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ABSTRACT

Approximately 60% of all South Africans do not have access to electricity from the
national grid and 80% of the dwellings in the rural areas are not electrifted. This is
due to the fact that many rural South Africans, similar to other rural markets in the
developing world, live in sparsely populated, widely dispersed vitlages, which cannot
be reached within the grid electrification program. HVDC technology provides a

viable option to transmit electricity to small distant loads.

The objective of the present study is to demonstrate the application of HVDC
technology in 2 medium voltage distribution system, to provide electrical power to
Kwa-Ximba, which is a small distant rural area, located in KwaZulu-Natal, South
Africa. The proposed system generates electricity from a hydroelectric generation
scherae namely Nagle Dam and transimits the excess power 10 Eskom®s Catoridge-
Georgedale sub-transmission network for system enhancement purposes. Extensive
technical and economical analyses of the proposed system has been conducted. An
HVAC system was also considered for the same purposes in order to make technical
and economical comparisons between the use of a HVDC and a HVAC system. In
addition, grid extension from Eskom’s Catoridge-Georgedale sub-transmission was
considered to provide power to Kwa-Ximba without the use of a hydroelectric
generation scheme. The proposed networks were therfeore (i) Network A:- Power
supply to Kwa-Ximba, and the Catoridge-Georgedale sub-transmission network, from
a hydroelectric generation scheme, using HVDC technology, (ii) Network B:- Power
supply to Kwa-Ximba, and the Catoridge-Georgedale sub-transmission network, from
a hydroelectric generation scheme, using HVAC technology and (iii) Network C:-
Power supply to Kwa-Ximba by extending Eskom’s existing AC Catoridge-
Georgedale sub-transmission network with the hydroelectric generation scheme
switched off. It is proposed that Nagle Dam, which is situated adjacent to Kwa-Ximba

be used as a hydroelectric generation plant.

In order to determine the most efficient and cost effective use of generator sets, the

flow rate, available hydraulic power and available electrical power from the year 2005



to the year 2032 were calculated. The increase in flow rate was based on an annual
growth rate of 1.5% in water demand. The increase in electrical power demand for
Kwa-Ximba was calculated for the next 29 years based on an annual growth rate of
i.8 %. Load flow analyses was conducted on the various power line and busbars that
constilute each of the networks, in order to determine the effectiveness of each

network.

In order to maintain flexibility in power generation, five sets of hydro electrical
generators were chosen to give a combined power delivery of 20MW. The first three
hydro electrical generators are rated at SMW each, the fourth set rated at 3MW and
the fifth set rated to deliver 2MW, (Gl to G5 operate 11 KV, 3 phase). The
combination of generator sets in use (Gl to G5) will vary depending on the electrical
power demand in any given year. Analyses of the predicted load flow pattern revealed
that in the year 2005, Kwa-Ximba wilf receive 10.5 MW of power while 8.64 MW of
power will be used to enhance the Eskom’s Catoridge-Georgedale sub-transmission
network, with a 4% spinning reserve. By the year 2014 power supply to the sub-
fransmission network will cease since Kwa-Ximba will be absorbing 12 .2 MW of
power with a 17.5% spinning reserve. By the year 2032, Kwa-Ximba will absorb 17
MW of power with a spinning reserve of 14.63%.

The converter stations required for the HVDC fransmission network (Network A) will
be equipped with VSC and PWM technology and have a true power rating of a
20MW. This will be adequate to supply Kwa-Ximba’s power demand right up until
the year 2032 when the demand will be 17 MW. Converters will include IGBTs. Two
45 km long, 30 MW, 80 kV triple extruded polymetric HVDC cable will be buried
700mm below natural ground level. The Rectic Master software was used to select an
appropriate overhead line for HVAC transmission (Networks B and C). An

aluminium, wolf conductor was selected to transmit 20MW of active power.

Load flow analyses revealed that the HVDC link contributes positively to network
stability by absorbing more reactive power than the HVAC link. The HVDC system

absorbed a combined (Kwa-Ximba, Catoridge-Georgdale sub-transmission network)
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reactive power of 22.04 MVALr, as opposed to the HVAC transmission system where
a combined reactive power 1.89 MVAr was absorbed from the connected network.
This demonstrated that the HVDC link had the ability to absorb more reactive power
from the Catoridge-Georgedale sub-transmission network, therefore contributing
positively to the enhancement and stability of the sub-transmission network. Network
A contributes more to system stability than Network B. It has also been shown that if
Eskom’s Catoridge-Georgedale sub-transmission network (Network C) is extended to
supply electricity to Kwa-Ximba, this would result in system instability, in the long
term. It is evident that Eskom would artain direct benefit from the installation of

Newtork A, rather than Networks B and C.

The technical and environmental differences noted in the present study, between the
HVDC and HVAC systems does not, liowever, justify the economics to install a
HVDC system in order to supply power to Kwa-Ximba. Economical analyses
revealed that the implementation of Network A would cost 64% more to install and
result in a 75% less annual net profit than Network B, Network B would yield the
highest annual net profit for the developer. From the developer’s perspective,
Network B will be the most feasible network to implement. However, from Eskom’s
perspective, Network A will be the most beneficial. Various recommendations have
been made by the researcher that would benefit the community of Kwa-Ximba,

Eskom and the developer in the long term.
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CHAPTER ONE

INTRODUCTION

1.1 Electrical energy

By the year 2020, worldwide gross installed power generation capacity is expected to
double from today’s 3000 GW to 6000 GW. In the next 20 years, power consumption
in developing and emerging countries is expected to more than double, whereas in
industrialized countries, it will increase only for about 40 %. Fast development and
further extension of power systems can therefore be expected mainly in the areas of

developing countries (Breuer and Lej, 2004)

The major part of this increase will take place in developing countries. Currently
approximately 70% of power plaats use fossil fuels to generate electricity. This share
is expected to grow to more than 80% by the year 2020, due to high dependency in
emerging markets of fossil fuels and their availability at relatively low cost. Schemes
based on renewable resources will make a valuable addition to fossil fuels. However,
in the period up to 2020 renewables will constitute a comparatively small part of the
total.  Therefore, higher efficiency in conventional power generation, power
transmission and distribution will still be required, because the efficiency
improvement potential may surpass the amount of energy generated by new
renewables for quite some years. Some new technologies have been developed which

are in the process of being implemented in traditional areas.

1.2 South Africa's energy supply

South Africa's gross domestic product (GDP) is the 26th highest in the world, but its
primary energy consumption ranks 16th. The energy sector is critical to the South
African economy, contributing about 15% of GDP and employing about 250 000
people. Its energy intensity is above average, with only 10 other countries having

higher commercial primary energy intensities (South African Business Guidebook,



2003). This high-energy intensity is largely a result of the economy’s structure, with
large-scale, energy-intensive primary minerals benefiting industries and mining

industries.

In addition, there is a heavy reliance on coal for generation of most of the electricity
and a significant proportion of the liquid fuels consumed in the country, South
Africa's industry has not generally used the latest in energy-efficient technologies,
mainly as a result of relatively low energy costs. South Africa, which supplies two-
thirds of Africa's electricity, is one of the four cheapest electricity producers in the
world. Eskom is among the top five utilities in the world in terms of size and sale.
Eskom is South Africa's primary electricity supplier. It is governed by the South
African Electricity Council and a Management Board, established in terms of the
Eskom Act of 1987. Eskom's 24 power stations, with a nominal capacity of 40 585
megawatts power, operate 365 days a year. It supplies approximately 95% of the
country's electricity requirements, which equals more than half of the electricity

generated on the African continent (www.eskom.co.za).

1.3 Electrical power systems in South Africa

1.3.1 Generating Stations

This change of focus from capita! investment to service delivery means that South
Africa is reaching the point where more generation capacity will be required, both on-
grid and remote power supply. Currently, Eskom’s national generating capacity is 39
GW. Their portfolio of generating plants include (i) 34 882 MW coal fired, 600 MW
hydroelectric, 1930 MW nuclear and 342 MW gas turbine (oil fired). The two
hydroelectric schemes namely Gariep (360 MW) and Vanderkloof (240 MW) have a

dedicated purpose for hydroelectric generation only.

1.3.2 Transmission lines and distribution networks

There are 26 461 kilometres of transmission lines, which span the entire country and

also carry power to neighbouring countries. The national electricity grid, connects the



power stations and large urban and industrial areas, as well as all neighbouring states.
Altogether there is approximately 240 000 km of transmission, primary distribution
and reticulation lines. Extra high voltage (765 kV) transmisston lines are operated at
high altitude (www.eskom.co.za). Cahora Bassa is the largest hydroelectric scheme in
southern Africa and is based on HVDC transmision. In 1994 the installed capacity in
Mozambique was 2 400 MW of which 91 % was hydroelectric. The system includes
two converter stations, one at Songo in Mozambique and the other at Apollo in South
Africa. There are two parallel lines between these two stations, covering 1 400 km.
These HVDC lines work at 533 kV and in Mozambique territory only have about

4 200 towers (Eskom news, 2000).

1.4, Electricity supply to rural areas in South Africa

There are numerous impoverished communities in South Africa where living
conditions are dire and connection to the electrical grid is a far off dream. The bulk of
the rural population still has no access to services such as electricity, drinking water

or sewage and sanitation.

The first matter to consider when discussing the use of electricity by rural households
is to what extent these households have access to grid electricity. About two-thirds of
households in South Africa (66%), and almost half (46%) of rural households, had
been connected to the grid by the end of 1999 (Kotzé, 2001). This can be compared
with an estimated 44% of households, and 12% of rural households, which had been
electrified at the end of 1994 (Thom er al, 1995). To address this problem, the
National Electrification Forum (NEF) has devised a strategy to accelerate grid
extensions and provide electricity. In the six years from 1994 to 1999 between
400,000 and 500,000 new connections were made annually as part of the accelerated
national electrification programme, in accordance with the Reconstruction and
Development Programme (RDP) targets agreed upon between the government and the

electricity industry (Thom, 2000).

Current, electricity tariffs are proving to be unaffordable to a vast number of people.

One study conducted through the Government's Human Sciences Rescarch Council

o



found that an estimated 10 million people have suffered water cutoffs and electricity
disconnections under privatization, mostly because they could not afford increased
rates (Bond, 2004).

1.5 Problem Definition

Since 1994, ESKOM has electrified approximately 1.8 million rural households wvia
grid extensions. Those communities have benefited enormously, as the cross-
subsidized programme has allowed each household a 20-amp grid connection, using a

prepayment meter system, with no fixed monthly charge.

However the grid electrification programme has failed to reach all rural communities.
Approximately 2 million rural households still do not have access to electricity and
the subsequent opportunity to improve their quality of life. This is due to the fact that
many rural South Africans, similar to other rural markets in the developing world, live
in sparsely populated, widcly dispersed villages, which cannot be reached within the
budget of the grid electrification programme. Furthermore the cost per kilowatt-hour
of electricity is perceived by many households to be too high. They thus continue to
use traditional fuels such as wood, paraffin, gas and coal, for long-time cooking and
space heating in winter. As a result, average consumption levels are low. Another
problem that arises from the lack of sufficient energy to power, water treatment

plants. This leads to a serious lack of clean drinking water in rural areas.

One of the worst affected areas in South Africa, is the province of is KwaZulu Natal,
which has the largest population of all provinces. Despite the fact that it is the second
highest contributor to the country’s Gross Domestic Product, it has the highest

unemployment rate and one of the lowest income rates per capita.

It is evident that the present means of transmifting electricity to small isolated rural
locations is costly, inefficient and capital outlay for such projects is unlikely to be
recovered . Such locations can be referred to as small distant loads. There is thus an
urgent need to provide a more cost effective and sustainable means of providing

power to small distant loads. This will aid in a more universal access to electricity



which is a primary goal of South Africa’s energy policy as identified in the

Government's White Paper on Energy Policy.

1.5.1 Approach to solving the problem

It is proposed that the present problem can be alleviated by using renewable power
generation plants such as hydroelectric plants (existing water sources located close to
a rural location) generate power that can be transmitted via High Voltage Direct
Current (HVDC) technotogy to small distant rural locations. In turn, excess capacity
can be redirected to the main Alternating Current (AC) grid using HVDC technology

for system enhancement.

HVDC transmission systems are proposed because they provide a more efficient and
cost effective way of moving electricity over long distances. An HVDC system
converts alternating current (AC) into direct current (DC) and which can be
transmitted to a distant location, where it is converted back to AC and distributed to
consumers. Advancement in the switching technology has broadened the scope for
application of HVDC to Medium Voltage Direct Current (MVDC) and short links,
including applications in distribution systems. HVDC technology was previously
applied to MVDC installations such as the Gotland link (80kV) (Asplund et al.,
1998), the Directlink installation in South Australia (80kV) (Cook et al., 1999) and
the Tjaereborg installation in Demark(9kV) (Eriksson and Wensky, 2003). The
Voltage Source Converter (VSC) concept for DC has made it feasible, in many cases,

to connect remote locations to the main grid where cheap electricity is available.

In the present study a developmental plan for a HVDC transmission system from a
renewable energy source namely Nagle Dam to the rural location Kwa-Ximaba,
KwaZulu, Natal is established. The use of HVDC transmission to enhance the
existing Catoridge-Georgedale sub-transmission network in KwaZulu-Natal is also
established.



1.6  The scope of the study

HVDC technology provides a viable option to transmit electricity to small distant
loads. Despite the advantages of this technology in improving the supply of
electricity to distant rural locations, HVDC technology is not being used in MVDC
applications in South Africa. The present study aims to address this issue and
demonstrate the feasibility of applying HVDC technology in MVDC applications in
the South African context. The proposed system will generate electricity from a
renewable energy source (Nagle Dam) and will only use water that is intended for
commercial use. Thus the purpose of the water will be two-fold (i) generating
electricity and (ii) commercial use. This will minimise wastage of water. In the
present study an HVDC transmission system for the rural location Kwa-Ximba a rural
area in KwaZulu-Natal has been developed. A 20 MW hydro generating plant is sited
adjacent to the Nagle dam, dam wall. The dam is sited in Kwa-Ximba. Catoridge is
located 45km from the dam wall. The Georgedale network is sited approximately
30km from the Catoridge substation. The present study addresses part of the problem
the local community is presently facing, by providing an adequate supply of electrical
power to the dam site, sufficient power for a water treatment plant to be sited adjacent
to the dam wall thereby minimizing operating costs. At present raw water is
transported to Durban with aqueducts, it is treated in Durban and then distributed to
the various bulk reticulation reservoirs. Perhaps, if the water could be treated at the
dam site and then gravity fed to Durban, customers (Jocal municipalities) that are
located along the aqueduct may be supplied water along its route. In this case a water
treatment plant will have to be built at the dam site. This will have a significant saving
on pumping costs, since Kwa-Ximba is a higher lying area to Durban. At present all
raw water is first transported to Durban, it is purified then pumped to locations that
are of higher altitude than it self. The Water Treatment plant in Durban was built

approximately 45 years ago.

This dam has been generating its own electricity since it was built during the Second
World War. The hydro generating plant is rated at 315kVA and has an output Voltage
of 400V. There are two generating sets installed and the plant is operated with one
hydro generation plant on line and the other on standby. The power is presently being

used to operate the dam. Due to location of the dam, Eskom was unable to extend its



network to the dam. Limited available power at the dam has therefore led to the water
treatment plant being sited in Durban, approximately 55 km away from the dam site.
The water from this dam presently supplies water to Durban central and surrounding
areas. The local community who lives close to the dam are deprived from having
purified drinking water, sewage and basic sanjtation services, medical services and

electricity. In addition, the local communities are unable to find employment.

Modular, renewable energy power generation provides a cost-effective way to provide
clean, affordable, and long lasting electricity solution to rural areas. Hydroelectric
generation was chosen in the present study as it is an important source of renewabje
energy and provides significant flexibility in base loading, peaking, and energy
storage applications. Whilst initial install capital costs are high, the inherent
simplicity of hydroelectric plants coupled with a low operating and maintenance
costs, long service life, and high reliability make themn a very cost effective and
flexible source of electricity generation. Especially valuable is the operating
characteristic of fast response for startup, loading, unloading, and following of system
load variations. Other useful features include the ability to start without the
availability of power system voltage (“black start capacity™), ability to transfer rapidly
from generation mode to synchronous condenser mode and pumped storage

application (Ramakumar, 1998).

Hydro power stations convert water pressure into mechanical shaft power, which can
be used to drive the electrical generator. The vertical difference between the upper
reservoir and the level of the turbine is known as the head. The water falling through
his head gains kinetic energy that in turn imparts it to the turbine blades, and
electricity is generated. The best turbines can have hydraulic efficiencies jn the range
of 80 to over 90% (higher than most other prime movers), although this will reduce
with size (Paish, 2002).

A hydro power plant has the ability to start up quickly and the advantage that no
losses are incurred when at stand still. The installation costs of small hydro power
plants ranges from $800-$2000 per kW installed. Small hydro schemes utilize both
synchronous and asynchronous generators, therefore they could have two contrasting

stability properties. Low head turbines tend to run more slowly and so either a



gearbox or multipole generator is required (Jenkins er al., 2000). The majority of
hydro generators that are connected to distribution networks are directly connected
with synchronous generators. However, there are a few cases of hydro generators
utilizing induction generators. Hydro generators have to be fitted with a govemor,

which aid the damping of generators. The main features of a governor include:

= Speed control of the hydro turbine under different conditions of start up and

load fluctuations.
= Fast response to load imposition and load rejection
= Shufting down inlet valve in case of over speed tripping

An additional control that is usually fitted with a hydro generator includes an
Automatic voltage regulator (AVR). An AVR helps to maintain nominal voltages on
the connected bus, as well as controlling the amount of active as well as reactive

power that is injected into a network.

The proposed installation should prove to be technically feasible and financially
viable with reasonable contingencies for revenue generation and capital investments
costs. The power rating of the interconnectors was first determined. Thereafter the
most economic design for the required power rating was optimized. This involved a
balance between the operating voltage and current, based on cable cost, converter
cost, number of poles and energy losses. In the present study the feasibility of using
an HVAC system to transmit power from the hydroelectric generator to Kwa-Ximba
was also investigated. This was done in order to do a comparative analysis between
the HVDC and HVAC systems with regards to system stability and cost. Line
extension from Eskom’s existing AC Catoridge-Georgedale sub-transmission network
with the hydroelectric generation scheme switched off was also considered in the

present study.

The transmission system needs to be developed to be robust and fully functional in

order to attract investor confidence to develop small to medium size industries to the



Kwa-Ximba rural location. In return, this will enable central government to build
more schools, hospitals, clinics, develop roads, install street lights and provide more

cost effective housing.

1.7  Hypothesis

HVDC technology can be used in a medium voltage distribution system to supply
power from a hydroelectric generation scheme (Nagle Dam) to a small distant rural
tocation, Kwa-Ximba, and the excess power transmitted to Eskom’s Catoridge-

Georgedale sub-transmission network for system enhancement.
1.8  Objectives

() To develop a hydroelectric generation scheme at Nagle Dam and
determine and the scheme’s present and predicted power output.

(ii) To develop a HVDC and a HVAC system to transmit power from the
hydroelectric generation scheme (Nagle Dam) to Kwa-Ximba and transmit
the excess power to Eskom’s Catoridge-Georgedale sub-transmission
network.

(iiiy  To develop a network extension system from the Catoridge-Georgedale
sub- transmission network to provide electrical power to Kwa-Ximba, with

the hydroelectric generation scheme switched off.



CHAPTER TWO

LITERATURE REVIEW

2.1  Electrical power

The development of the Electric Power Industry follows closely the increase of the demand
on electrical energy (Sitnikov et al., 2004). With the arrival of the electric light bulb in the
homes and factories of late 19th century Europe and the USA, demand for electricity grew
rapidly. New and efficient ways to generate and transmit electrical energy were being

investigated.

Early electric power distribution schemes used direct current (DC) generators located near
customer’s loads. As electric power use became more widespread, the distances between
loads and generating plant increased. Since the flow of current through the distribution wires
resulted in a voltage drop, it became ditficult to regulate the voltage at the extremities of
distribution circuits. Higher voltages were used to reduce the resistive loss in the conductors

for transmitting a given quantity of power.
2.2  High Voltage Alternating Current (HVAC)

AC came to dominate as a means of interconnection between generation plants and
machinery. The principal advantage of AC is the possibility of using transformers to
efficiently transform voltage used in power transmission. The ability to transform voltages is
an important economic and technical consideration. A high voltage is useful for
transmission since it reduces loss in the form of heat developed in the circuit conductors,
while a low voltage is convenient for utilisation equipment such as lamps and motors. With
the development of efficient AC machines, such as the induction motor, AC transmission

became the norm (Asplund et al., 2003).

The ability of AC to be effectively transformed in voltage a number of times during
transmission led it to become, and remain, the dominant means of clectrical power

transmission. As the AC systems grew and power increasingly was being generated far from



where most of its consumers lived and worked, long overhead lines were built, over which
AC at ever-higher voltages flowed. To bridge expanses of water, submarine cables were

developed.

Medium voltage direct current (MVDC) transmission can be used to bridge greater distances
with low voitage and low power. MVDC can be considered as in-line compensation in the
sense that it consists of a DC link with a voltage source converter (VSC) connected at either
end (Povh, 2000)

2.3 High Voltage Direct Current (HVDC)

In the second half of the past century, High Voltage DC Transmission (HVDC) has been
introduced, offering new dimensions for long distance transmission. This development
started with the transmission of power in an order of magnitude of a few hundred megawatts
and was continuously increased to transmission ratings up to 3 - 4 GW over long distances
by just one bipolar line. By these developments, HVDC became a mature and reliable
technology. Almost 50 GW HVDC transmission capacities have been installed worldwide
up to now, transmission distances over | 000 to 2 000 km or even more are possible with
overhead lines. Transmission power of up to 600 - 800 MW over distances of about 300 km
has already been realized (Breuer and Lei, 2004). Although direct current had been beaten
at the starting gate in the race to develop an efficient transmission system, engineers had
never completely given up the idea of using DC. Attempts were still being made to build a
high-voltage transmission system with series-connected DC generators and, at the receiving
end, series-connected DC motors all on the same shaft. This worked, but it was not
commercially successful (Asplund er al.. 2003). HVDC technology has become a mature
technology over the past 50 years and reliably transmits power over long distances with very
low losses. Present HVDC-transmission technology was developed during a period from the
end of the twenties and resulted in the first commercial ransmission system, Gotland, in
1954.

Since then there has been a lot of development and refinements of HVDC technology such
as the development of thyristor valves, lowering of losses, more advanced control and

protection, lower harmonics and lower audible sound.



Currently HVDC technology is used to transmit electricity over long distances by overhead
transmission lines or submarine cables. It is also used to interconnect separate power
systems. In cases where traditional alternating current (AC) connections can not be used in
a high voltage direct current (HVDC) system, electric power is taken from one point in a
three-phase AC network, converted to DC in a converter station, transmitted to the receiving
point by an overhead line or cable and then converted back to AC at the inverter station and
injected into the receiving AC network. Typically, an HVDC transmission has a rated power
of more than 100 MW and many are in the | 000 — 3 000 MW range. HVDC
Transmissions are used for transmission of power over long or very long distances, because

it then becomes economically attractive over conv