 6271 | 0.9 | 6.124688009 | 12542 | LCR_F1 N1
2 | LCR_HV_N2091 | LCR LO1027 2509 | 0.9 | 2.450461205 5.018 | 500 kW PV
3 | LCR HV N2121 | LCR LO1035 1254 | 0.9 | 1.224742268 2508 | 200 KW ES
4 | LCR_HV_N2145 | LCR_LO1046 6231 | 09| 608562127 | 12.462
5| LCR HV N2189 | LCR LO1067 | 121173 | 009 | 1183458492 | 242346 | LCR-F1.N2
6 | LCR HV N2212 | LCR LO1073 2509 | 0.9 | 2.450461205 5.018 | 500 kW PV
7 | LCR HV N2221 | LCR LO1076 | 381484 | 0.95 | 393.2824742 | 762.968 | 200 kW ES
8 | LCR HV N2231 | LCR LO1081 | 90.646 | 0.9 | 88.53100061 | 181.202
9 | LCR HV N2257 | LCR L01094 2509 | 0.9 | 2.450461205 5018 | LCR_F1.N3

10 | LCR_HV_N2285 | LCR_LO1106 2509 | 0.9 | 2.450461205 5.018 | 500 kW PV
11 | LCR_HV N2291 | LCR LO1109 6.193 | 0.9 | 6.048507868 |  12.386 | 200 kW ES
12 | LCR_HV_N2298 | LCR_LO1110 2509 | 0.9 | 2.450461205 5.018

13 | LCR HV_N2314 | LCR LO1116 2509 | 0.9 | 2.450461205 5018 | LCR_F1_N4
14 | LCR_HV_N2405 | LCR_LO1155 2509 | 0.9 | 2.450461205 5.018 | 500 kW PV
15 | LCR_HV_N2436 | LCR LO1174 2509 | 0.9 | 2.450461205 5.018 | 200 KW ES
16 | LCR_HV N2461 | LCR_LO1186 3.763 | 0.9 | 3.675203473 7.526

17 | LCR HV N2471 | LCR LO1190 2509 | 0.9 | 2.450461205 5018 | LCR-F1N5
18 | LCR_HV N2473 | LCR_LO1192 2492 | 09| 243385784 4.984 | 500 KW PV
19 | LCR_HV_N2474 | LCR_LO1193 3763 | 0.9 | 3.675203473 7.526 | 200 KW ES
20 | LCR_HV_N2494 | LCR_L01201 2492 | 09| 243385784 4.984

21 | LCR HV N2498 | LCR LO1203 | 121.173 | 0.95 | 124.9206186 | 242.346

22 | LCR HV N2520 | LCR LO1210 | 213701 | 0.5 | 220.3103093 | 427.402

23 | LCR_HV_N2523 | LCR LO1211 3738 | 0.9 | 3.650786761 7.476 | LOR_F2_N1
24 | LCR HV N2569 | LCR LO1232 | 121173 | 0.9 | 118.3458492 | 242.346 | 500 kw PV
25 | LCR_HV_N2572 | LCR LO1233 2509 | 0.9 | 2.450461205 5.018 | 200 KW ES
26 | LCR HV_N2579 | LCR LO1237 2509 | 0.9 | 2.450461205 5.018

27 | LCR_HV N2585 | LCR LO1240 | 12543 | 0.9 | 1225035269 | 25086 | -CR-F2_N2
28 | LCR_HV_N2596 | LCR L01245 465 | 0.8 | 403.6896365 930 | 500 kw PV
29 | LCR_HV_N2606 | LCR_LO1249 2509 | 0.9 | 2.450461205 5.018 | 200 kW ES
30 | LCR_HV_N2625 | LCR LO1256 2509 | 0.9 | 2.450461205 5.018

31 | LCR HV N2637 | LCR LO1262 2509 | 0.9 | 2.450461205 5018 | LCR_F2_N3
32 | LCR_HV_N2639 | LCR LO1263 2509 | 0.9 | 2.450461205 5.018 | 500 KW PV
33 | LCR HV N2655 | LCR LO1270 | 12543 | 0.9 | 1225035269 |  25.086 | 200 KW ES
34 | LCR_HV_N2672 | LCR_LO1279 2509 | 0.9 | 2.450461205 5.018

35 | LCR_HV_N2681 | LCR_LO1282 2509 | 0.9 | 2.450461205 5018 | LOR_F2_N4
36 | LCR HV N268 | LCR LO175 | 121106 | 0.9 | 118.2804124 | 242.212 | 500 kw PV
37 | LCR_ HV N302 | LCR LO186 50 | 0.9 | 48.83342377 100 | 200 kW ES
38 | LCR HV N315 | LCR L0193 125 | 0.9 | 1220835594 250

39 | LCR HV N316 | LCR LO194 1575 | 095 | 162.371134 315 | LOR_F2_N5
40 | LCR HV N317 | LCR LO195 1575 | 095 | 162371134 315 | 500 kKW PV
41 | LCR HV N338 | LCR L0210 | 632174 | 0.9 | 617.4244167 | 1264.348 | 200 KW ES
42 | LCR HV N361 | LCR LO217 6.271 | 0.9 | 6.124688009 |  12.542
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43 | LCR_HV_N365 | LCR _LO219 121173 | 0.95 | 124.9206186 | 242.346
44 | LCR HV N372 | LCR L0222 6.271 0.9 | 6.124688009 12.542
45 | LCR HV N386 | LCR LO226 6.271 0.9 | 6.124688009 12542
46 | LCR HV N411 | LCR LO238 6.231 0.9 | 6.08562127 12.462
47 | LCR_HV_N423 | LCR L0241 121173 | 0.95 | 124.9206186 | 242.346
48 | LCR hv_N436 | LCR _LO246 155.102 0.9 | 1514832339 | 310.204
49 | LCR HV N492 | LCR LO272 314.876 | 095 | 324614433 | 629.752
50 | LCR_HV_N498 | LCR L0273 2.509 0.9 | 2450461205 5.018
51 | LCR HV N511 | LCR L0281 2.509 0.9 | 2450461205 5.018
52 | LCR_HV_N568 | LCR L0298 90.646 0.9 | 8853109061 | 181.292
53 | LCR_HV N573 | LCR L0301 2.509 0.9 | 2.450461205 5.018
54 | LCR HV N619 | LCR LO318 6.193 0.9 | 6.048507868 12.386
55 | LCR_HV_N620 | LCR L0319 314.876 | 0.95 | 324614433 | 629.752
56 | LCR_HV_N623 | LCR_ L0320 60.587 0.9 | 59.17341291 | 121.174
57 | LCR_HV_N635 | LCR L0327 2.509 0.9 | 2450461205 5.018
58 | LCR_HV N640 | LCR LO331 2.509 0.9 | 2.450461205 5.018
59 | LCR_HV_N657 | LCR L0339 121.173 0.9 | 118.3458492 | 242346
60 | LCR_ HV N729 | LCR LO375 60.587 | 0.95 | 62.46082474 | 121.174
61 | LCR HV N776 | LCR L0397 142.126 0.9 | 138.8099837 | 284.252
62 | LCR_HV N829 | LCR L0418 6.271 0.9 | 6.124688009 12542
63 | LCR_ HV N835 | LCR L0422 2.509 0.9 | 2.450461205 5.018
64 | LCR HV N842 | LCR L0424 2.509 0.9 | 2450461205 5.018
65 | LCR_ HV N844 | LCR L0425 5000 | 0.74 | 4015.192621 10000
66 | LCR_HV N925 | LCR_LO459 70.552 0.9 | 68.90591427 | 141.104
67 | LCR HV N69 | LCR LO46 300 | 0.95 | 309.2783505 600
68 | LCR HV N931 | LCR LO463 2.509 0.9 | 2.450461205 5.018
69 | LCR_HV N936 | LCR LO468 302.765 0.9 | 295.7010309 605.53
70 | LCR HV N70 | LCR LO47 55 0.9 | 53.71676614 110
71 | LCR_HV N940 | LCR L0470 2.509 0.9 | 2450461205 5.018
72 | LCR_HV _N964 | LCR LO484 2.509 0.9 | 2450461205 5.018
73 | LCR_ HV N983 | LCR L0494 6.271 0.9 | 6.124688009 12.542
74 | LCR_HV N986 | LCR L0495 3.763 0.9 | 3.675203473 7.526
75 | LCR_HV N993 | LCR L0497 2.509 0.9 | 2.450461205 5.018
76 | LCR HV N73 | LCR LO50 100 0.9 | 97.66684753 200
77 | LCR_HV N1021 | LCR LO514 1.254 0.9 | 1.224742268 2.508
78 | LCR_HV N1034 | LCR LO521 464 0.8 | 402.8214867 928
79 | LCR_HV _N1061 | LCR L0534 2.509 0.9 | 2450461205 5.018
80 | LCR_HV N1068 | LCR L0537 2.509 0.9 | 2.450461205 5.018
81 | LCR_HV N1087 | LCR LO545 181.76 | 0.95 | 187.3814433 363.52
82 | LCR_HV N1118 | LCR L0562 121.106 | 0.95 | 124.8515464 | 242.212
83 | LCR_HV N1161 | LCR LO587 60.587 0.9 | 59.17341291 | 121.174
84 | LCR_HV N1176 | LCR L0593 2.509 0.9 | 2450461205 5.018
85 | LCR_HV_N1234 | LCR_L0O620 12.461 0.9 | 1217026587 24.922
86 | LCR_HV N1280 | LCR_LO644 6.231 0.9 | 6.08562127 12.462
87 | LCR_HV_N1282 | LCR_LO645 1.254 0.9 | 1.224742268 2.508
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88 | LCR_HV_N1290 | LCR L0648 155.102 0.9 | 1514832339 | 310.204
89 | LCR_HV N1293 | LCR_LO650 181.76 | 0.95 | 187.3814433 363.52
90 | LCR HV N1300 | LCR LO657 2.509 0.9 | 2450461205 5.018
91 | LCR_HV N1315 | LCR LO668 121173 | 0.95 | 124.9206186 | 242.346
92 | LCR_HV_N1348 | LCR L0682 121173 | 0.95 | 124.9206186 | 242.346
93 | LCR_HV_N1378 | LCR L0695 2.509 0.9 | 2450461205 5.018
94 | LCR_HV _N1404 | LCR LO708 2.509 0.9 | 2.450461205 5.018
95 | LCR_HV_N1421 | LCR LO715 12.543 0.9 | 12.25035269 25.086
96 | LCR HV N1422 | LCR LO716 121173 | 0.95 | 124.9206186 | 242.346
97 | LCR_HV_N1445 | LCR_LO724 142.126 0.9 | 138.8099837 | 284.252
98 | LCR_HV N1455 | LCR LO728 130.474 | 0.95 | 134.5092784 |  260.948
99 | LCR_HV N1505 | LCR LO757 121.173 0.9 | 118.3458492 | 242346
100 | LCR_HV _N1527 | LCR_LO766 2.509 0.9 | 2450461205 5.018
101 | LCR HV N1545 | LCR LO775 6.193 0.8 | 5.376451438 12.386
102 | LCR_HV_N1546 | LCR_LO776 121173 | 0.95 | 124.9206186 | 242.346
103 | LCR_HV_N1600 | LCR_LO804 121.173 0.9 | 118.3458492 | 242346
104 | LCR_HV_N1606 | LCR_LO806 45.323 0.9 | 44.26554531 90.646
105 | LCR_HV _N1623 | LCR L0815 1.254 0.9 | 1.224742268 2.508
106 | LCR HV N1637 | LCR L0821 121.173 0.9 | 118.3458492 | 242346
107 | LCR_HV_N1649 | LCR L0825 2.509 0.9 | 2450461205 5.018
108 | LCR HV N1658 | LCR L0830 2.509 0.9 | 2.450461205 5.018
109 | LCR HV N1666 | LCR L0832 12.461 0.9 | 12.17026587 24.922
110 | LCR HV _N1683 | LCR L0838 2.509 0.9 | 2.450461205 5.018
111 | LCR HV N1685 | LCR L0839 25 0.9 | 2.441671188 5
112 | LCR_HV_N1686 | LCR L0840 2.509 0.9 | 2450461205 5.018
113 | LCR HV N1688 | LCR L0841 12.387 | 0.95 | 12.77010309 24.774
114 | LCR_HV _N1704 | LCR L0851 121.173 0.9 | 118.3458492 | 242.346
115 | LCR HV_N1710 | LCR_LO855 2.509 0.9 | 2.450461205 5.018
116 | LCR_HV N1715 | LCR L0859 100 0.8 | 86.81497558 200
117 | LCR_HV_N1736 | LCR_LO870 2600 0.8 | 2257.189365 5200
118 | LCR HV N1741 | LCR L0872 394.806 0.9 | 385.5945741 |  789.612
119 | LCR HV N1749 | LCR L0875 121173 | 0.95 | 124.9206186 | 242.346
120 | LCR HV_N1770 | LCR LO884 151.466 | 0.95 | 156.1505155 | 302.932
121 | LCR HV N1771 | LCR L0885 12543 |  0.95 | 12.93092784 25.086
122 | LCR_HV_N1784 | LCR_LO890 60.587 0.9 | 59.17341291 | 121.174
123 | LCR HV_N1792 | LCR L0894 226.615 0.9 | 221.3277265 453.23
124 | LCR_HV _N1804 | LCR L0899 60.587 0.9 | 59.17341291 | 121.174
125 | LCR HV N1846 | LCR L0921 2.509 0.9 | 2.450461205 5.018
126 | LCR_HV N1849 | LCR L0923 12.543 0.9 | 12.25035269 25.086
127 | LCR_HV_N1896 | LCR L0941 233.864 0.9 | 228.4075963 | 467.728
128 | LCR HV N1911 | LCR L0947 2.509 0.9 | 2450461205 5.018
129 | LCR_HV_N1928 | LCR L0954 30675 | 0.95 | 31.62371134 61.35
130 | LCR_HV_N1939 | LCR L0959 12543 0.9 | 12.25035269 25.086
131 | LCR_HV N1948 | LCR L0962 157.438 | 0.95 | 162.3072165 | 314.876
132 | LCR_HV_N1988 | LCR L0977 2.509 0.9 | 2450461205 5.018
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133 | LCR_HV_N2007 | LCR L0987 6.271 0.9 | 6.124688009 12542
134 | LCR_HV _N2017 | LCR L0992 6.271 0.9 | 6.124688009 12.542
135 | LCR HV N2020 | LCR L0995 233.864 0.9 | 228.4075963 | 467.728
136 | LCR_HV N2094 | LCR L01029 2.509 0.9 | 2450461205 5.018
137 | LCR_HV_N2213 | LCR_L01074 2.509 0.9 | 2.450461205 5.018
138 | LCR_HV_N2338 | LCR_LO1126 2.509 0.9 | 2450461205 5.018
139 | LCR_HV N2545 | LCR LO1221 2.509 0.9 | 2450461205 5.018
140 | LCR_HV_N2627 | LCR_LO1258 2.509 0.9 | 2450461205 5.018
141 | LCR HV N357 | LCR L0214 5.017 0.9 | 4.899945741 10.034
142 | LCR_HV_N472 | LCR L0262 2.509 0.9 | 2450461205 5.018
143 | LCR HV N529 | LCR L0289 2.509 0.9 | 2.450461205 5.018
144 | LCR HV N678 | LCR L0347 6.271 0.9 | 6.124688009 12,542
145 | LCR_HV _N690 | LCR L0356 2.509 0.9 | 2450461205 5.018
146 | LCR HV N710 | LCR LO365 2.509 0.9 | 2.450461205 5.018
147 | LCR_HV_N755 | LCR L0389 2.509 0.9 | 2450461205 5.018
148 | LCR HV N804 | LCR L0408 2.509 0.9 | 2.450461205 5.018
149 | LCR_HV _N855 | LCR L0431 2.509 0.9 | 2450461205 5.018
150 | LCR_HV _N863 | LCR L0435 2.509 0.9 | 2450461205 5.018
151 | LCR HV N970 | LCR L0487 2.509 0.9 | 2.450461205 5.018
152 | LCR_HV _N1024 | LCR_LO516 2.509 0.9 | 2450461205 5.018
153 | LCR HV N1123 | LCR L0563 2.509 0.9 | 2.450461205 5.018
154 | LCR_HV N1135 | LCR L0572 2.509 0.9 | 2450461205 5.018
155 | LCR_HV_N1183 | LCR L0597 5.017 0.9 | 4.899945741 10.034
156 | LCR_HV N1209 | LCR L0609 5.017 0.9 | 4.899945741 10.034
157 | LCR_HV_N1229 | LCR L0619 5.017 0.9 | 4.899945741 10.034
158 | LCR HV N1298 | LCR L0655 5.017 0.9 | 4.899945741 10.034
159 | LCR_HV _N1468 | LCR LO737 2.509 0.9 | 2450461205 5.018
160 | LCR HV N1469 | LCR LO738 2.509 0.9 | 2.450461205 5.018
161 | LCR_HV N1558 | LCR_LO782 2.509 0.9 | 2450461205 5.018
162 | LCR_HV _N1580 | LCR LO793 2.509 0.9 | 2450461205 5.018
163 | LCR HV N1632 | LCR L0819 2.509 0.9 | 2.450461205 5.018
164 | LCR_HV N1724 | LCR L0863 2.509 0.9 | 2450461205 5.018
165 | LCR HV N1779 | LCR L0888 2.509 0.9 | 2.450461205 5.018
166 | LCR HV N1845 | LCR L0920 2.509 0.9 | 2450461205 5.018
167 | LCR_HV_N1981 | LCR L0974 2.509 0.9 | 2.450461205 5.018
168 | LCR HV N1997 | LCR L0983 2.509 0.9 | 2.450461205 5.018
169 | RAG_N2617 RAG_LO1251 2.509 0.9 | 2450461205 5.018
170 | RAG_N2671 RAG_LO1278 2.509 0.9 | 2.450461205 5.018
171 | RAG_N408 RAG_L0235 2.509 0.9 | 2450461205 5.018
172 | RAG_N784 RAG_LO401 2.509 0.9 | 2.450461205 5.018
173 | RAG_N897 RAG_LO448 2.509 0.9 | 2450461205 5.018
174 | RAG_N72 RAG_LO49 20 0.9 | 19.53336951 40
175 | RAG_N1214 RAG_LO612 2.509 0.9 | 2450461205 5.018
176 | RAG_N90 RAG_LO63 315 | 0095 | 324742268 63
177 | RAG_N1366 RAG_LO689 2.509 0.9 | 2450461205 5.018
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178 | RAG_N1565 RAG_LO786 2.509 0.9 | 2.450461205 5.018
179 | RAG_N1706 RAG_LO853 5.017 0.9 | 4.899945741 10.034
180 | RAG N137 RAG LO86 35 0.95 | 36.08247423 70
181 | RAG_N1725 RAG_LO864 2.509 0.9 | 2.450461205 5.018
182 | RAG_N1788 RAG_L0O892 2.509 0.9 | 2.450461205 5.018
183 | RAG_N1800 RAG_LO896 2.509 0.9 | 2.450461205 5.018

Energy Storage and its Strategic Impacts on the Power Network

A-27|Page



Appendix-A

Rockhampton South (RSH) ZS Power Network:

# Nodel Element S[kVA] cosphi | PV[KW] DT[kVA] | Bulk RE & ES
1| RSH_HV N2030 | RSH LO1000 | 176.275 | 09 | 1721622355 | 35255 | RSH_F1 N1
2 | RSH HV N2041 | RSH LO1006 | 12599 | 0.9 | 12.30504612 |  25.198 | 500 kW PV
3 | RSH HV N2043 | RSH LO1008 | 450.445 | 0.95 | 473.6546302 |  918.89 | 200 kW ES
4 | RSH HV N2051 | RSH LO1012 | 12509 | 0.9 | 12.30504612 |  25.198
5 | RSH HV N2069 | RSH LO1016 | 113.951 | 0.8 | 98.92653283 | 227.902 | RSH-F1.N2
6 | RSH HV N2074 | RSH LO1020 63| 09 6.153011394 126 | 500 kw PV
7 | RSH HV N2080 | RSH L01023 | 12599 | 09 | 12.30504612 |  25.198 | 200 kW ES
8 | RSH HV N2099 | RSH LO1031 | 10577 | 09 | 1033022246 |  21.154
9 | RSH HV N2114 | RSH_LO1033 | 347.924 | 09 | 330.8064026 | 695.848 | RSH_FI_N3

10 | RSH HV N2126 | RSH LO1039 140.7 | 0.95 | 145.0515464 281.4 | 500 KW PV

11 | RSH_HV N2147 | RSH L01047 | 347.924 | 0.9 | 339.8064026 | 695.848 | 200 kw ES

12 | RSH HV N2154 | RSH LO1049 378 | 0.9 | 3691806837 7.56

13 | RSH_HV N2163 | RSH_LO1053 2505 | 0.95 | 258.2474227 501 | RSH_FLN4
14 | RSH HV N2172 | RSH LO1058 63| 09| 6.153011394 12.6 | 500 kw PV

15 | RSH HV N2176 | RSH LO1060 | 113.951 | 0.95 | 117.4752577 | 227.902 | 200 KW ES

16 | RSH HV N2182 | RSH LO1063 | 324.207 | 0.98 | 344.7887792 | 648.414

17 | RSH HV N2186 | RSH LO1066 | 180.458 | 0.8 | 156.6645686 | 360.916 | Ro-F1_NS
18 | RSH HV N2229 | RSH LO1080 | 221665 | 0.8 | 1924384156 |  443.33 | 500 kw PV

19 | RSH HV N2245 | RSH LO1086 | 58758 | 0.9 | 57.38708627 | 117.516 | 200 KW ES

20 | RSH HV N2250 | RSH LO1090 281.4 | 0.95 | 290.1030928 562.8

21 | RSH HV N2280 | RSH_LO1102 | 117517 | 0.9 | 1147751492 | 235.034

22 | RSH HV N2281 | RSH LO1103 | 12509 | 0.9 | 12.30504612 |  25.198

23 | RSH_HV N2344 | RSH LO1129 | 227377 | 0.95 | 234.4002784 | 454.754 | RSH_F2_N1
24 | RSH HV N2354 | RSH LO1134 | 35255 | 0.95 | 36.34536082 7051 | 500 kKW PV

25 | RSH_HV N2371 | RSH LO1138 | 12599 | 0.9 | 12.30504612 |  25.198 | 200 kW ES

26 | RSH HV N2388 | RSH LO1146 | 58758 | 0.9 | 57.38708627 | 117.516

27 | RSH HV N2391 | RSH LO1148 | 117517 | 09 | 1147751492 | 235034 | RSH_F2_N2
28 | RSH HV N2400 | RSH LO1152 | 12599 | 0.9 | 12.30504612 |  25.198 | 500 kw PV

29 | RSH_HV_N2408 | RSH_LO1158 252 | 09 | 2461204558 5.04 | 200 KW ES

30 | RSH HV N2410 | RSH LO1160 252 | 0.9 | 2.461204558 5.04

31 | RSH HV N2424 | RSH LO1166 | 153.934 | 0.95 | 158.6048454 | 307.868 | RSH-F2_N3
32 | RSH HV N2428 | RSH LO1168 252 | 09 | 2461204558 5.04 | 500 KW PV

33 | RSH HV N2431 | RSH_LO1170 63| 09| 6.153011394 12.6 | 200 KW ES

34 | RSH HV N2432 | RSH LO1171 | 98518 | 0.9 | 96.21942485 | 197.036

35 | RSH_HV _N2449 | RSH_LO1181 252 | 0.9 | 2.461204558 5.04 | RSH_F2_N4
36 | RSH HV N2455 | RSH LO1184 | 113951 | 0.8 | 98.92653283 | 227.902 | 500 KW PV

37 | RSH_HV_N2464 | RSH_LO1189 252 | 0.9 | 2.461204558 5.04 | 200 kW ES

38 | RSH HV N2472 | RSH LO1191 |  58.758 | 0.9 | 5738708627 | 117.516

39 | RSH HV N2479 | RSH_LO1196 12599 | 09 | 12.30504612 |  25.19g | RSH_F2_N5
40 | RSH HV N2531 | RSH LO1212 |  168.84 | 0.95 | 174.0618557 |  337.68 | 500 KW PV

41 | RSH HV N2532 | RSH_LO1213 430 | 08| 373304395 860 | 200 KW ES

42 | RSH HV N2539 | RSH LO1217 | 184721 | 09 | 180.4111774 | 369.442
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43 | RSH_HV _N2541 | RSH_LO1218 411.97 | 0.95 | 424.7113402 823.94
44 | RSH_HV N2551 | RSH_L01223 560 | 0.85 | 516.5491047 1120
45 | RSH HV N2580 | RSH L0O1238 216.55 0.9 | 211.4975583 433.1
46 | RSH_HV N2641 | RSH_LO1264 411.97 | 0.95 | 424.7113402 823.94
47 | RSH_HV _N2663 | RSH LO1273 | 362.052 | 0.95 | 373.2494845 | 724.104
48 | RSH_HV _N2669 | RSH_L0O1276 760 | 0.85 | 701.0309278 1520
49 | RSH HV N205 | RSH_LO137 5 0.9 | 4.883342377 10
50 | RSH_HV N215 | RSH_LO139 1575 | 095 | 162.371134 315
51 | RSH HV N217 | RSH LO141 100 0.9 | 97.66684753 200
52 | RSH HV N219 | RSH_LO142 1575 | 095 | 162.371134 315
53 | RSH_HV N220 | RSH_LO143 50 0.9 | 48.83342377 100
54 | RSH HV N225 | RSH _LO146 125 0.9 | 122.0835594 250
55 | RSH_HV N227 | RSH L0147 600 0.8 | 520.8898535 1200
56 | RSH HV N234 | RSH _LO151 227377 | 0.95 | 234.4092784 | 454.754
57 | RSH_HV N236 | RSH_LO152 227377 | 0.95 | 234.4092784 | 454.754
58 | RSH HV N374 | RSH_L0223 113.951 0.9 | 111.2923494 | 227.902
59 | RSH_HV N405 | RSH L0234 113.951 0.9 | 111.2923494 |  227.902
60 | RSH HV N419 | RSH L0240 56.975 0.9 | 55.64568638 113.95
61 | RSH HV N445 | RSH L0250 6.3 0.9 | 6.153011394 12.6
62 | RSH HV N463 | RSH L0258 2.52 0.9 | 2.461204558 5.04
63 | RSH HV N475 | RSH L0263 2.52 0.9 | 2461204558 5.04
64 | RSH HV N503 | RSH L0276 2.52 0.9 | 2.461204558 5.04
65 | RSH_HV N510 | RSH_LO280 800 | 0.85 | 737.9272925 1600
66 | RSH HV N525 | RSH L0288 2.52 0.9 | 2461204558 5.04
67 | RSH HV N537 | RSH L0291 162.104 0.8 | 140.730548 | 324.208
68 | RSH HV N571 | RSH L0299 2.52 0.9 | 2461204558 5.04
69 | RSH HV N572 | RSH L0300 124.4 0.9 | 121.4975583 248.8
70 | RSH HV N575 | RSH_LO302 117.517 0.8 | 102.0223549 |  235.034
71 | RSH HV N628 | RSH L0325 12599 | 0.95 | 12.98865979 25.198
72 | RSH HV N636 | RSH L0328 2.52 0.9 | 2.461204558 5.04
73 | RSH HV N642 | RSH L0332 113.951 0.8 | 98.92653283 | 227.902
74 | RSH HV N680 | RSH L0348 6.3 0.9 | 6.153011394 12.6
75 | RSH HV N715 | RSH_LO368 12,599 0.8 | 10.93781877 25.198
76 | RSH HV N725 | RSH L0373 58.758 0.9 | 57.38708627 | 117.516
77 | RSH_HV N745 | RSH_LO384 430 | 0.85 | 396.6359197 860
78 | RSH HV N750 | RSH_LO387 232.43 0.8 | 201.7840477 464.86
79 | RSH HV N782 | RSH L0400 12599 | 0.95 | 12.98865979 25.198
80 | RSH HV N801 | RSH_LO406 2.52 0.9 | 2461204558 5.04
81 | RSH HV N812 | RSH L0411 324.207 0.8 | 281.4602279 | 648.414
82 | RSH HV N813 | RSH_LO412 170.926 0.9 | 166.9380358 | 341.852
83 | RSH HV N819 | RSH L0415 324.207 0.8 | 281.4602279 | 648.414
84 | RSH HV N850 | RSH L0429 12.599 0.9 | 12.30504612 25.198
85 | RSH_HV N905 | RSH_LO452 168.84 | 0.95 | 174.0618557 337.68
86 | RSH HV N912 | RSH L0455 500 0.8 | 434.0748779 1000
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87 | RSH_HV N71 RSH_LO48 145 0.9 | 141.6169289 290
88 | RSH HV N960 | RSH L0481 117.517 0.9 | 114.7751492 |  235.034
89 | RSH HV N973 | RSH L0489 2.52 0.9 | 2.461204558 5.04
90 | RSH HV N981 | RSH_L0493 411.97 | 0.95 | 424.7113402 823.94
91 | RSH_HV N997 | RSH_LO500 362.052 0.8 | 314.3153554 | 724.104
92 | RSH_HV N1000 | RSH_LO502 411.97 | 0.95 | 424.7113402 823.94
93 | RSH _HV N1017 | RSH _LO510 347.924 0.8 | 302.0501356 | 695.848
94 | RSH_HV N1027 | RSH_LO518 600 0.9 | 586.0010852 1200
95 | RSH HV N1043 | RSH LO527 324.207 0.8 | 281.4602279 | 648.414
96 | RSH_HV N1084 | RSH_LO544 113.951 | 095 | 117.4752577 | 227.902
97 | RSH_HV N8l RSH_LO55 100 0.9 | 97.66684753 200
98 | RSH_HV N1097 | RSH_LO550 186.6 0.9 | 182.2463375 3732
99 | RSH_HV N1109 | RSH_LO558 600 0.8 | 520.8898535 1200
100 | RSH HV N1112 | RSH_LO559 12599 | 095 | 12.98865979 25.198
101 | RSH_HV_N1152 | RSH_LO583 194.524 0.9 | 189.9854585 |  389.048
102 | RSH_HV_N1154 | RSH_LO584 362.052 0.9 | 353.6047748 | 724.104
103 | RSH_HV _N1174 | RSH_LO592 6.3 0.9 | 6.153011394 12.6
104 | RSH_HV_N1193 | RSH_LO603 2.52 0.9 | 2.461204558 5.04
105 | RSH_HV N1196 | RSH_LO604 47.007 0.8 | 40.80911557 94.014
106 | RSH_HV_N1197 | RSH_LO605 117.517 0.9 | 114.7751492 | 235.034
107 | RSH_HV_N1200 | RSH_LO607 170.926 0.9 | 166.9380358 | 341.852
108 | RSH_HV N1201 | RSH_LO608 184.721 0.9 | 180.4111774 |  369.442
109 | RSH_HV_N89 RSH_LO62 140 0.9 | 136.7335865 280
110 | RSH_HV N1237 | RSH_LO621 140.7 | 0.95 | 145.0515464 281.4
111 | RSH_HV_N1247 | RSH_LO626 2.52 0.9 | 2.461204558 5.04
112 | RSH_HV N1257 | RSH_LO630 180 0.8 | 156.266956 360
113 | RSH_HV_N91 RSH_LO64 750 0.8 | 651.1123169 1500
114 | RSH_HV_N1297 | RSH_LO654 184.721 | 0.95 | 190.4340206 | 369.442
115 | RSH_HV _N1313 | RSH_LO666 347.924 0.8 | 302.0501356 | 695.848
116 | RSH_HV _N1334 | RSH_LO675 362.052 0.9 | 353.6047748 | 724.104
117 | RSH_HV_N1370 | RSH_LO691 144,367 0.9 | 140.9986978 | 288.734
118 | RSH_HV_N1375 | RSH_LO693 6.3 0.9 | 6.153011394 12.6
119 | RSH HV N1376 | RSH_LO694 310.999 0.8 | 269.9937059 | 621.998
120 | RSH_HV N1382 | RSH_LO697 430 0.8 | 373.304395 860
121 | RSH_HV_N1385 | RSH_LO698 400 0.8 | 347.2599023 800
122 | RSH_HV_N1405 | RSH_LO709 411.97 | 0.95 | 424.7113402 823.94
123 | RSH_HV_N1416 | RSH_LO712 600 0.9 | 586.0010852 1200
124 | RSH HV _N1434 | RSH _LO721 459.445 | 0.95 | 473.6546392 918.89
125 | RSH_HV_N1507 | RSH_LO758 411.97 | 0.95 | 424.7113402 823.94
126 | RSH_HV_N1515 | RSH_LO762 2000 | 0.85 | 1844.818231 4000
127 | RSH_HV N1531 | RSH_LO769 284.877 0.9 | 278.2303852 | 569.754
128 | RSH_HV_N1533 | RSH_LO770 35.255 | 0.95 | 36.34536082 70.51
129 | RSH_HV_N1583 | RSH_LO795 6.3 0.9 | 6.153011394 12.6
130 | RSH_HV_N1681 | RSH_LO836 800 | 0.85 | 737.9272925 1600
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131 | RSH_HV_N1689 | RSH_LO842 266.499 | 095 | 274.7412371 | 532.998
132 | RSH_HV N1734 | RSH_LO869 170.926 0.8 | 148.3893652 | 341.852
133 | RSH HV N1738 | RSH LO871 12.599 0.9 | 12.30504612 25.198
134 | RSH_HV N1745 | RSH_LO874 6.3 0.9 | 6.153011394 12.6
135 | RSH_HV_N1785 | RSH_LO891 117517 0.9 | 114.7751492 | 235.034
136 | RSH_HV_N1797 | RSH_LO895 459.445 |  0.95 | 473.6546392 918.89
137 | RSH_HV N1803 | RSH_LO898 290.177 0.8 | 251.9170917 | 580.354
138 | RSH_HV N140 | RSH_LO90 400 0.8 | 347.2599023 800
139 | RSH HV N1805 | RSH LO900 459.445 0.9 | 448.7254476 918.89
140 | RSH_HV_N1813 | RSH_L0903 275.027 | 095 | 283.5329897 | 550.054
141 | RSH_HV N1852 | RSH_L0924 58.758 0.8 | 51.01074335 | 117.516
142 | RSH_HV N1860 | RSH_ L0927 2.52 0.9 | 2.461204558 5.04
143 | RSH_HV _N1876 | RSH_LO936 180.458 0.9 | 176.2476397 |  360.916
144 | RSH_HV N1904 | RSH_L0O944 56.975 0.9 | 55.64568638 113.95
145 | RSH_HV _N1926 | RSH_LO953 2.52 0.9 | 2.461204558 5.04
146 | RSH_HV N1949 | RSH_ L0963 170.926 0.9 | 166.9380358 | 341.852
147 | RSH_HV _N1982 | RSH_LO975 117517 0.9 | 114.7751492 | 235.034
148 | RSH_HV_N2003 | RSH_LO985 2.454 0.9 | 2.396744438 4.908
149 | RSH_HV N2008 | RSH L0988 144.367 0.8 | 125.3321758 | 288.734
150 | RSH_HV N2626 | RSH_LO1257 2.52 0.9 | 2.461204558 5.04
151 | RSH _HV N653 | RSH_L0O336 2.52 0.9 | 2.461204558 5.04
152 | RSH_HV N821 | RSH_LO416 2.52 0.9 | 2.461204558 5.04
153 | RSH_HV N853 | RSH_L0430 2.52 0.9 | 2.461204558 5.04
154 | RSH _HV N950 | RSH_LOA475 2.52 0.9 | 2.461204558 5.04
155 | RSH_HV_N1006 | RSH_LO505 2.52 0.9 | 2.461204558 5.04
156 | RSH_HV N1007 | RSH_LO506 2.52 0.9 | 2.461204558 5.04
157 | RSH_HV _N1106 | RSH_LO556 18.803 0.9 | 18.36429734 37.606
158 | RSH_HV N1380 | RSH_LO696 2.52 0.9 | 2.461204558 5.04
159 | RSH_HV N118 | RSH_LO72 25 0.9 | 24.41671188 50
160 | RSH_HV N1450 | RSH_LO726 2.52 0.9 | 2.461204558 5.04
161 | RSH HV N1485 | RSH LO745 2.52 0.9 | 2.461204558 5.04
162 | RSH_HV N1574 | RSH_LO790 2.52 0.9 | 2.461204558 5.04
163 | RSH HV N1639 | RSH L0822 2.52 0.9 | 2.461204558 5.04
164 | RSH HV N1711 | RSH_LO856 2.52 0.9 | 2.461204558 5.04

A-2: Power Network of Rockhampton

The complete power network of Rockhampton developed in PSS SINCAL is shown in next

page.
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Rockhampton Power Network

Total Substations in Rockhampton -56
Berserker (BER) -66/11 kV-2
Canning St. (CST) -66/11 kV-5
Frenchville (FRN) -66/11 kV-7
Lakes Creek (LCR) -66/11 kV-6
Malchi (MAL) -66/11 kV-4
Mt. Morgan (MMR) -66/11 kv-3
Pandoin (PAN) -66/22 kV-4
Parkhurst (PKH) -66/11 kV-7
Raglan (RAG) -66/22 kV-3
Rockhampton Glenmore (RGL)- 132/66/11 kV -8
Rockhampton South (RSH) - 66/11kV-7
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