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ABSTRACT

Thesis Title: Effect of conductor size on the total cost of electricity distribution feeders in
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conductor optimisation

There is an optimum conductor size that minimises the lifetime cost of domestic
electrification networks. The lifetime cost consists of the initial capital cost and ongoing
running cost. Technical load losses are an important running cost and consideration for
conductor size optimisation.

Traditional conductor size optimisation methods base technical load loss costs on upstream
generation and network costs. These loss costing methods assume that consumers behave
as constant power loads. The impact of conductor voltage drops on changes in consumer
energy consumption and demand and hence changes in utility bulk purchase cost and sales
revenue are ignored. Traditional load loss calculation methods do not adequately describe
the stochastic nature of individual consumer loads. In low-voltage domestic networks
traditional methods may account for less than 25% of the actual lifetime running cost due to
load losses and conductor voltage drop. It is shown that the results of traditional conductor
size optimisation methods are severely compromised.

A new method has been developed for the optimisation of conductor size in radial distribution
networks supplying stochastic domestic consumers. MV and LV networks can be analysed in
the same study to prevent sub-optimisation. Statistical time-of-use load loss and voltage drop
calculations consider the stochastic nature of individual consumers. Lifetime running costs
include conductor load loss costs and conductor voltage drop costs. The simplifications and
assumptions used in the new method have been tested via sensitivity analysis on South
African domestic electrification networks. The accuracy of the load loss and voltage drop
calculations used in the method have been tested via Monte Carlo simulation using South
African domestic load research data.

The new method is suitable for implementation in network analysis software for use in
practical planning and design functions in utilities.
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Factor
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The average load per consumer over a particular time period, such as a
month.

The average load per consumer at the instant of overall maximum
demand. It depends on the size of the group of consumers, and in South
Africa is expressed in amps or kVA for 1000 consumers.

Statistical distribution bounded between 0 and 1 and defined by two shape
factors a and B.

The probability that a particular value of a random variable will not be
exceeded.

Retail tariff paid by utility customers and is usually comprised of energy
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The sum of the non-coincident maximum demands of individual
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supplies MV lateral lines (see MV lateral).
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1. INTRODUCTION

This chapter introduces the research problem, the optimisation of conductor size in South
African rural domestic electrification. A summary of the South African electrification program
outlines the South African domestic consumer backlog and some of the challenges of
electrification. General distribution planning and design philosophies are discussed. Possible
problems with the present South African electrification network planning and design
philosophy and tools are identified, leading to the formulation of the research hypothesis.

1.1 SOUTH AFRICAN ELECTRIFICATION

The term electrification has different meanings in different countries. In South Africa
“electrification” is the provision of access of households to electricity. A consequence of
electrification is electrical supplies to non-domestic loads such as schools, clinics, shops and
water pumping loads. Electrification network planning and design methods also need to
consider non-domestic loads.

The following relevant information and observations are provided by Gaunt [2003] in an
analysis of electrification technology and processes to meet economic and social objectives
in Southem Africa:

« Over 3 million new domestic households in South Africa were connected during the past
decade.

« The percentage households electrified are 80% and 46% in urban and rural areas
respectively. Approximately 36% of South African households are not yet electrified and
of these households, 71% are in rural areas.

« Politicians have stated goals of achieving universal access by 2012, and this is expected
to cost at least R10 billion (initial capital cost only).

« Electrification is performed for social (poverty alleviation), not economic, reasons. The
minimisation of cost is essential to maximise the sustainability of the electrification
program. Standards (such as voltage quality criterion) need to be carefully assessed to
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ensure that they are compatible with the objectives of the electrification program.
Reduced standards (such as increased voltage variation) should be considered if there is
a net cost savings and the reduction in standards does not diminish the delivery of the
benefit (poverty alleviation).

The majority (71%) of the South African electrification backlog is in rural areas [Gaunt, 2003].
The cost to service rural areas is higher than urban areas due to sparse rural settiement
characteristics. Enhanced planning and design methods have the potential to assist
electrification by reducing the cost of electrification. This research focuses on rural domestic
electrification, which is expected to dominate South African distribution network expansion
for the next 10 years.

South African rural domestic settlement characteristics vary significantly. Some settiements
are characterised by formal rural villages with an orderly urban type layout of homes and
roads, but energy consumption is low and villages are relatively small and isolated from one
another. In other settlements, such as many in rural Kwa-Zulu Natal, there is no formal
village layout and customers are sparsely located in relation to the small areas of land they
cultivate as subsistence farmers. Variations in consumer energy consumption and settlement
characteristics hamper the standardisation of planning and design approaches.

1.2 DISTRIBUTION NETWORK PLANNING AND DESIGN

General distribution network planning and design has been described by many including
SABS 0150 [1983, subsequently withdrawn], Gaunt [1988], Lakervi and Holmes [1995], Willis
[1997].

Carter-Brown [2003] provides an overview of distribution MV and LV network planning and
design in Eskom Distribution (Eskom Distribution is the distribution division of Eskom, the
South African national electricity utility responsible for bulk generation, bulk transmission and
distribution in areas not supplied by local municipalities). Network planning and design are
different. Network planning involves decision making in an environment of uncertainty, where
there may be several scenarios, and data is limited. By comparison network design is
relatively well defined, with reasonably detailed network and load data such that the
uncertainty is significantly reduced. For example, network planning may involve the sizing of
a MV network to supply potential load in a geographic area, where individual customer
requirements are not known. Network design involves the subsequent connection of each
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individual customer, where each customers load requirements are reasonably well
understood. Network planning is a logical prerequisite to network design.

The following are typical network planning outputs [Carter-Brown, 2003}

« MV voltage levels (11kV, 22kV etc).

« MV configuration (loop versus radial).

« MV and LV technologies (three phase, phase-to-phase, SWER, single phase and bi-
phase as discussed further in section 2.1).

« MV and LV primary line routings and conductor sizes.

For the purposes of this research, more detailed outputs/analysis is considered to be
network design.

The preferred requirements for the planning and design of South African networks supplying
LV domestic consumers are contained in the NRS 034-1 [1999]. NRS 034-1 [1999] divides
the factors influencing network planning and design into three categories:

« Fixed parameters over which the designer has no control (statutory requirements,
existing services, existing residential layout).

« Factors over which the designer has limited control (consumer loads via effects due to
load limiting and demand side management).

« Factors over which the designer should exercise control (initial capital and lifetime cost,
network layout, cable/conductor sizes, voltage drop limits, quality of supply).

A systematic approach to distribution planning and design decreases costs [Khator and
Leung, 1997]. When planning and designing distribution networks to supply a forecasted
load requirement the primary focus should be the minimisation of lifetime costs within the
constraints of regulatory and utility standards (the fixed parameters” referred to by the NRS
034-1 [1999]) [Willis, 1997]. Preferred alternatives may vary significantly from the optimal
(minimum lifetime cost) solution if only initial capital costs are used for the evaluation of
different alternatives [IEC 287-3-2, 1995).

The network lifetime costs include the following main components [Willis, 1997; Paciornik et
al, 2003]:

« Installation cost (capital investment cost and labour).
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- Operations, administrative and maintenance costs.- These arise as a resuit of equipment
maintenance, equipment monitoriné and eduipment failure due to either age or a specific
abuse of the system such as lightning strikes, vandalism, theft etc.

« The cost of energy purchases. Energy purchases for a typical utility might be purchased
from a generation/transmission company, or the cost of the local distribution generation.
Included in the energy purchase costs are electrical losses cost (as a result of the power
dissipated in the electrical network resistances) and non-technical losses costs (these
include theft and poor metering).

« Reinforcement and upgrading costs to meet future load requirements.

The main regulatory and utility network standards influencing distribution network planning
and design are [Willis, 1997; Paciornik et al, 2003]:

« Maximum thermal limits of transformers and conductors.

« Maximum and minimum voltage limits.

o Minimum reliability levels.

. Voltage waveform quality (voltage dips, unbalance, flicker and harmonics) also need to
be considered, but are usually only considered in specific applications where large single
phase or non-linear loads are to be supplied.

Sellick [1999] differentiates between “requirements” and “constraints”. Thermal limits are
considered a constraint that should not be violated as this may result in utility equipment
damage. Voitage, QOS and reliability limits can be interpreted as requirements. The network
may be able to operate outside of these limits without immediate equipment damage. The
effects will be reflected as increased lifetime cost due to a reduction in equipment lifespan
and increased customer dissatisfaction (fines, customer compensation and tariffs linked to
QOS and reliability as experienced by customers).

Agoris and Argiropoulos [1994] analyse distribution MV planning philosophies for the
electrification of developing countries:

« ‘“distnbution-network planning models which have already been applied in other countries
must be thoroughly analyzed before applying any part of them in the electrification
planning of a developing rural area, because the local conditions may diverge
considerably from those which prevail in the countries used as examples.” [Agoris and

Argiropoulos, 1994].

Page: 4



. “Since the funds of developing countries are always limited, special effort must be given
to the design of a reliable low-cost network, by taking into account equipment and
construction costs, the exploitation costs, as well as the costs of the future modifications.”
[Agoris and Argiropoulos, 1994). Developing countries cannot afford to make mistakes by
adopting non-optimal planning practices that ultimately result in increased cost.

« The cost of rural electrification is significantly affected by the distribution planning
philosophy. Agoris and Argiropoulos [1994] note that the application of planning
philosophies suitable for developed countries typically results in a capital cost of six times
that of the approach suitable for a developing country. The inclusion of loss costs
reduces the lifetime cost difference to a factor of four.

« Initially, long (>100km) MV feeders with single phase laterals result in least cost for rural
electrification. These “long” MV feeders are voitage limited. Voitage drop requirements
are addressed via shunt compensation and line voltage regulators. As loads increase
and the network expands, the optimal planning philosophy is to convert single phase
laterals to three phase, increase distribution voltages (where practical and the existing
voltage is not optimal) and reduce feeder lengths via additional HV/MV injections [Agoris
and Argiropoulos, 1994].

Based on the finding of Agoris and Argiropoulos [1994], the following conclusions can be
made for South African rural domestic electrification:

« Planning and design models need to account for the specific characteristics of the
customer (load magnitude, load density) and network (equipment characteristics) in
developing countries.

« Network planning and design needs to take network lifetime costs into consideration.

« The distribution planning and design philosophy must be appropriate for the particular
application, especially rural electrification. Different philosophies are required for
developed and developing countries.

« Distribution planning and design tools and methods should be applicable to unbalanced,
voltage limited feeders supplying small dispersed loads. The effects of voltage
compensating equipment need to be included in network analysis.

The selection of conductor size has a large impact on network voltage drop [SABS 0150,
1983]. South African domestic electrification networks are voltage limited. Conductor size
has a significant impact on the network lifetime capital and technical loss costs [Sellick,
1999].
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1.3 PHILOSOPHY OF SOUTH-AFRICAN ELECTRIFICATION NETWORK
PLANNING AND DESIGN

The South African electrification program is focused on reducing the backlog of un-electrified
homes in urban and rural areas. The principle of the discounting of future costs as a present
value is recommended by the NRS 034-1 [1999] for the evaluation of lifetime costs. The
evaluation of lifetime costs, as recommended by the NRS 034-1 [1999], is not implemented
in Eskom Distribution.

In Eskom Distribution, the designer’s brief is to produce a minimum initial (year 1) capital
cost design that meets basic voltage and thermal standards, using standardised network
technologies and components (poles, transformers, conductors, insulators, meters etc).
Network planning and design philosophies and tools do not consider lifetime costs.
Furthermore the planning and design process is manual, with very little optimisation of
decisions within the network design software [Dwolatzky and Rajakanthan, 2004]). The
selection of line routing, technology, conductor size and transformer size are performed

manually.

For the purposes of this research, there are two potential weaknesses in the present design

philosophy and tools:

1) Lifetime costs are not calculated and are not used to influence decisions in an objective
and quantified manner.

2) There is very limited optimisation functionality in design tools. The extent to which
designs are optimised depends on the experience and skill of the designers and the
amount of effort expended in designs.

The extent to which these potential “weaknesses” (including the philosophy to minimise initial
capital cost) result in increased lifetime cost is unknown.

1.4 RESEARCH HYPOTHESIS

Based on the analysis thus far, the following conclusions can be drawn:

« Distribution network lifetime costs have many components.
« A rural domestic electrification design method taking lifetime costs into consideration may
be desirable for application in South Africa.
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« Any method should be applicable to unbalanced, voltage limited feeders supplying small
dispersed loads with varying load and settiement characteristics.

« Conductor size appears to have a significant impact on lifetime capital and technical loss
cost. The optimisation of conductor size may result in significant savings in lifetime cost.
For example, a 1% reduction in lifetime cost in the South African electrification program
(with an initial capital cost of at least R10billion [Gaunt, 2003]) will result in a savings of at
least R100million.

The scope and boundaries of this research are documented in chapter 3. In order to focus
further literature reviews it is necessary that the research hypothesis be introduced as
follows:

It is possible to optimise conductor size for a wide range of electrification network
voltage levels and technologies used in South Africa, but with a practical level of
detail so that the approach could be used in planning and design functions in the
South African utilities and in other countries.

1.5 LOOKING FORWARD

The research will focus on conductor size optimisation in distribution networks supplying
predominately domestic consumers.

The following steps are envisaged to test the hypothesis:

« Further literature review will identify the critical components/relationships for conductor
size optimisation.

» The scope and boundaries of the research need to be refined.

« A method needs to be developed to meet planning and design needs.

« The accuracy of the method needs to be tested.

- The method needs be applied to practical networks to establish suitability and relevance.

« Conclusions need to be drawn regarding the validity of the hypothesis.

1.6 STRUCTURE OF THE THESIS

Chapter 2 summarises the findings of published literature. The scope and boundaries of the
research are described in chapter 3. Chapters 4 and 5 review voltage drop and technical loss
calculations. Requirements and desirable attributes are identified. Methods combining
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technical loss and voltage drop assessment are discussed in-chapter 6. Chapter 7 provides
an overview of the proposed method for conductor size optimisation and voltage drop
calculation. Chapters 8 to 13 document and test the individual components of the method.
The method components are combined in software in chapter 14, and in chapter 15 the
method is applied to a practical network. Chapter 16 concludes with a summary of the
findings and assessment of the research hypothesis.
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2. CONSIDERATIONS FOR THE OPTIMISATION
OF CONDUCTOR SIZE IN SOUTH AFRICAN
DOMESTIC ELECTRIFICATION

This chapter introduces factors that should be taken into consideration for the optimisation of
conductor size in South African rural domestic electrification networks. It forms a building
block for more detailed analysis in subsequent chapters. The distribution technologies and
voltage levels commonly used in South Africa are introduced. The evaluation of alternatives
based on lifetime cost is discussed. The characteristics of load and network models are
highlighted. The chapter concludes with a discussion on South African voltage variation
management, including voitage limits.

2.1 SOUTH AFRICAN DISTRIBUTION NETWORK VOLTAGE AND
TECHNOLOGY

Distribution networks are comprised of two sub-systems; MV distribution and LV distribution.
In the United States the MV and LV networks are usually referred to as primary and
secondary distribution respectively [Willis, 1997].

Number of Volitage Standard MV
MV Technology conductors reference voltages Comments
'(I;h;;:)phase 3 wire 3 Phase tophase | 11kV,22kV,33kV | No neutral conductor. The neutral is
Single phase (elta) earthed at the source only. Distribution
transformer MV windings insulated fo
also referred to as 2 Phase to phase 11kV, 22kV, 33kV ph:se to :trmase voaa:eg. ed for
Phase-to-phase
Directly connected to 33kV distribution
; networks with neutral earthed at
R (R 1 e 19kV source. Supplied by SWER MV/19KV
isolating transformer when connected
to 11kV and 22kV networks.

Table 2.1.1: South African standard MV distribution voltages and technologies
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Standard South African MV distribution .voltages [SABS 1019, 1985] and technologies are
summarised in table 2.1.1. Other distribution voltages (3.3kV, 6.6kV) have been used, but
are avoided in network strengthening and expansion in Eskom Distribution. The three phase
4 wire MV distribution technology used in the United States [Willis, 1997] is not utilised much
in South Africa (a few municipalities have built systems).

Number of Voltage Standard LV
LV Technology conductors reference voltage Comments
A neutral conductor is present (combined
neutral and earth or separate earth).
2::::; phase 4 wire 4 Phase to phase 400V Single phase 230V loads are connected
between phase and neutral. Large loads
are supplied with three phase 400V.
. A neutral conductor Is present. All loads
Single phase (star) 2 Phase to Neutral 230V are supplied with single phase 230V.
A neutral conductor is present (centre tap
Bi-phase (180° of single phase winding at source
phase shift) also transformer). Single phase 230V loads are
referred to as dual 3 Phase to Neutral 20v connected between phase and neutral.
phase Large single phase 460V loads are
connected between phase and phase.

Table 2.1.2: South African standard LV distribution voltages and technologies

in alignment with IEC 38 [1994], the standard LV service voltage in South Africa is 400/230V
[DME, 1996]. Other LV voltages between 500V and 1kV are provided for by the DME [1996]
and are mainly used in mining applications.

The method developed by this research must cater for all of the standard technologies and
voltage levels used in South Africa.

2.2 LIFETIME EVALUATION OF NETWORK ALTERNATIVES

in the analysis of planning and design implications in electricity distribution, Gaunt [1988]
states that for South African network design “The lifetime cost should be taken into
consideration by capitalising the cost of losses. This may lead to a choice of equipment
ratings larger than needed to meet the thermal and voltage constraints.”

The IEC 287-3-2 [1995] provides a method for optimal conductor sizing incorporating
technical loss costs, and observes that the selection of cable sizes is historically focused on
minimising the initial investment cost. It recommends that the cost of losses over the life of
the cable should be included in cable sizing analysis such that the total lifetime cost is

minimised.
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IEC 287-3-2 [1995] focuses on cable sizing, but the principle of lifetime cost minimisation
should be applied to all network components and planning decisions (voltage levels,
technology, feeder size), and incorporate all anticipated costs that may be sensitive to the
network alternatives.

When evaluating alternatives, common costs can be ignored if the alternatives do not have a
bearing on these costs [Sellick, 1999]. If altematives are limited to the selection of
equipment, such as cable sizes, common costs can include operating and maintenance
costs if these costs are not significantly affected by equipment selection [Sellick, 1999].

Planners and designers are limited to standard equipment specifications including voltage
levels and cable/conductor sizes [Willis, 1997]. For a particular application a decision has a
range within which it provides the most economic solution. Data accuracy is important, but
only to the extent that it influences decisions. The IEC 287-3-2 [1995] concludes that
considerable savings can be achieved using data based on reasonable estimates.

According to the NRS 034-1 [1999], the basis of lifetime costing is the conversion or
“discounting” of all future income and expenditure to the “present value”. Lifetime evaluation
requires the analysis of costs over the expected lifetime of the distribution network.
Equipment lifetimes used in evaluations vary between countries and equipment types:

« The NRS 034-1 [1999] states that the average economic life of distribution equipment is
between 20 and 25 years.

« The equipment lifetime for distribution planning evaluations in Sweden is 30 to 35 years
for overhead lines, and 25 years for transformer substations [Lasu, 1970].

The planning and design objective to minimise network lifetime cost (as identified by IEC
287-3-2 [1995] and Willis [1997]) assumes that the optimal network minimises the lifetime
cost incurred by the utility. The objective assumes that lifetime utility revenue and non-
technical losses are not significantly affected by network planning and design decisions. This
assumption may not be valid. The errors may be significant and need to be assessed.

The cost elements (for inclusion/omission) and data requirements for rural domestic
electrification conductor size optimisation need to be identified. Discounting methods need
investigation. The life of conductors needs to be established for planning and design
evaluations.
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23 OPTIMISATION OF NETWORK PLANNING AND DESIGN DECISIONS

Khator and Leung [1997] review published research for the optimisation of distribution
planning decisions including the location of substations, location of feeders and design of
feeders. Methods vary depending on the optimisation objective and availability of input data,
and include heuristic and algorithm approaches and Artificial Intelligence / Expert-Systems.

Dwolatzky [2002] provides an overview of research work performed at the University of the
Witwatersrand on the optimisation of LV network design decisions for South African grid
electrification projects.

Numerous optimisation objectives and methods have been researched. The optimisation
objective for this research needs to be clearly defined. A suitable optimisation method needs
to be selected or developed.

24 ELECTRICAL LOAD MODELS

241 Importance of load modelling

In an analysis of network planning and design decisions in electricity distribution, Gaunt
[1988] states “The loads for which the network is to be designed have a major influence on
the cost of the network. Therefore it is important neither to overestimate the loads, resulting
in over-capitalisation, nor to underestimate them and incur higher operating and
reinforcement costs.”

Willis [1997] states that a “model is more important than the solution algorithm when
considering distribution planning”.

Brice [1992] analyses the importance of network and load models and notes that the
increased complexity required for more advanced load models is only justified if the results
are sensitive to the issues described in the enhanced models, and suitable data is available
for practical application.

Three principles are critical; a good load model is essential for analysis and decision making,
the outputs/accuracy of an algorithm are only as good as the load model, and the suitability
of different load models depends on the sensitivity of the results to the load model and the
availability of load data.
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2.4.2 Load coincidence and diversity

For the purposes of technical loss demand cost evaluation Nickel and Braunstein [1981]
conclude that when analysing different utility approaches to demand costs “There is a major
difference of opinion, and a certain amount of confusion, conceming the diversity of load
classes.”

Hamilton [1944] states that “A number of load curves may be added to determine some
characteristics of a composite load from known values of the individual loads which comprise
it. The resulting peak load, minimum load, load factor, or time of the peak are characteristics
usually sought, but there may be many others.”

Bary [1945] researches the relationships between the number of consumers, coincidence
factors and Load Factors:

+ Referring to load coincidence Bary [1945] observes that “These conditions are not
subject to precise mathematical formulations, and their resultant effect will be different for
different communities and different climatic, social, and political conditions.”

« Suitably accurate load models can only be derived from load recordings, and must be
checked periodically to detect the effects of changing conditions.

» Statistically stable results for engineering analysis can be obtained from groups of 30 to
50 consumers.

Domestic loads are stochastic [Herman, 1993b]. In LV networks supplying relatively few
customers the errors in voltage drop calculations can be large due to inadequate treatment
of the stochastic nature of the load [Sellick and Gaunt, 1995].

The following principles are important; a composite load can be derived from models of its
individual loads, models of individual loads can be derived from the known values of a group
of loads that adequately describe the group and load research is essential for the
development of load models. The stochastic nature of domestic loads needs to be
adequately described. South African load research needs to be reviewed.

2.4.3 Load classification

The SABS 0150 [1983, subsequently withdrawn] part 3: Guidelines for the design of
electricity distribution networks in residential townships states “Simultaneous maximum
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demand is dependent upon the class-of the residential property, climatic conditions,
consumer habits, and the Supply Authority’s control measures. The figure must be adjusted
to allow for the diversity appropriate to the number of consumers in the group being
considered.”

“Electric energy consumption is influenced by a high number of extermal variables: the
temperature, the type of the day (Sunday, Monday, working day, eftc.), the economic activity,
etc.” [Bilbao et al, 2001].

There are three key concepts contained in the above statements; the load model will vary for
different consumers and environments, load models must be based on local (South African)
load research, and load diversity is related to the number of customers.

244 Load voltage dependency

The amount of active and reactive energy consumed by appliances varies with the
magnitude of the applied voltage [Mielczarski and Michalik, 1998]. Considerable research
into the voltage dependency of loads has been performed for steady state and dynamic
system modelling [IEEE, 1994], and the effects on demand and energy consumption due to
conservative voltage reduction.

Most loads will draw more active and reactive power if the supply voltage is increased. The
possible increased consumption must be considered in light of the types of load being
supplied. Thermostatically controlled heating devices (such as stoves and hot water
cylinders) consume energy at a faster rate when the voltage is higher. However these
devices achieve their function in less time so unless their efficiencies vary significantly with
the magnitude of the applied voltage, they consume the same amount of energy in order to
fulfil a given function. The voltage magnitude effects the time for which thermostatically
controlled heating devices draw load, and thereby affects the load co-incidence [IEEE, 1994].
The applicability of load recordings to other networks needs to be considered if the voltage
variations in these “other’ networks are significantly different to those of the
network/customers upon which the load data is based.

The results of research by Mielczarski and Michalik [1998] concluded that for every 1%
reduction in the average voltage supplied to the consumer the energy consumption reduces
by between 0.9% and 1.6% for residential, 0.5% to 1.2% for commercial, and 0.6% and 1.2%
for industrial loads. Other recommended values by Kirshner and Giorsetto [1984] for different
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load types as a function of a 1% reduction in average voltage are a energy consumption
reduction of 0.76% for residential, 0.99% for commercial, and 0.41% for industrial loads.
Measurement of 15 distribution circuits supplying a non-coincident peak demand of 80.2MVA
of mixed load in the United States (which included rural areas), resulted in an average 0.71%
reduction in energy consumption per 1% reduction in the source voltage [Warnock and
Kirkpatrick, 1986]. Selected results of an EPRI laboratory analysis of common North
American household appliances are plotted in figure 2.4.4.1 below.

Figure 2.4.4.1: Typical appliance power consumption as a function of applied voltage as
derived by EPRI from a statistical analysis of laboratory measurement [Chen et al, 1995]

Appliance power consumption as a function of applied voltage
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While the power drawn by an appliance may vary with the magnitude of the applied voltage
at a particular instant in time, the total energy consumed by the appliance may not vary
significantly over an extended period of time. Energy consumption will only increase for
constant impedance or current type loads that are not self regulating (i.e. they do not control
their operation), and energy consumption is affected by the magnitude of the applied voltage.

“Power consumption” can be a misleading term. The results of the EPRI models can be used
when evaluating short-term (measured in minutes) demand reduction due to voltage
variations, but should not be directly applied to assess the longer-term (measured in hours,
days, months or years) impact of voltage variations on energy consumption.
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In evaluating the costs associated with voltage  drop across distribution transformers Nickel
and Braunstein [1981] observe that a reduction in voitage can result in lost revenue due to
reduced consumer energy consumption, and resuilt in reduced utility demand costs due to a
reduction in maximum demand. The cost of the lost revenue is the lost revenue minus the
utility’s cost of this energy. The cost due to reduced demand is a cost saving (reduction in
cost), and is dependent on the demand charge paid by the utility. The net cost due to voltage
drop is the cost of lost revenue minus the cost saving due to reduced demand. In certain
applications increased voltage drop could lead to a net cost savings (cost of lost revenue is
negative). This created scepticism among utilities, and Nickel and Braunstein [1981] adopt
the practice that the cost of voltage drop (for the purposes of distribution transformer
assessment) is the cost of voltage regulating equipment (to compensate for the voitage drop)
including voltage regulators, capacitor banks and OLTC transformers. Nickel and Braunstein
[1981] concluded that “the energy cost of regulation, or lost revenue due to reduction in
energy minus the utility’s cost of this energy, is still under study.”

The impact of conductor voitage drop on utility lost revenue and maximum demand needs to

be assessed.

2.45 Impact of load voitage dependency on network analysis results

Stojanovic et al [1999] investigate the effect of load voltage dependency on an IEEE 12.66kV
32 branch test network. The MV voltage drop is dependent on the load model and MV
source voltage, and is approximately 10% of the MV source voltage. The MV source voltage
was varied and the line currents, losses and node voltages were compared for constant
power, current and impedance load types. The results indicate that in distribution networks,
the currents, voltages and losses are sensitive to the load type (voltage dependency) when
the MV source voltage is at extremes (0.9 and 1.1 of nominal voitage). However for typical
MV source voltages (1.05 of nominal) changing the load voltage dependency had little
impact on the load-flow. This implies that for planning and design, assuming that the MV
source voltages are within normal limits (typically between 1.0 and 1.05 per-unit) the load
voltage dependency is not critical. Constant current models appear to be sufficiently accurate
and the most suitable model for distribution network planning and design studies. This is
supported by Brice [1992].

In South Africa “Residential loads can be approximately modelled as constant current in
static load flow studies” [Herman and Heunis, 2002]. Gaunt [1994] notes that South African
residential load research data is captured in amps, and that conversion to impedance or
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power models will introduce additional errors. Presently South African domestic load
research data (see section 2.4.9) does not provide information on load voltage dependency.
Possible additional accuracy via the modelling of constant power or impedance loads is
offset by the uncertainty in the appropriate load model to be used in a particular application.

The optimisation of conductor size is expected to affect conductor voltage drop and
consumer voltage variations. There are two implications for this research:

1) Technical load loss varies with conductor size. Lifetime technical load loss cost hence
varies with conductor size.

2) Customer energy consumption and demand vary with conductor size (for loads that are
not constant power) due to voltage drop over the conductor. Utility bulk energy purchase
costs and revenue hence vary with conductor size.

The sensitivity of South African rural domestic electrification network voltage drop and
technical load loss calculations to load voltage dependency needs to be assessed (see
chapter 9).

The sensitivity of conductor lifetime costs to changes in utility bulk energy purchase costs
and revenue (as a result of conductor voltage drop and load voltage dependency) needs to
be assessed (see chapter 10).

246 Domestic load modelling assumptions

In order to simplify the calculation process, the following assumptions have been widely
accepted with respect to South African domestic electrical load [Herman, 1993b; Herman,
1993a; Herman and Gaunt, 1997]:

« There are no generators within the residential network (no negative load current). The
impact of distributed generation is discussed in section 2.5 and is not expected to
significantly impact South African rural domestic grid electrification network design.

« No consumer will draw an average current for the duration of a single sampling interval of
more than the installed circuit breaker size. This assumption is justified for sample
intervals greater than the protection delayed tripping characteristics. For the sample size
of 25 minutes (the time interval used in the South African domestic load research) this
assumption holds.
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« The power factor for each consumer:is unity. In upper income areas, where motors are
common (typically in tumble-dryers, washing machines, swimming pool pumps, and air-
conditioners), this assumption needs to be analysed. This research is aimed at lower
income consumers where the balance of the load is formed by resistive elements that
have unity power factor, such as kettles, stoves, space and water heaters, and
incandescent lighting, but it is still useful to identify any limits on its wider validity.

The following need to be assessed for South African rural domestic electrification networks;
the typical power factor of low-income domestic loads, and the likely errors due to the
assumption of unity power factor in load-flow calculations.

247 Demand Side Management

Demand side management (DSM) devices are often installed by the supply authority to
control the load on certain appliances, such as hot water cylinders. DSM devices will impact
the load. For the purposes of domestic voltage drop and loss calculation, Sellick [1999]
states "it is assumed that DSM devices if present, are “typical” for the community under
consideration, that the percentage penetration is representative for that community.”

The implication for this research is that the domestic load research data described in section
2.4.9 will not be adjusted to account for possible DSM initiatives, and it is sufficient to
analyse the load data from the house level, and not appliance level.

248 Load forecasting

The criticality of adequate load estimation is highlighted by Brown [1996] where it is
established that the voltage performance of a newly electrified township (Tambo, South
Africa) was below standards shortly (within a year) after its completion. The poor voltage
performance is attributed to an underestimation of the load requirement. Strengthening was
required shortly after project completion, resulting in increased cost. Over estimation of the
load is also undesirable as this may lead to the provision of underutilised capacity, and

increased cost.

The load forecast of a comparatively large area can be achieved with greater accuracy than
the load forecast of the individual networks that comprise the “large area” [Fisher and Gales,
1971]. When predicting load over comparatively large areas, the forecast errors due to
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customer movement and new customers are reduced. Larger load step changes are
expected in individual networks as compared to the total load for a larger section of network.

For the purposes of this research, load forecasting techniques should be based on the
characteristics of the particular loads supplied by the feeder analysed.

2.49 South African domestic load research

South African domestic load research warrants specific discussion as the nature and
availability of load data will influence network load models, and thereby the method proposed
by this research.

Pioneering load research investigations by Herman and Gaunt [1991] resulted in the
development of synchronised load recorders to measure individual domestic consumer
currents within a community. The analysis of initial recordings challenged the assumption
that domestic consumer load currents at peak are normally distributed, and led to the
hypothesis that domestic loads are best described by a beta distribution [Herman, 1993a;
Herman and Kritzinger, 1993]. The Herman Beta voltage drop calculation method [Herman,
1993b] was subsequently developed, and is described in section 4.2.1. The South African
NRS lLoad Research project was started in 1994 to collect data characteristics of
domestic/residential customers and identify the relationships between household parameters
and electricity demand and consumption [Dekenah and Heunis, 1999; Gaunt, 1999].

5 minute average current samples (date and time stamped) are recorded for selected
customers in projects representing (as far a possible) the range of domestic customers in
South Africa. Load recordings are accompanied by socio-demographic surveys. By the end
of 2003 a total of 5681 socio-demographic surveys and 593 miillion load readings had been
collected [Dekenah, 2003]. Wealth and time-electrified are strong determinants of community
demand and consumption [Heunis and Dekenah, 2001}, and are therefore a good basis upon
which to classify loads.

Figure 2.4.9.1 shows the year 2003 status of all domestic load research projects since 1994,
mapped upon the axes of greatest sensitivity; Income and time-electrified.
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Figure 2.4.9.1: Map of domestic load research projects at end 2003 [Dekenah, 2003]
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The "BEST" projects identified in figure 2.4.9.1 are pilot sites assessing the impact of a Basic
Electricity Support Tariff, whereby a certain amount of units are provided free each month.

Relatively few projects are poor and old. Load research site selection is targeted at
addressing this gap.

The load research is being extended to non-domestic loads typically found in the vicinity of
domestic consumers, including schools, clinics and shops [Herman, 2003].

The NRS LR data is, amongst other uses, used to characterise domestic consumer loads
[NRS 034-1, 1999], and test the accuracy of voltage drop [Heunis, 2000] and loss estimation
techniques [Herman and Heunis, 2002). Domestic consumer load models, and their
application in voltage drop assessment, are discussed in more detail in chapter 4.

For the purposes of this research, methods should consider the South African domestic load
research data available, and thereby facilitate the assessment of new techniques that may
not have been practically feasible a few years ago.

Page: 20



2.5 ELECTRICAL NETWORK MODELS

Sellick and Gaunt [1995] stress that network performance evaluation accuracy is sensitive to
the network parameters, including network topology, phasing and line impedance. Referring
to LV voltage drop assessment, Sellick and Gaunt [1995] state “There is a balance between
calculation effort, and the risks taken by designing to a less accurate output index.” This
observation also applies to the evaluation of other performance aspects, such as technical
losses.

Three principles are important; the network model must be suitably accurate for the intended
purpose, errors and simplifications in the network model introduce errors that must be
reflected in the confidence associated with results, and the results are only as good as the
accuracy of all of the inputs, including both network and load models i.e. very accurate
network models may have limited value if the load modelling is poor.

In South Africa LV networks (urban and rural) are operated in a radial configuration.

In rural networks economic distribution is achieved via radial MV feeders running from the
supply centre to the various load points [Sen Gupta et al, 1984]. South African MV networks
are operated in a radial configuration. Normally open tie points are used for network
reconfiguration in the event of faults and planned outages. Many South African rural MV
networks are radial with very limited or no interconnectivity.

In urban areas with suitable load densities it is common practice to operate MV networks in
looped and/or meshed configurations. In looped and/or meshed networks Fisher and Gales
[1971] recommend that cables of uniform current carrying capacity should be used for a
particular voltage level. This simplifies operations and enables the establishment of
additional in-feed points with a minimum rearrangement of existing feeders. Fault level
considerations in meshed networks may also dictate a minimum cable size, and thereby
reduce the number of cable sizes considered.

In radial MV and LV networks, such as those used in South African rural electrification, it is
common practice to use tapered conductor sizes. The resultant cost savings are expected to
offset possible costs associated with future network upgrading and reconfiguration. Willis
[1997] observes that due to mechanical and logistic considerations, utilities standardise on a
minimum conductor size. Even if a conductor tapering philosophy is applied, the most
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common conductor size used is the smallest conductor aliowed for the network voltage level
[Willis, 1997].

Gaunt [2003] discusses the suitability of distributed generation as a cost effective option for
South African electrification, and concludes that “DG does not represent a lowest cost
solution to the energy needs of most customers and, for the purposes of this research
[electrification technology and processes], the effect of DG on electrification can be
disregarded.”

For the purposes of this research, there is no requirement to include DG in network and load
models. However it would be beneficial if the method developed by this research could
consider DG (or be enhanced to consider DG) thereby also being applicable in applications
where significant DG penetration levels are expected.

For the purposes of this research, distribution network models and analysis:

« can be confined to radial distribution network analysis with no distributed generation,
» should be applicable to both MV and LV networks (however different techniques may be

used at MV and LV),
« must consider the characteristics of each network branch (for the analysis of tapered

conductor sizing and different line technologies), and
« should accurately model branch impedances.

The assessment of DG is not an important requirement for South African rural electrification,
but it would be beneficial if the method developed by this research could support DG
modelling such that it could be applied in countries/networks where DG assessment is a

requirement.

26 VOLTAGE VARIATION MANAGEMENT

Voltage variation constrains the capacity of rural electrification networks [Agoris and
Argiropoulos, 1994]. South African voltage variation management warrants specific
discussion.
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261 Distribution voltage variation management philosophies in South Africa

Figure 2.6.1.1: Major components of a typical South African distribution network. Line voltage
regulators and shunt capacitor banks are not illustrated, but are commonly used
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The system depicted in figure 2.6.1.1 is typical of distribution systems in South Africa and
many other developing countries, having extensive LV feeders. However, it is less typical of
North American systems in which most of the distribution is at MV with very short LV feeders.

The main components of South African distribution network voltage management that need
to be taken into consideration for this research are as follows [Carter-Brown and Gaunt,
2006a; Carter-Brown and Gaunt, 2006b]:

« MV busbar voltages at HV/MV substations are kept relatively constant despite variations
in the HV and MV networks by automatic control of HV/MV on-load tap change (OLTC)
transformers. Small busbar voltage variations occur due to the tap step size and voltage
controller bandwidth.

« MVILV transformers are fitted with de-energised tap switches (DETS) to compensate for
voltage drop in the MV and/or LV networks. The DETS is not automated.

« Fixed and switched shunt capacitor banks are used to improve the load power factor,
reduce voltage drop and reduce energy losses.
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Carter-Brown and Gaunt [2003] research' 'voltage and volitage drop limits in distribution
feeders for network planning, design and operations in South Africa. The relevant findings
are as follows:

« Fixed tap MV/LV transformers are used in distribution networks. Customers supplied at
the LV service level experience the combined effects of the voltage drops and voltagé
regulation management in both the MV and LV networks. The MV and LV networks must
be planned, designed and operated with due consideration for one another.

. Voltage drop limits should consider equipment specifications, operating practices,
network status (normal versus abnormal configuration due to contingencies) and
contractual/regulatory obligations at the customer service points.

« The primary constraints dictating voltage drop limits are the voltage limit obligations at
the customer service point, and the compatibility (voltage requirements) of customer
loads and appliances.

« The maximum voltage drop limits are requirements within which the network should be
planed, designed and operated. More restrictive limits may be adopted if economically
justified by the consideration of technical losses and other lifetime costs.

« The majority of Eskom Distribution’s MV and LV networks are limited by voltage drop
requirements. This is significant for this research, as voitage drop considerations can be
considered a major factor in South African rural domestic electrification network planning
and design.

The voltage and voltage drop limits recommended by Carter-Brown and Gaunt [2003] for use
in South Africa are not based on a lifetime analysis of the costs associated with voltage drop.
In specific applications the optimal economic voltage drop limits (minimising lifetime cost)
may be significantly different (larger or smaller) to those recommended. A lifetime analysis
(incorporating, for example, technical loss costs) may show that the ecoriomic voltage drop
limits are less than, equal to, or greater than the maximum limits presently allowed. The
economic voltage drop limits are expected to be sensitive to the type of network (urban,
rural, buried cable or overhead) and customer (size, load characteristic and spatial location).

With regards to voltage drop limits, there are two potential outcomes for South African rural
domestic electrification networks:

1) Lifetime costs (not present voltage drop limits) dictate the scope of plans/designs: If
appropriate the voltage drop limits could be reduced or increased to coincide with the
economic voltage drop limits. Altematively network planning and design could
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. Line voltage regulators are used to compensate for unacceptably high levels of voltage
variation, and are usually used in rural networks.

« The planner/designer of a future network assumes the network will be operated in a
reasonable manner (voltage control and tap settings, balanced loads and appropriate
configuration of normally open points).

The method developed by this research must be appropriate for the assessment of voitage
limited networks containing OLTC and DETS transformers, shunt capacitor banks and
voltage regulators. The impacts of voltage control settings, tap settings, load balancing and
normally open point configuration need to be included.

26.2 Voltage limits, voltage drop, voltage variation and voltage regulation

The terms voltage limits, voltage drop limits, voltage variation and voltage regulation should
not be confused:

» Voltage limits are the maximum and minimum voltages that should not be exceeded at a
particular point in the network (usually a customer point of supply).

» Voltage drop limits are the maximum permissible voltage drops for particular networks.
Voltage drop limits are directly related to voltage limits. Voltage drop limits are selected
so that when combined with the distribution voltage regulation philosophy (transformer
tap settings and shunt compensation), the voitage limits will be met.

« Voltage variation is the difference between the maximum and minimum voltage at a point
in the network (as a result of stochastic load behaviour and network parameters). The
maximum voltage variation limit is the difference between the voltage limits.

« Voltage regulation is the action(s) taken to restrict the extent of the voltage variation.

2.6.3 Voltage drop limits in MV and LV distribution networks

Reliability requirements and economic objectives aside, the purpose of the distribution
network is to provide customers with power at voltage levels for which appliances and
equipment will operate with acceptable levels of perfformance and efficiency [Willis, 1997].

Lakervi [1984b] states that “Voltage drop is the most popular dimensioning criterion in
electnicity distnibution network design.”
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incorporate lifetime cost evaluation, within the requirements of the present voltage drop
limits.

2) Present voltage drop limits (not lifetime costs) dictate the scope of plans/designs: For
certain network/customer types, it would not be necessary to include lifetime cost
evaluation as the plan/design is dictated by the voltage drop requirement. The possibility
of increasing voltage drop limits: would need to be assessed. This may require revisions
to standards for voltage limits. The impact of increased voltage variation on customer
appliances would need careful consideration.

The suitability of present South African voltage drop limits is of particular interest in rural
domestic electrification networks as:

« The capacities of these networks are primarily constrained by present voltage drop limits.

« The Load Factor is relatively low (typically less than 15% [Sellick, 1999]). The cost of
load losses may not be very significant. The time duration of “low” voltage conditions may
be short.

« The customer appliances are relatively basic (typically only hotplates, kettles and
lighting) [Gaunt, 2003]. The operation, efficiency and lifespan of these “basic” appliances
may not be significantly affected by increased voltage drop limits.

« Lower voltages reduce the performance of appliances such as cooking and heating (they
take ionger to perform the same function). Lower voltages at peak loading may influence
consumer behaviour and shift load to periods of reduced loading (and improved
voltages). Increased voltage drop limits may act as a Demand Side Management signal,
with benefits for the upstream network and generation.

« Reduced voltages during peak loading result in decreased energy consumption (see
section 2.4.4). The South African generation peak coincides with the domestic load peak.
Reduced domestic peak consumption benefits generation.

. Gaunt [2003] identifies that in the context of the relatively high costs and low returns,
South African electrification is understood as being performed for social reasons, and “if
the electrification is to alleviate poverty, a lower quality of supply (wider voltage
regulation, more interruptions) will be acceptable if it does not diminish the efficiency of
delivering the benefif'. In the context of this research, increased voltage variation/drop
limits should be considered if these increased limits result in reduced lifetime cost, and
do not significantly reduce the benefits of electricity to poor (the vast majority of
electrification) customers.
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Looking ahead, the method developed by this research needs to consider both the MV and
LV network. The network voltage drops and consumer voltages associated with different
conductor sizes need to be assessed.

27 LOOKING FORWARD

The scope and boundaries for the optimisation of conductor size in South African rural
domestic electrification need to be refined. The following requirements have been identified
for further consideration:

'

« The method must cater for all of the standard distribution technologies and voltage levels
used in South Africa.

« MV and LV networks should be analysed in the same study so that interdependencies
between these network levels can be assessed.

« The conductor size must be optimised. The optimisation objective still needs to be
defined.

« The cost components significantly affected by conductor size need to be identified and
inciuded. Common costs can be ignored.

« Changes in utility revenue due to conductor voltage drop may need to be taken into
consideration.

« Suitably accurate load models are critical, and must adequately describe the stochastic
nature of domestic consumers. It is expected that South African load research will
directly affect the load models used in the research.

« The network can be confined to radial configurations. Each branch must be modelled.

« The network model must support OLTC and DETS transformers, shunt capacitor banks
and voltage regulators. The impacts of voltage control settings, tap settings, load
balancing and normally open point configuration need to be included.

« The MV and LV voltage drops and consumer voitages need to be calculated.

The possible errors due to assumptions regarding domestic consumer voltage dependency
and power factor need to be assessed for typical South African rural domestic electrification
networks.

The optimal voltage drops (based on the optimum conductor sizes) for South African rural
domestic electrification networks need to be compared with South African voltage drop limits.
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3. RESEARCH SCOPE AND BOUNDARIES

An initial set of requirements has been identified for the optimisation of South African rural
domestic electrification conductor sizes. In this chapter the scope and boundaries of the
research are refined further.

3.1 NETWORK TOPOLOGY FOR CONDUCTOR SIZE OPTIMISATION

Given the location and load requirements of a group of customers, the planner/designer has
control over the following major components that affect the network lifetime cost and voltage

drop:

« MV voltage level (usually dictated by existing distribution voltage for extensions off
existing networks). Note that in South Africa the LV voltage level is fixed at 400/230V.

« MV and LV line technologies. The technologies may be restricted based on the
availability of a three phase supply.

« MV and LV conductor types (overhead line, overhead cable, buried cable) and sizes.

« MVILV distribution transformer sizes and locations, which dictate the LV feeder zone
sizes (the lengths of LV networks and numbers of customers supplied by distribution
transformers).

The designer has little or no control over the “village” layout (the location of customers, roads
etc) [SABS 0150, 1983]. Network planning and design line routing is typically based on the
minimum total feeder length required to connect the network source and loads within the
constraints imposed by environmental restrictions [Cartina et al, 1998]. According to the
SABS 0150 {1983, subsequently withdrawn] “The layout of the LV network is normally radial
and is decided on an arbitrary basis and several alternatives may have to be considered to
obtain an optimum layouf’. Herman [1992] states “For deciding on the route [of LV feeders],
the most common method relies on experience.”

Page: 28



The SABS 0150 [1983, subsequently withdrawn] recommends that alternative LV supplies
are only provided to critical loads such as shopping centres and hospitals. For the purposes
of this research, all networks are radial and cables sizes are selected for normal network
operation with no alternate supplies. This is valid for South African rural domestic
electrification.

This research is confined to the selection of the optimal conductor size in each network
branch given the following user defined parameters:

« Network routing, connectivity and line lengths. Line routing algorithms have been
developed for network design [Dwolatzky, 2002]. Line routing is considered an input to
this research.

« Branch voltage level (e.g. 11kV, 400V).

« Branch technology (e.g. three phase, single phase, bi-phase).

« Customer load characteristics, customer locations and phasing (connection of singie
phase loads to three phase and bi-phase networks).

in addition to the conductor size, the extent to which the network is optimised will be
influenced by the feeder routing, voitage levels and technologies. Manual manipulation of the
network model is required to assess the impact of these factors. This method should be
sufficient to:

« Enhance present conductor size optimisation.
« Provide an objective assessment of present conductor size optimisation methods and
their impact on network lifetime cost.

Further research on optimisation techniques could develop the method further such that
other variables (feeder routing, voltage levels, technologies) are included in the optimisation.
As this research is focused on conductor size optimisation, other variables have not been
considered further.

Due to the considerable uncertainty in future loads, South African domestic electrification
networks may be planned/designed with an upgrade path such that initial capital expenditure
is reduced [Gaunt, 2003]. Network reinforcement in future years needs to be catered for.

LV customers experience the combined effects of the MV and LV networks. It is common
that MV and LV networks are planned and designed in relative isolation from one another
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Component

Description

Constraint/
Requirement

Include/
Omit

Justification for Include/Omit

Conductor fault level
ratings

Fault currents in excess of conductor fault
level rating may result in costs due to
conductor damage, penalties and customer
claims as a result of outages, and may have
safety implications. Conductor fault level
ratings are a constraint as violation of the
fault level rating may result in conductor
damage [Sellick, 1999).

Constraint

Omit

Conductor fault level ratings vary with conductor size.

In a South African urban township application, Jones and Gaunt [1987] obtained a 4% to
5% reduction in network capital cost by reducing fault levels. In rural domestic
electrification the cost savings associated with reduced fault level are insignificant as
these networks are voltage limited and MV/LV distribution transformers are generally
<100kVA. Conductor size selection in South African rural domestic electrification networks
is n&;et;onstrained by fault level rating. Conductor fault level ratings do not need to be
incl .

Conductor thermal
overloading due to load
current

Conductor thermal overioading due to
excessive load current may result in
increased cost due to conductor damage,
penalties and customer claims as a result of
outages, and may have safety implications.
Conductor thermal ratings are a constraint
as violation of the thermal rating may result
in conductor damage.

Constraint

Include

Conductor thermal ratings vary with conductor size.

{ Individual branches in voltage limited rural electrification feeders may be thermally

constrained where these branches supply relatively large loads in relative close proximity
to the feeder source. Conductor thermal limits must be included as a constraint.
Conductor thermal limit assessment will be confined to constraining the selection of
conductor sizes such that thermal constraints are met. The costs associated with thermal
overloading (shouid a conductor be used that has a rating less than the constraint) are not
included in lifetime costing. This is valid as conductor thermal limits are a constraint and
must be met for the purposes of conductor size optimisation in network planning and
design.

Consumer voltage limits

Consumer voltages need to be kept within
the limits set by utiity and government
regulations. Violation of consumer voltage
limits may result in penalties, fines and
customer claims. Volage limits are
considered a requirement [Sellick, 1999].

Requirement

Include

Conductor voitage drops vary with conductor size, thereby impacting consumer voltages.
As per section 2.6 the assessment of voltage limits must be included such that the voltage
drops and voltage limits associated with optimal conductor sizes can be assessed.

South African low-income domestic consumers are relatively financlally insensitive to
voltage variation [Gaunt, 2003] and seldom claim damages as a result of voltages outside
of regulatory limits. The impact of claims, fines and penalties on lifetime cost is not
required. If the resuits of this research show that the optimal voltage drops (based on the
optimised conductor sizes) are outside of the limits associated with regulatory standards
(specifically the NRS 048-2 [2004]), further research should incorporate these aspects.

In summary, the calculation of consumer voltages must be included, but the costs
associated with consumer voltage limit violation are omitted.

Table 3.2.1a: Constraints and requirements for consideration in South African rural domestic electrification conductor size optimisation
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(usually different resources are used), and this can lead to sub-optimisation [Carter-Brown
and Gaunt, 2003]. Optimal approaches consider both MV and LV networks. For the purposes
of the research, both the MV and LV networks should be considered such that sub-
optimisation is avoided.

3.2 CONDUCTOR SIZE OPTIMISATION CONSIDERATIONS

The components identified for consideration in the conductor size optimisation are listed in
table 3.2.1a, 3.2.1b and 3.2.1c. As per Sellick [1999] each component has been categorised
as being a constraint or requirement (see section 1.2). A justification is provided for the
decision to either include or omit each component.

Page: 30



" Constraint/ Include/ . _
Component Description Requi nt Omit Justification for Include/Omit
Consumer voltage The voltage unbalance at the consumer | Requirement Omit Conductor voltage drops vary with conductor size, thereby impacting consumer voltage
unbalance limits point of supply needs to be kept within the unbalance.
limits set by utlity and government Load unbalance and unbalanced network technologies need to be considered for network
regulations. Violation of consumer voltage modelling as unbalanced loads and network technologies affect voltage drop and
unbalance limits may resglt in penalties, technical losses [Herman et al, 1998; Chen, 1995].
fines and customer claims. Voltage South African rural domestic electrification consumers seldom require three phase
unbalance limits are considered a supplies [Gaunt, 2003]. The impact of voltage unbalance on consumers is not required for
requirement (in keeping with consumer the assessment of lifetime costs. If the results of this research show that the optimal
voltage limits). voltage unbalance (based on the optimised conductor sizes) are outside of the limits
associated with regulatory standards (specifically the NRS 048-2 [2004]), further research
should incorporate these aspects.
In summary, the caiculation of voltages and technical losses needs to consider load and
network unbalance. Consumer voltage unbalance limits and the costs associated with
consumer voltage unbalance limit violation are omitted.
Consumer voitage flicker, | Voitage flicker, dips and harmonics at the | Requirement Omit Conductor voltage drops and downstream fault level vary with conductor size, thereby
dip and harmonic limits consumer point of supply needs to be kept impacting voltage flicker, dips and harmonics. )
within the limits set by utility and South African rural domestic consumer appliances are relatively basic (typically only
government regulations. Violation of voltage hotplates, ketties and lighting) [Gaunt, 2003]. Voltage flicker, dips and harmonics are
flicker, dip and harmonic limits may result in omitted as the customer loads are unlikely to either cause or be affected by voltage flicker;
penalties, fines and customer claims. dips and harmonics.
Consumer voltage flicker, dip and harmonic
limits are considered a requirement (in
keeping with consumer voltage and
unbalance limits).
Network reliability The number and duration of sustained | Requirement Omit in interconnected networks conductor size affects the amount of load that can be supplied.
(sustained customer customer interruptions needs to be kept via network reconfiguration following an unplanned outage, thereby impacting network
interruptions) within the limits set by ufility and reliability. )
government reguiations. An increase in The economic cost of interruptions for South African rural low-income domestic customers:
interruptions may result in reduced revenue, is low [Gaunt, 2003]. South African rural domestic electrification networks are radial with
penalties, fines, customer claims and litthe or no interconnectivity. According to Willis [1997] the conductors in a set (for use in
economic cost to customers. conductor size optimisation) should be selected taking into consideration reliability
requirements. For this research, different conductor sizes in a set are assumed to have
similar reliability. The impact of sustained customer interruptions is omitted as conductor
size selection is not expected to significantly affect South African rural domestic
electrification network reliability. The implications for reliability should be researched if
results show that optimum networks have characteristics that could degrade performance.
Conductor capital cost Conductor capital costs inciude material, | Requirement Include | Conductor capital costs vary with conductor size.

labour and transport costs in year 1 and in
future years for reinforcement.

Conductor capital costs are a significant lifetime cost in the conductor size optimisation
performed by IEC 287-3-2 [1995], Willis [1997], Sellick [1999], Curcic et al [2001], Mandal
and Pahwa [2002] and Falaghi et al [2005], and need to be included.

Table 3.2.1b: Constraints and requirements for consideration in South African rural domestic electrification conductor size optimisation
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. Constraint/ | include/ .

Component Description Requi nt Omit Justification for Include/Omit

Kiosk, pole top box, This equipment is typically installed with | Requirement Omit The cost of this equipment does not vary significantly with conductor size, is considered to

circuit breaker and conductors as part of the distribution be a common cost and can be omitted for conductor size optimisation kfetime costing

metering capital costs network. Capital costs include material, [Seliick, 1999].
labour and transport costs. The effect of consumer circuit breaker limiting may need to be considered in load models

(see section 4.2).

Operating and Conductor operating and maintenance costs | Requirement Omit According to Sellick [1999] conductor operating and maintenance costs do not vary

maintenance cost arise due to routine network operations and significantly with conductor size, and can be ignored for conductor size optimisation
maintenance over the conductor lifetime. lifetime costing.

Utility bulk energy Cost incurred by the utility for the purchase | Requirement Include | As per section 2.4.4, consumer energy consumption and demand vary with voltage for

purchase costs of bulk power from generationtransmission loads that are not constant power. Conductor voltage drop and technical load losses vary
and utility owned generators. Utility bulk with conductor size [Sellick, 1999]. Conductor size optimisation may affect consumer
purchases include all energy dissipated in voltages, and hence impact consumer energy consumption and demand. Utility bulk
and supplied by the distribution network, purchase costs need to be included in conductor size optimisation due to the impact of
including consumer loads, technical losses conductor size on both technical losses and consumer energy consumption and demand.
and non-technical losses (see section The significance of changes in consumer energy consumption and demand (due to
5.1.1). conductor voltage drop) for conductor size optimisation needs to be assessed.

Utility revenue from Revenue received by the utility due to the | Requirement Include | Consumer energy consumption and demand vary with voltage for loads that are not

energy sales sale of energy to consumers. constant power (see section 2.4.4). Conductor voltage drop varies with conductor size.

Conductor size optimisation may affect consumer voltages, and hence impact consumer
energy consumption and demand. Utility revenue may need to be included in conductor
size optimisation due to the impact of conductor size on consumer energy consumption
and demand.

Technical losses From the perspective of transmission and | Requirement include | Technical load losses vary with conductor size [IEC 287-3-2, 1995; Willis, 1997; Sellick,
generation, distribution technical losses are 1999; Curcic et al, 2001; Mandal and Pahwa, 2002; Falaghi et al, 2005}, may affect bulk
indistinguishable from load [Tobin and energy purchase costs and need to be include in conductor size optimisation.

Glynn, 1991]. Technical losses may
increase utility bulk energy/demand and
resut in increased utility  bulk
energy/demand purchase costs.
Non technical losses Non-technical losses are predominately due | Requirement Include | Non-technical losses are significant in developing countries, with a value approximately

to de-calibration of meters, bypassing of
meters, damaged meters, emors and
estimations in the billing system, and energy
theft due to customers not registered in the
billing system [Cespedes et al, 1983;
Davidson et al, 2002].

20% reported for the Zambian distribution networks [Mupwaya, 2003}.

Non-technical losses reduce utility revenue (not all potential sales revenue is collected)
and thereby reduce the effective price paid by consumers for energy. Consumer energy
consumption and demand may vary as a result of conductor voltage drop. The change in
utility revenue (due to changes in consumer energy consumption and demand as a result
of conductor voltage drop) may be affected by the level of non-technical losses. Non-
technical losses need to be included in conductor size optimisation. The significance of
non-technical losses for conductor size optimisation needs to be assessed.

Table 3.2.1c: Constraints and requirements for consideration in South African rural domestic electrification conductor size optimisation
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Referring to tables 3.2.1a, 3.2.1b and 3.2.1c, the only constraint to be included is conductor
thermal rating. The rest of the components to be included are requirements.

Table 3.2.2 summarises the components included by previous conductor size optimisation
methods (which are reviewed in more detail in subsequent chapters).

le) = (2]
g3 g § ] g g g B
Method g2 | B2 | % | ¢ g g8 |ggss
iz | 8% | 1 ' I 1
= @ & § = ,g ) F
IEC 287-3-2 [1995] Note 1 Note 1 Note 1 v v
Willis [1997] v v v v
Sellick [1999] Note 2 Note 2 v v v
Curcic et al [2001] v v
Mandal and Pahwa [2002] v v v v
Faiaghi et al [2005] v v v v
Proposed method v v v v v v

Table 3.2.2: Components included for conductor size optimisation

Note 1: The IEC 287-3-2 [1995] bases conductor size optimisation on the minimisation of the sum of the initial
installation cost and the lifetime cost of technical losses. Fault level ratings, thermal ratings and voltage limits are
not explicitly included in the conductor size optimisation. The IEC 287-3-2 states that these additional criteria
should be considered in addition to the economic conductor size (based on initial and lifetime technical loss

costs).

Note 2: Using the same approach as the IEC 287-3-2 [1995], Sellick [1999] states that in addition to the economic
conductor size, fault level ratings and thermal ratings also need to be considered, but are not explicitly included in

the conductor size optimisation.

As per |IEC 287-3-2 [1995] and Sellick [1999], the calculation of the economic conductor size
can be considered a minimum conductor size. Additional constraints (such as fault level
ratings) possibly resulting in larger conductor sizes can be included by ensuring that the
optimal conductor size also meets these constraints. The assessment of these additional
constraints can hence be performed as a separate step following the economic conductor
size optimisation. Additional constraints, such as conductor fault level rating, could be
included in the proposed method for application in other networks/countries where
consideration of these additional constraints is necessary.

The proposed method includes non-technical losses and changes in utility revenue due to
conductor voltage drop. This is novel, and the relevance needs to be established.
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33 CONDUCTOR SIZE OPTIMISATION OBJECTIVE

For the purposes of the research there are two conceptual alternatives for the modelling of
utility cost and revenue for conductor size optimisation:

1) Model all costs and revenues: All lifetime costs and lifetime revenues are modelled. The
lifetime net profit is the lifetime revenue minus the lifetime cost. The optimal conductor
size maximises the lifetime net profit. This analysis can also give an indication of
expected Retum On Investment (ROI), but requires that all costs and incomes are
included.

2) Model changes in costs and revenue: Only significant changes in lifetime cost and
significant changes in lifetime revenue are modelled. Changes are relative to one of the
altemnatives, henceforth referred to as the base alternative. An increase or reduction in
cost (as compared to the base alternative) is reflected as a positive or negative cost
respectively. A reduction or increased in revenue (as compared to the base alternative) is
reflected as a positive or negative missed opportunity cost respectively. The optimal
conductor size minimises the sum of the change in cost and missed opportunity cost.
This analysis does not give an indication of expected ROI.

A ROI calculation is not required for this research. The 2™ alternative is preferred as it
requires less data. The "base alternative” for the purposes of the comparison of conductor
costs is a fictitious ideal conductor with zero cost and zero impedance. An “ideal” conductor
is used as the calculated difference in cost for a particular conductor size is the cost
associated with that conductor for the components considered in the analysis.

The cost components identified in tables 3.2.1a, 3.2.1b and 3.2.1¢ for inclusion in the
proposed method are optimised by minimising the sum of the cost components in table 3.3.1.

Page: 35



Cost component Cost relative to Range of values ) Polarity description

Conductor capital cost in Conductor with” |~ 1 ) . _

initial year [Rand] zero caphtal cost 0, +ve +ve: Increase in utility capitai = cost
Present value lifetime

increase in utility bulk

t‘:gg{,gg{::‘;‘hzg? due +ve: Increase in lifetime utility bulk energy
losses and changes in Conductor with +ve, 0, -ve purchase cost = cost

customer energy 2ero impedance ' -ve: Reduction In lifetime utility bulk energy
consumption and demand purchase cost = reduction in cost

due to conductor voltage

drop [Rand]

Present value lifetime +ve: Reduction in lifetime customer energy
decrease in revenue due to consumption = decrease in revenue =
changes in customer energy | Conductor with +ve. 0, -ve equivalent to cost
consumption and demand zero impedance ' -ve: Increase in lifetime customer energy
due to conductor voitage consumption = increase in revenue =
drop [Rand] equivalent to a reduction in cost

Table 3.3.1: Cost components for conductor size optimisation for minimum lifetime cost

The customer energy consumption and demand referred to in table 3.3.1 include non-
technical losses. Non-technical losses may impact on bulk purchases, technical losses and
revenue, and will be included in the optimisation.

It is convenient for subsequent chapters if the optimisation objective is referred to as lifetime
cost minimisation, with the understanding that changes in revenue are included whereby a
reduction in revenue (due to conductor voltage drop) is considered a missed opportunity

cost.

Conductor size optimisation is performed by minimising the lifetime capital, technical load
loss and voltage drop costs, within the constraints of conductor thermal ratings. Technical
load loss and voltage drop costs reflect the changes in utility bulk energy purchase costs and
utility revenue due to conductor impedance.

The voltage drop (and hence consumer voltages) associated with the optimal conductor size
need to be calculated. The optimisation will not be constrained by voltage drop limits or

voltage limits.

34 PRACTICAL APPLICATION

The method should be applicable to South Africa and other countries where distribution
networks are operated radially.
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Demonstration of the method will be confined to South African technologies and applications.
Costs (capital and losses) and financial parameters will be based on Eskom values.

35 LOOKING FORWARD

The following components need further investigation:

« Calculation and assessment of MV and LV voltage drop.

« Calculation and costing of conductor technical losses.

« Calculation and costing of changes in utility bulk energy purchase costs and changes in
utility customer revenue for different conductor sizes.

« Optimisation of conductor size to minimise lifetime costs within conductor thermal
constraints.

A possible reduction in lifetime cost via the proposed method as compared to the present
philosophy of minimum initial capital cost needs to be assessed for South African rural
domestic electrification.
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4. VOLTAGE DROP ASSESSMENT

Domestic consumers take supply at the LV service voltage. LV service voltages depend on
the voltage drops in the MV networks, MV/LV transformers and LV networks. For the
purposes of this research, the assessment of the MV and LV network and MV/LV
transformer voltage drops is required.

In this chapter the criterion for voltage assessment is introduced, with focus on South African
standards. LV voltage drop calculation. methods are investigated, as appropriate for
stochastic domestic loads. MV voltage drop calculation is discussed, with emphasis on the
different requirements for MV as compared to LV networks. Recommendations are made for

further investigation and testing.
4.1 VOLTAGE COMPATIBILITY LEVELS

The minimum LV voltage performance is usually specified as a maximum and minimum
voltage [IEC 38, 1994; ANSI C84.1, 1995; DME, 1996]. ANSI C84.1 [1995] specifies two
ranges of voltage limits as follows:

Range | Voltage limits Comments
A 5% Most service voltages must be within these iimits.
B +5.83% - Additional voitage variations due to practicai design or operating
8,33% conditions. Must be iimited in extent, frequency and duration.

Table 4.1.1: ANSI C84.1 [1995] 120V service voltage limits (Northern America)

South African LV voltage limits are specified in government regulations [DME, 1996] and
align with IEC 38 [1994]. The LV voltage at the point of supply can vary by £10% of the
nominal value (400/230V). There is no differentiation between normal and abnormal voltage

limits.

The above standards [IEC 38, 1994; ANSI C84.1, 1995; DME, 1996] do not specify how the
voltage should be assessed (the voltage performance criterion). The South African voltage
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performance criterion is prescribed in the NRS 048-2 [2004], which is similar to the Euro
Norm EN 50160 [2000]. The NRS 048-2 [2004] specification for LV customers <500V is as
follows:

. The standard LV voltage is 400V phase to phase (three phase Star), and 230V phase to
neutral (single phase and bi-phase). Voltage assessment is performed on the phase to
neutral voltages.

« The assessment period is at least one week. For long-term measurements, the assessed
weekly value is retained on a daily sliding basis.

« The highest and lowest of the assessed 95 % weekly values over the full measurement
period must not be outside 230V +10%.

. Not more than two consecutive 10-minute values can exceed 230V +10%, and not more
than two consecutive 10-minute values can be less than 230V -10%.

« The maximum deviation of the 10-minute values from 230V over the full measurement
period cannot exceed 230V +15%.

As will be shown, the method used for voltage drop calculation depends on the network and
load characteristic, and voltage performance criterion.

42  LVVOLTAGE DROP

In LV networks supplying relatively few customers the errors in voltage drop calculations can
be large due to inadequate treatment of the stochastic nature of the load [Sellick and Gaunt,
1995]. This section focus on the calculation of LV voltage drops for stochastic loads, with
specific focus on domestic loads.

In an analysis of the requirements of LV domestic design guidelines, Herman [1992]
highlights the following key aspects that are relevant to this research:

« Load currents vary stochastically, and this stochastic nature must be accounted for in
both phase and neutral current calculation.

« The design philosophy needs to be standardised with a logical procedure for application.

- Load estimation should be based on the selection of a consumer class, and any other
parameters that have an affect on the consumer class.

» It is necessary to consider probability and confidence limits in design calculations due to
the statistical nature of the loads.
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SABS 0150 [1983, subsequently withdrawn] and Swanepoel [1989] use diversity and
unbalance factors to adjust balanced LV load-flow voltage drops to account for the impact of
varying domestic customer numbers on load diversity and unbalance. Formulae/adjustment
factors are based on the inspection of load research data or assumed Gaussian distributions
at the period of maximum loading. Techniques based on the inspection of load research data
are not probabilistic and do not account for risk.

42.1 Herman Beta voltage drop assessment

Figure 4.2.1.1 shows a typical winter weekday load profile for Claremont measured in 1997
[Heunis and Herman, 1999b]. Two curves are plotted on the graph:

« An average load curve: The average load for the community during winter months.
« An upper limit load curve: The maximum average load which can be expected for a

specific half-hour period.

The extreme of the upper limit curve is equal to the ADMD of the community. Claremont
registered an ADMD of 4 kVA in 1997 [Heunis and Herman, 1999b).

Figure 4.2.1.1: Typical winter weekday load profile for Claremont as measured in 1997
[Heunis and Herman, 1999b]
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The ADMD is the maximum average load of a number of consumers. Figure 4.2.1.2 shows a
histogram of the individual loads when the average load is a maximum and illustrates that
the load currents at the instant of system maximum demand vary significantly.
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The load model used in the Herman Beta method is similar to the load models used in the
probabilistic load-flow analysis as developed by Allan et al [1974] and Caramia et al [1999].
These models assume that the load parameters of specific consumers are known. In
residential communities this is not the case [Herman and Heunis, 2002]. The load
characteristics of a homogeneous load class may be established via load research, but the
characteristics of individual consumers in practical network design is unknown (aerial
photographs of un-serviced areas can give some indication of the shape and size of
dwelling, but very little else) [Herman and Heunis, 2002].

Sellick and Gaunt [1995] compare different LV voltage drop calculation methods and
conclude that the Herman Beta method most accurately estimates the voltage drop (at peak
loading) for different network topologies, customer connections and load models (skewness

of the current distribution).

Heunis [1997] enhances the original Herman Beta method via superposition to address the
errors introduced by successive risk in multi branch networks.

The Herman Beta method, as enhanced by Heunis [1997], is endorsed by the NRS 034-1
[1999] as the recommended method for LV domestic voltage drop calculations in South
Africa. NRS 034-1 [1999] provides details on the Herman Beta calculations, and benchmark
cases for the testing of the algorithm in software applications.

Due to convenience, the beta distribution parameters of load current are typically based on
the consumer circuit breaker rating, ADMD and standard deviation of the consumer currents
at the ADMD [Gaunt, 1999].

Analysis of the South African NRS domestic load research data concluded that the load
current ADMD and variance at peak are strongly correlated to the After Diversity Demand
(ADD, which is the average consumer load current over an extended time period such as a
month) [Heunis and Dekenah, 2001]. The ADD is in turn strongly correlated to the household
income, time with electricity and Climatic Severity Index (CSI, based on the climatic regions
in South Africa) [Heunis and Dekenah, 2001]. These relationships have been incorporated
into a software tool for ADMD, monthly energy consumption and beta parameter estimation
[Heunis and Dekenah, 2001].

As the Herman Beta method accurately models the effects of unbalanced customer phase
connections [Sellick and Gaunt, 1995], the implications of different balancing approaches
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can be determined [Herman et al, 1998]. The results are very significant and Herman et al
[1998] show that for the same conductor volume a benchmark three phase and bi-phase LV
feeder give similar voltage drop performance. This is significant as an appropriate voltage
drop calculation method can radically change design beliefs that may be based on
inappropriate assumptions. For the purposes of this research it is important to note that the
design may be very sensitive to the voltage drop calculation method used.

It is interesting to note that in networks with few (typically less than 10) customers the
maximum voltage drop may not necessarily occur during peak mean loading [Gaunt, 1999].
A method that provides for the calculation of voltages at different times and loading
conditions is desirable.

Herman [2001a], Herman [2001b] and Herman and Heunis [2003] further enhance the
Herman Beta method to cater for mixtures of loads, fixed loads and optimised phase
connection (to minimise voltage drop).

The Herman Beta method only considers network resistance (inductance is ignored) and
assumes that the loads are constant current with unity power factor. These limitations and
assumptions are considered to be valid for the assessment of LV residential voitage drop
[Herman, 1993b; Gaunt et al, 1999]. The likely error range due to these assumptions needs
to be established (see section 9.4).

As mentioned previously, the range of probable voltage values provided by the Herman Beta
method is evaluated by selecting a confidence level and obtaining the associated percentile
value of the consumer voltage distribution. The probability of measuring a LV voltage at peak
load that is greater than the percentile value is known as the confidence level (reduced
voltage drop results in increased voltage). The probability of measuring a LV voltage at peak
load that is lower than the percentile value is known as the risk (increased voltage drop
results in reduced voltage). The design risk is the probability of exceeding the design
percentile value.

In South Africa a design risk of 10% has historically been used [NRS 034-1, 1999]. The basis
for this design risk is that this choice will result in designs that are not as expensive as
compared to a 1% or 5% design risk [Heunis, 1997].

A 10% design risk does not mean that at the feeder peak loading the minimum voltage on
the feeder will be above the design minimum value for 90% of the time. It should rather be

Page: 43



interpreted as 90% of the feeders will have a minimum voltage greater than the design
minimum value at the time of the peak load.

422 QOS voltage drop assessment

The Herman Beta méthod only considers the load at one instant in time and the design risk
applies to this instant in time. The consumer load currents at peak are statistically
independent [Heunis, 2000].

Consumer load currents considered over time are statistically dependent (correlated), and
this ban be seen in the well known residential load profiles for different day types (weekday,
Saturday and Sunday), seasons (winter, spring, summer, autumn) and load growth [Heunis,
2000]. Load currents are correlated due to external (weather) and intemnal (habits) which
influence the use of appliances [Heunis, 2000].

Figure 4.2.2.1: Average load profile as measured in two consecutive days in Tambo during
1998 [Heunis and Herman, 2000]
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Figure 4.2.2.1 shows the average load current trace for two consecutive days as measured
in Tambo, South Africa in 1998 [Heunis and Herman, 2000]. The trace has a mean value
(indicated by the bold horizontal line) and a movement away from the mean. This movement
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can be measured as the standard deviation of the trace. The two thin horizontal lines show
the 10™ percentile and 90" percentile of the trace.

As can be observed in figure 4.2.2.1, Heunis [1997] identifies that numerous load peaks of
similar magnitude are likely to occur in residential feeders. There are two implications for
voltage drop assessment:

. The ADMD is uncertain. The Herman Beta method requires a description of the load at
peak. There is uncertainty in the peak load and this is complicated by the consideration
of events such as extreme temperature variations. :

« The probability of exceeding the design percentile voltage drop is increased when the
same, or similar, peak load repeats over time. in South Africa the QOS risk is defined as
the probability that a feeder will violate the NRS 048-2 [2004] voltage performance
criterion.

Heunis and Herman [1999b] investigate uncertainty and uncertainty models for the design of
LV residential feeders, and via Monte Carlo simulation identify that there is a significant
difference between the design risk and voltage QOS risk for South African network and
consumer characteristics. Heunis {2000] develops a load model and associated voltage drop
calculation for QOS voltage assessment. The method is similar to the Herman Beta method
as the consumer voltage is fitted to a Beta distribution using the connection arrangement of
the feeder. However the first and second moments of the consumer voltage are calculated
based on a range of expected load parameters, considering the correlation of load currents
over time. The expected maximum load current is calculated as a percentile value, thereby
quantifying the probability in the selection of the maximum load (and hence the effect of
abnormal load peaks such those caused by extreme temperature variations).

Initial testing of the QOS method shows that the method is a better predictor of QOS voitage
performance as compared to the Herman Beta method [Heunis, 2000]. Furthermore it
appears that there is no obvious correlation between design risk and QOS risk [Heunis and
Herman, 2001).

The QOS method is being assessed by Eskom Distribution for possible replacement of the
Herman Beta method [Heunis and Herman, 2001; Lakmeeharan and Heunis, 2001; Heunis,
2002; Heunis, 2003).
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The QOS and Herman Beta methods are similar in that they are both based on beta load
current models, and via superposition, can accommodate fixed loads and mixed domestic
loads. The methods have the same assumptions and limitations regarding network reactance
(ignored), load power factor (unity) and load voltage dependency (constant current).

The LV voltage drop calculation (Herman Beta or QOS) implemented in this research
depends on the following requirements:

« Loss and voltage drop calculations should, as far as possible, share the same load data.

« The voltage drop calculation and data requirements should be applicable for analysis at
all time intervals (not just peak) and with a range of load types such as schools, clinics
and shops (in additional to domestic consumers).

423 Monte Carlo simulation

Oliveira et al [2005] utilise Monte Carlo simulation to extract LV percentile voltages for the
probabilistic analysis of LV network voltage variation. This approach is calculation intensive,
and is unnecessary as the QOS voltage drop calculation method calculates the percentile
voltages using probabilistic calculations.

Thomson and Infield [2005] utilise customer load models based on 1 minute time intervals.
For each study the 1 minute loads at each customer are generated based on the load model.
The consumer loads vary for each study. To extract probabilistic results these studies would
need to be repeated via Monte Cario analysis. The simulation of a 3700 node network over a
single day took 20 minutes. Repeating the analysis 1000 times (to derive percentile vaiues)

would take 14 days!

Monte Carlo simulation is essential for the testing of probabilistic calculation methods, but is
not suitable for practical network planning and design. For the purposes of this research,
Monte Cario simulation will be confined to the testing of proposed methods only.
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43 MV VOLTAGE DROP

43.1 Deterministic techniques

Deterministic voltage drop calculations are well described [Willis, 1997; Brice, 1992].
Research into South African domestic voltage drop estimation is focused on the LV
networks, where the stochastic nature of the load results in large errors with deterministic
voltage drop calculations [Sellick and Gaunt, 1995]. Deterministic MV voltage drop
calculations have historically been used for the following reasons:

. South African domestic electrification MV network branches typically supply more than
100 customers. As will be shown (section 4.3.2), the coefficient of variation of the load
reduces as the number of customers increases. Errors (due to the stochastic load
characteristic) in deterministic calculations are expected to be sufficiently small for
practical MV network planning and design voltage drop calculation purposes.

« In overhead MV networks the conductor spacing, and hence reactance, is larger than for
LV networks. MV voltage drops are expected to be more sensitive to network reactance
and load power factor (as compared to LV networks), and needs to be tested. Network
reactance, load power factor and load voltage dependency are considered by
deterministic load-flow techniques.

« Deterministic techniques are widely available in commercial and utility load-flow software.

The advantages of deterministic MV voltage drop calculation techniques appear to outweigh
the advantages of present probabilistic techniques. However the expected error levels in
deterministic techniques need to be quantified so that their suitability can be assessed for
this research.

Deterministic MV and probabilistic LV voltage drop calculations are presently combined in a
typical South African domestic electrification network study as follows:

1) The probabilistic current/load is calculated at the LV terminals of each distribution
transformer using the probabilistic LV load model (Herman Beta or QOS). For the
purposes of MV network and MV/LV transformer load-flow, this load is converted into a
fixed load on the LV terminals of the distribution transformer.

2) Deterministic MV load-flow is performed with the transformer fixed loads. Load voltage
dependency, power factor and network reactance are considered by the deterministic
calculations.
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3) The calculated voltage at the LV terminals of each distribution transformer is the source
voltage for the respective LV network.

4) The LV voltage drop, and hence minimum LV voltage, is calculated using probabilistic LV
load-flow (Herman Beta or QOS methods).

Repo et al [2005] use the same approach for MV voltage drop analysis as described above,
however the LV loads are based on normal distributions.

4.3.2 Preliminary analysis of error levels in deterministic techniques

Domestic loads are not correlated at a single time instance, such as peak loading. As the
number of consumers increases so the coefficient of variation decreases. This is
demonstrated in table 4.3.2.1 for the NRS 034-1 [1999] “rural village” load class for the year
7 peak loading. The normalised 90" percentile current was calculated as the 90™ percentile
current using beta and normal distributions, divided by the number of consumers. The
expected error in the 90" percentile current for 1000 customers if the current is based on the
non-statistical addition of the percentile currents for smaller numbers of consumers is
calculated i.e. the expected error if the percentile currents at the MV/LV transformers are
represented as fixed loads for MV load-flow analysis. The difference between the go™
percentile currents based on beta and normal distributions is also calculated.

Number of Mean y Standard Coefficlent Nog:‘:mﬁ:om Difference betwaerln'l Beta current error
consumers [amps] deviation | of variation beta/normal current normal and beta 90 relative to 1000
N o [amps] oy [amps] percentile currents consumers
1 3.00 3.60 1.20 8.40/7.63 -9.21% 166.95%
5 15.00 8.05 0.54 5.21/5.07 -2.64% 65.45%
10 30.00 11.38 0.38 453/4.46 -1.48% 43.96%
50 150.00 25.46 017 3.67/3.65 -0.35% 16.54%
100 300.00 36.00 0.12 3.47/3.46 -0.18% 10.23%
250 750.00 56.92 0.08 3.29/3.29 -0.07% 4.71%
500 1500.00 80.50 0.05 3.21/3.21 -0.03% 1.94%
1000 3000.00 113.84 0.04 3.15/3.15 -0.01% 0.00%

Table 4.3.2.1: Load characteristic sensitivity to customer numbers at peak loading for the
rural village customer load class according to NRS 034-1 [1999]

As expected (as a consequence of the central limit theorem), the difference in the 90"
percentile normal and beta distribution currents decreases with increasing customer
numbers. Errors between normal and beta distribution load models are negligible for
customer numbers in excess of 50. This indicates that if a probabilistic MV load-flow is
required, normal distributions are adequate for MV network analysis.
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in voltage limited networks the rﬁajority of the MV voltage drop occurs in the MV primary
(that part of a MV distribution feeder supplying the bulk of the load) [Van Wormer, 1954]. In
South African domestic electrification the number of customers supplied by the MV primary
typically exceeds 250. Table 4.3.2.1 indicates that the MV primary voltage drop error levels
may exceed 16% if domestic loads are modelled as undiversified fixed loads at each MV/LV
transformer location, where the number of consumers supplied per transformer is less than
50. The method used by Repo et al [2005] also overstates the load as the loads are not
diversified in the MV load-flow calcuiations.

Three deterministic MV load-flow options need to be evaluated:

1. Undiversified MV loads: The entire MV network is modelled, including MV laterals (the
MV iateral is typically a tee line off the MV primary). The MV/LV distribution transformer
loads are modelled as “bulk” loads at the MV terminals of the distribution transformers.
The MV bulk load at each distribution transformer is based on the load mean and
variance for the number of customers supplied by that distribution transformer (MV bulk
loads are not diversified). This is expected to overstate the total MV voltage drop (the
load and voltage drop in the MV primary will be overstated).

2. Diversified MV loads: The entire MV network is modelled, including MV laterals. The MV
bulk load at each distribution transformer is based on the normalised load mean and
variance for the number of customers supplied by the entire MV network (MV bulk loads
are diversified) multiplied by the number of customers supplied by that distribution
transformer. This is expected to understate the total MV voltage drop (load and voltage
drop in MV l|aterals will be understated). The error level in the total MV voltage drop may
however be low as the voltage drop in the MV laterals is typically much less than the
voltage drop in the MV primary (the MV lateral voltage drop is typically a 3™ of the MV
primary voltage drop in voltage limited feeders [Van Wormer, 1954)).

3. Undiversified loads lumped onto MV laterals: MV lateral line loadings are lumped onto
the MV primary as MV bulk loads, where each MV bulk load is calculated based on the
load mean and variance for the number of customers supplied by that MV lateral. Only
the MV network between the MV source and MV lateral with expected minimum MV
voltage is modelled. This method is expected to overstate the total MV voltage drop
(South African domestic electrification MV laterals typically supply less than 250
consumers and the MV bulk loads will hence be overstated) but the error will be less than
for option 1. The disadvantage of this option is that the expected voltage at the end of all
MV laterals is not calculated in a single study.

Page: 49



A probabilistic MV load-flow technique should only be investigated as part of this research if
the error levels in the above options exceed practical planning and design requirements. A
marginal improvement in accuracy may require considerable additional complexity and
should be carefully assessed.

Note that the MV/LV distribution transformer loadings and voltage drops should be assessed
as part of the LV network modelling so that the diversity at the distribution transformer level
is appropriately modelled.

4.4 LOOKING FORWARD

Methods are required for the calculation of South African domestic electrification MV and LV
network and MV/LV transformer voltage drops. The voltage drop calculation methods need
to take into consideration the way voltage performance is assessed in South Africa.

A probabilistic LV voltage drop calculation is required that accounts for varying customer
numbers, load diversity and unbalance:

« The Herman Beta and QOS methods are based on a beta distribution of consumer load
currents.

« The Herman Beta and QOS voltage drop methods use the same
assumptions/simplifications that network reactance is ignored, load power factor is unity
and loads are constant current. The possible errors associated with these
assumptions/simplifications needs to be established.

« The calculations need to be tested via Monte Carlo simulation using South African load
research data.

The LV voltage drop calculation implemented in this research (Herman Beta or QOS
method) will depend on the following requirements:

« Loss and voltage drop calculations should, as far as possible, share the same load data.

. The voltage drop calculation and data requirements should be applicable for analysis at
all time intervals (not just peak) and with a range of load types such as schools, clinics
and shops (in addition to domestic consumers).
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A new probabilistic LV voltage drop ‘calculation method should only be investigated if the
Herman Beta or QOS methods (with possible modification or enhancement) do not provide

acceptable accuracy.

Deterministic MV voltage drop calculation may result in acceptable accuracy in South African
domestic electrification. Three deterministic MV voltage drop calculation options have been
identified for further testing.

A probabilistic MV load-flow technique should only be investigated if the error levels in the
deterministic MV voltage drop calculation options exceed practical planning and design
requirements.
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5. TECHNICAL LOSSES CALCULATION AND
COSTING

Technical loss is an important lifetime cost component. Methods for the calculation and
costing of technical losses are required for conductor size optimisation.

This chapter begins by introducing technical and non-technical losses. The main
characteristics of technical loss estimation and costing for planning and design purposes are
summarised. Different technical loss calculation techniques are discussed, noting data
requirements, advantages, disadvantages and limitations. Promising techniques are
identified for further consideration. Methods for the costing of technical losses are analysed,
and desirable qualities established. Technical loss assessment methods for distribution
network planning and design are reviewed, with emphasis on methods for conductor size

optimisation.
51 INTRODUCTION TO DISTRIBUTION TECHNICAL LOSSES
5.1.1 Technical and non-technical losses

Distribution network losses are traditionally split into two categories; technical and non-
technical losses [Davidson et al, 2002; Cespedes et al, 1983; Saenz et al, 2001].

Load and no-load losses are referred to as technical losses. Bacelar [1995] observes that in
distribution networks:

« Load losses arise due to IR copper losses in components such as lines and
transformers. The load loss is responsible for the majority of technical losses. This is
supported by Tobin and Glynn [1991].

« No-load losses are predominately due to core magnetization and usually vary with the
square of the applied voltage.
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. Losses due to joints, corona ‘arid leakage curtents are so small that they are usually
considered to be insignificant.

In transmission and sub-transmission HV network loss calculations, corona losses are
included, but are considered insignificant in distribution technical loss evaluations [Cespedes
et al, 1983).

Non-technical losses are also referred to as “black losses” and are predominately due to de-
calibration of meters, bypassing of meters, damaged meters, errors and estimations in the
biling system, and energy theft due to customers not registered in the billing system
[Cespedes et al, 1983; Davidson et al, 2002].

Technical losses are dependent on the physical characteristics of the network (voltage
levels, line lengths, line technology and conductor size), equipment specification
(impedances, no-load losses) and the characteristics of the load (magnitude, power factor
and Load Factor) [Hickok, 1978; Cespedes et al, 1983; Flaten, 1988; Grainger and Kendrew,
1989; Willis, 1997; Vujosevic at al, 1999; Oliveira et al, 2001; Davidson et al, 2002].
Operations including normally open points, voltage control settings, tap settings, and load
balancing influence branch load currents and hence technical losses [Tobin and Giynn,
1991; Davidson et al, 2002). Operational decisions will impact technical losses, however the
majority of losses are determined by the network’s physical characteristic, which is
established at the planning and design phase.

Davidson et al [2002] consider technical losses in the context of a “de-regulated” (not
vertically integrated) Electricity Supply Industry, and observe that:

. "Losses represent a considerable operating cost, estimating to add 6-8% to the cost of
electricity and some 25% to the cost of delivery”. Technical losses do not have
immediate regulatory implications, but need to be managed and optimized.

. Historically there has been littie focus on the management of distribution technical losses
as “they [technical losses] do not constitute major operational or quality of supply
problems.”

in outlining the approach for evaluating distribution losses at the Electricity Supply Board,
ireland, Tobin and Glynn [1991] state that “Losses are intrinsic to the process of power
delivery but can be reduced to an economically optimal level. They are a significant factor in
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planning and system improvement. Policy on losses can substantially shape the structure
and development of a distnbution system.”

5.1.2 Loss assessment for network planning and design

Based on the work by Flinn et al [1983], Cespedes et al [1983], Flaten [1988], Bacelar
[1995], Vujosevic at al [1999], Sellick [1999], Ferreyra and Paoletich [2001] and Oliveira et al
[2001] the main characteristics of loss estimation and costing for planning and design
purposes are as follows:

» The losses are only of interest in the components that the planner/designer/operator can
influence.

« Analysis ignores the losses in system components that are not directly influenced by a
local decision e.g. when selecting the size of a MV conductor, the losses in the
downstream transformers and LV network can be ignored if their design and loads are
not significantly influenced by the choice of MV conductor.

« Non-technical losses are considered to be independent of the network alternatives
[Sellick, 1999], but allowances for non-technical losses may be required in load models.

« The analysis is complicated by the requirement to calculate both the magnitude and cost
of technical losses, including future load and generation impacts. Planning and design
studies require an economic analysis of losses, in an environment where there may be
considerable uncertainty associated with key parameters, éspecially forecasted load.

« Methods differ due to different network characteristics, data availability and the accuracy
requirement.

The rated losses of network devices are provided in manufacturer specifications [Hickok,
1978], but are only applicable for a specific (usually rated) loading level. Technical load loss
estimation is complicated by the requirement to account for load variations over the
evaluation period. This lead Wood [1958] to make the observation that “The determination of
electrical losses is an important feature in the economics of any distribution network and, due
to many factors that may only be approximated, it is one which tends to be very complex.”
The “many factors” referred to by Wood [1958] are expanded upon by Vujosevic at al [1999]
to include the complex structure of the distribution network, and large and unreliable network
and load databases.
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52  CALCULATION OF TECHNICAL LOSSES "~

521 No-load losses

The no-load loss is almost entirely due to iron loss (hysteresis and eddy current) in
transformer cores [Bacelar, 1995).

Due to core saturation the no-load losses are sensitive to the magnitude of the applied
voltage. It is commonly assumed that the average core loss is the rated core loss at rated
voltage [Tobin and Glynn, 1991}, unless there are known operational differences in which
case specific studies are recommended [Bacelar, 1995), and load-flow analysis is required to
calculate busbar voltages [Nazarko et al, 2000]. For the purposes of this research no-load
losses are assumed to be constant. The no-load loss demand is obtained by summating the
rated core loss of transformers. The no-load loss energy is obtained by muitiplying the no-
load loss demand with the number of hours in the evaluation period.

5.2.2 Load Losses: Loss Load Factor

it is common practice to simulate the network peak load condition for the assessment of
thermal limits, voltage drop and technical load losses. The Loss Load Factor (LLF) is
extensively used [Nickel and Braunstein, 1981; Cespedes et al, 1983; Flinn et al, 1983;
Baylor and Gustafson, 1989; Grainger and Kendrew, 1989; Bacelar, 1995; NRS 034-1, 1999;
Sellick, 1999; Davidson et al, 2002; Falaghi et al, 2005] to describe the relationship between
the average load loss and the maximum load loss (at peak load) and is mathematically
expressed as follows:

LLF = A‘M 5.2.2.1
Max load loss
LLF Loss Load Factor [per-unit]
Avg load loss Average load loss in time period [kW]
Max load loss Maximum load loss in time period [kW]
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The load loss energy over a time period is expressed as:

Load loss energy = Max load loss - LLF - Eval period 5222

Load loss energy Load loss energy over evaluation period [kWh]
Eval period Time in evaluation period [hours]

The Loss Load Factor is dependent on the characteristic of the load. Buller and Woodrow
first quantified a relationship between the Loss Load Factor and Load Factor (LF) in the late
1920s [Baylor and Gustafson, 1989]:

LLF =X -LF+(1-X)-LF? 5223
X A constant dependent on the load characteristic, and is derived empirically
LF Ratio of the average demand to the maximum demand (within a period) and is

expressed as:

LF = Avg demand

= 5224
Max demand

Avg demand Average load demand in time period [kW]

Max demand Maximum load demand in time period [kW]

Baylor and Gustafson [1989] show that the optimal value of X for modern (1989) American
load shapes is typically below 0.1, and recommended the use of X = 0.08.

A second equation is also commonly used to express the Loss Load Factor as a function of
Load Factor [Baylor and Gustafson, 1989; Bacelar, 1995]:

LLF =LF* 5225

a A constant that typically varies between 1.55 and 1.80 [Bacelar, 1995]
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The following issues and limitations associated with the Loss Load Factor method must be

noted:

. Bacelar [1995) identifies that the accuracy of the Loss Load Factor (as calculated via
equations 5.2.2.3 or 5.2.2.5) “depend to a great degree on the power factor, since the
load factor used is based on the active power and the values of X and a are empirically
estimated from apparent power load cycles.” A technique that incorporates the impact of
the power factor of the load in loss calculations will improve accuracy and should be
considered for this research.

« Wood [1958] identifies that the Load Factor and Loss Load Factor are a function of the
number of consumers. Sellick [1999] derives Load Factor and Loss Load Factor values
from load research data for domestic communities in South Africa. The results of the
Helderberg community are as follows. As the number of consumers increased from one
to sixty one, the Load Factor increased from 9% to 26%. The Loss Load Factor
increased from 2.5% to 8%. Beyond approximately 40 customers there is no appreciable
change in the Load Factor and Loss Load Factor. For the purposes of this research, loss
analysis in networks supplying stochastic domestic ioads should account for ihe impact
of varying customer numbers.

« Michie [1992] observes that the decrease in Load Factor towards the end of the feeder is
due to the loss of diversity as the number of customers decreases. In networks supplying
domestic loads the Load Factor and Loss Load Factor vary for each branch due to
differences in customer numbers [Sellick, 1999]. Techniques such as those employed by
Cespedes et al [1983] and Flinn et al [1983] exclude the effects of load diversity as a
single Loss Load Factor is used per customef type, regardless of the number of
customers. The errors may be significant. For the purposes of this research, diversity
should be included by calculating losses separately for each branch. This is very
convenient if thermal loading and voltage drop calculation techniques also require a per
branch analysis (as is the case with the Herman Beta and QOS methods discussed in
chapter 4).

« The balancing of load connections influences the peak current, Load Factor and Loss
Load Factor in each phase (the customer numbers supplied by individual phases
change). The dynamic nature of unbalance (which varies with load cycles) is not taken
into consideration by the Loss Load Factor. For the purposes of this research, the effect
of load balancing at peak and other time periods should be included in loss calculations.

« Itis assumed that the loads vary uniformly at all busses [Bacelar, 1995] i.e. that the loads
are homogeneous and have the same load shape, and in future years change at the
same rate. For the purposes of this research, loss calculations should be able to cater for

Page: 57



networks supplying mixtures of loads with different load shapes (non-homogeneous
loads) and different load forecasts.

« The accuracy of the Loss Load Factor technique is dependent on the maximum load
used in studies. Due to the stochastic nature of distribution loads, the maximum loading
of a network can be difficult to quantify and should be represented as a statistical
property associated with a confidence level [Herman, 1993b] i.e. a maximum load value
with a certain probability that this value will not be exceeded. The Loss Load Factor can
be applied to historical load data, where the maximum load (and hence load loss during
maximum load) is known (the maximum load loss is typically calculated via load-flow).
For planning studies the maximum load may take into consideration the effects of events
such as extreme weather and cold load pickup. The Loss Load Factor is only valid if the
condition for the peak load (upon which the Loss Load Factor is based) coincides with
the assumptions used in the peak load prediction by the planner/designer. The expected
load loss will be significantly overstated if the planner/designer uses typical values for
Loss Load Factor but includes a safety factor in the peak load prediction without
adjusting the Loss Load Factor accordingly. As the load losses increase with the square
of the load current, a 10% peak load safety factor will overstate the maximum load loss
by approximately 21% (the average load loss will also be overstated by 21% if the Loss
Load Factor is not adjusted accordingly). It is primarily for this reason that load loss
calculations and maximum thermal loading and voltage drop calculations are often
separated in network planning and design studies. The assessment of losses should be
an integral part of planning and design. For the purposes of this research it is desirable to
be able to cater for the requirements of loss analysis, thermal loading and voltage drop
assessment (for different levels of risk) using the same network and load data.

» The average load loss is estimated but the time-of-use characteristic of the load loss is
not described. As discussed further in section 5.3, the cost of losses is dependent on the
co-incidence of the loss with generation and network load peaks. For the purposes of this
research, techniques that calculate load losses during different time periods (time of day,
day of week and season of year) will enhance loss assessment for planning and design.

The loss calculation method developed by this research will need to be compared with the
Loss Load Factor method as used by Nickel and Braunstein [1981], Cespedes et al [1983],
Flinn et al [1983], Baylor and Gustafson [1989], Grainger and Kendrew [1989], Bacelar
[1995], NRS 034-1 [1999], Sellick [1999], Davidson et al [2002] and Falaghi et al [2005].
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5.2.3 Network simplification

The availability of network and load data influences the selection of an appropriate load loss

calculation method.

Change [1968] simplifies data requirements by deriving loss approximations for feeders
supplying evenly distributed load.

Schultz [1978] provides loss estimation formulae for MV networks based on feeder area,
voltage level, load density and MV primary and MV lateral conductor sizes. The method is
developed for generalised analysis. Schultz {1978] cautions that the results are not always
directly applicable to specific networks.

The requirement for the simplifications used by Change [1968] and Schultz [1978] were also
linked to the computing power available at that time. The methods developed by Change
[1968] and Schultz [1978] do not account for the individual branch loading characteristics.
The effects of diversity and unbalance are not accurately modelled. For the purposes of this
research it is assumed that a per-branch network model is available, and network
simplifications are not required.

524 Network state-estimation

In transmission and sub-transmission HV network loss calculations, increased network and
load visibility can lead to the use of state estimation for loss calculation [Cespedes et al,
1983]. Loss calculation via state estimation is only applicable to the calculation of losses in
existing networks. Due to the lack of visibility in distribution networks and the requirement for
planning and design loss estimation in future networks and years, state estimation is not
considered further.

5.2.5 Shunt capacitor banks
The research by Kyaruzi [1994] indicates that utility shunt capacitors can have a large impact
on network losses, and as such should be included in this research. There are two basic

options to include the effect of utility shunt capacitors on losses:

1) Indirect consideration via adjustment of load characteristic. The load magnitude and
power factor (of loads) are modified to include the effect of shunt capacitors.
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2) Explicit modelling of shunt capacitors: The effect of the reactive power compensation on
branch currents is modelled directly in the loss calculation (consumer loads are
unchanged).

For the purposes of this research, option 2 is preferred as the impact of shunt capacitors on
individual branch (conductor) currents/losses can be assessed.

5.26 Muiltiple load-flow analysis

Improvements in modem computing power enhance the feasibility of muiltiple time interval
load-flow simulations such that the losses in different time interval can be calculated taking
into consideration the dynamic nature of both the load and network (e.g. capacitor bank
switching, transformer tap adjustment and load voltage dependency) [Carter-Brown, 1999].
In distribution networks the majority of loads are modelled as constant current [Bacelar,
1995] and South African distribution transformers are operated in fixed tap [Carter-Brown
and Gaunt, 2006b]. The improved accuracy via multiple time interval load-flow may not be
justified and needs to be tested.

5.2.7 Load loss and voltage drop

In LV networks the network impedance is predominately resistive [Herman, 1993b]. Low
income domestic network design calculations can be simplified by assuming a unity load
power factor [Herman, 1993a; Herman, 1993b]. The LV network loss during peak can be
approximated from the maximum total load and LV voltage drop [Bacelar, 1995; Gaunt, Unk].
This method can provide a useful indication of losses, especially in networks where network
data is not readily available (for per branch load-flow analysis) but voltage and load
measurements can be performed. Even if the loss at a particular instance in time is
correlated to the voltage drop at that time, techniques are still required to calculate the loss
at other times. For planning and design studies, estimating network losses based on total
voltage drop introduces additional errors (as compared to a per branch analysis) as the load
characteristic supplied by each branch is not considered. The estimation of network losses
based on total voitage drop has not been considered further. |
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5.2.8 Loss calculation in unbalanced networks
Current and voltage unbalance arises due to [Chen, 1995]:

. Asymmetry in the configuration of power system components in three phase networks,
such as un-transposed lines and open delta transformers.

. Unbalanced loads, which include single phase loads, and loads taking three phase
supplies where the phase currents are not the same.

The asymmetry referred to by Chen [1995] can be extended to include unbalanced
distribution technologies such as single phase, phase-to-phase, bi-phase and SWER.

In three phase distribution networks the predominant cause of current and voltage unbalance
is unbalanced single phase loads [Chen, 1995].

Bacelar [1995] makes allowance for the effect of load unbalance by increasing the load loss
by an unbalance factor which is based on the assumption that on average, the greater phase
current is 20% higher than the average phase current. The unbalance factprs vary between
1.1 and 1.162.

Tobin and Glynn [1991] increase the calculated losses by 10% and 15% for MV and LV
networks respectively. The increase is attributed to account for the effects of load unbalance
and the averaging in load data collection.

Cespedes et al [1983] ignore the effect of load unbalance, stating that this simplification does
not introduce significant errors for the power system analysed (the Columbian distribution
network). The validity of this assumption is questionable in light of the unbalance factors
used by Bacelar [1995] and Tobin and Glynn [1991]. |

The unbalance factors used by Bacelar [1995] and Tobin and Glynn [1991] are not based on
stochastic load models, and could vary significantly between different networks. The use of
general unbalance factors will result in errors when applied to individual networks. In South
Africa extensive use is made of single phase MV and LV technologies (section 2.1).
Unbalance must be modelled for South African distribution network loss estimation. The
stochastic nature of the load, and unbalance, must be considered.
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529 Effect of losses on demand and energy consumption

The effect of losses on upstream network/generation loading is influenced by two
characteristics:

« Loss coincidence: A peak responsibility factor is often used to describe the coincidence
between the load loss and network/generation load peak [Nickel and Braunstein, 1981;
Bacelar, 1995]. Grainger and Kendrew [1989] use loss coincidence factors to account for
the effect of diversity when calculating the demand loss at different network levels. Peak
responsibility factor and loss coincidence factor methods are constrained by the lack of
suitable data describing these parameters for different customer mixes and numbers.
Parameters need to be based on load research [Tobin and Glynn, 1991]. A method
whereby these effects are included via the appropriate treatment of load data is
desirable.

. Load voltage dependency: It is commonly assumed that load losses increase maximum
demand and energy consumption as seen by the upstream network/generation [IEC 287-
3-2, 1995; Sellick, 1999; Davidson et al, 2002]. Grainger and Kendrew [1989] treat the
downstream loads as constant power loads, and use a loss adjustment factor to account
for the increase in upstream loading due to downstream network losses. The relationship
between upstream loading and downstream losses is dependent on the load voltage
dependency, and is discussed further in sections 5.3.2. The requirement to consider the
effect of load voltage dependency on upstream network/generation loading in the
assessment of losses needs to be tested.

5.2.10 Statistical methods for loss estimation

The errors and limitations of the Loss Load Factor approach arise due to the stochastic
nature of distribution network loads. Herman and Heunis [2002] recognized that "To
calculate the resistive losses in a LV feeder over a period of time, the loads are best
approached as stochastic current signals". This statement focuses on LV network analysis,
where the stochastic nature of the load has the largest impact on expected losses. At higher
network levels, such as MV, the increased diversity between individual loads reduces the
errors associated with modelling loads without consideration for their stochastic nature.
Techniques providing acceptably accurate results for LV loss analysis may also be adequate
for MV loss analysis requirements, but simpler techniques might be appropriate for MV

network analysis.
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The following characteristics apply to the Herman and Heunis [2002] method for the
estimation of the resistive losses on LV residential feeders:

« The average current of a population of customers over time is a probability distribution
function which can be represented as a mean and standard deviation. Yamaguchi et al
[2005] refer to this load variability as consisting of “predictable” and “unpredictable”
components. |

. Common electricity usage habits (due to external factors such as time of day and
season) in a community cause the loads of different houses to be correlated, arising in
the well-known average load profile for residential customers (the “predictable”
component referred to by Yamaguchi et al [2005)).

« The property of random variables is used to describe the loss in terms of the load current
mean and variance.

Loss=R - E[PJ:R : (}12 + 62) 5.2.10.1

Loss  Load loss [W]

R Resistance [Q]

E[¥ Expected value of the second moment of the current [amps?
M Average value of the current [amps]

c Standard deviation of the current [amps]

If N consumers are connected to a branch, E[I’] can be calculated as [Herman and Heunis,
2002]:

N 2 N N N
E[12]=[Zuk} +D 65+, D.p;+6;-C, 5.2.10.2
k=1 k=1

i=lj=li%j

N Number of consumers

Mk Average value of the load current of consumer k [amps]

ok Standard deviation of the load current of consumer k [amps]
Pij Correlation between the load currents of consumers i and j

- Statistical parameters (mean, standard deviation, variance and correlation coefficient)
are extracted from load research data (current recordings of each domestic customer in a
sample community) to describe a population of domestic customers.
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« The calculation of the variance considers the correlation of load currents. All consumers
are assumed to have the same power factor (in this case unity).

« The load losses are calculated for each phase and neutral conductor for each branch
based on the network topology (line resistances) and customer connections. Unbalance
is explicitly modelled.

« The average load loss is calculated. The load loss over an evaluation period is obtained
by multiplication of the average load loss with the duration of the evaluation period.

« Herman and Heunis [2002] test the method against Monte Carlo simulation using load
data for the Tambo community (low income residential customers in South Africa) on a
representative 12 branch LV feeder. The error of 0.5% (between the expected resistive
load loss and Monte Carlo result) verifies that the technique is accurate for a typical low
income South African domestic community.

An inspection of the method developed by Herman and Heunis [2002] shows that it has the
following possibilities for possible application in this research:

« The equations are developed for a 3 phase 4-wire network. With modification the
approach is also applicable to other technologies including bi-phase and 3 phase 3 wire.
In 3 phase 3-wire (deita) networks the correlation of phase currents needs to account for
the connection of loads between phase and phase (the phase current is displaced by 30°
from the phase to phase voltage).

« Mixed residential load classes are not explicily modelled, but could be included,
assuming zero correlation between load classes. The accuracy of this assumption would
need to be tested.

« Only the average load loss is calculated. The distribution of the load losses over time
(time of day, day of week, month or season) is not known. Derivation of load parameters
for different time intervals will provide time specific losses.

« The method should also be applicable to other (non-domestic) loads. When mixing load
types the consideration of the load power factor may improve accuracy. The possible
errors if load power factor is ignored would need to be assessed.

« The method was developed specifically for, and tested on, LV feeders supplying
domestic consumers. It should also be applicable to MV networks operated in radial
configurations.

« The forecasting, costing and financial analysis of load losses is not addressed, but the
method could form the basis for a greater model incorporating these aspects.
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5.2.11 Load profiles

Load losses vary with the magnitude of the load. Load profiles, describing the load during
different time periods, can be used to enhance load loss estimation and costing.

Bilbao et al {2001] observes that the load profile of a customer can be estimated based on
historical consumption data, or standard models can be used for different customer types. If
historical consumption data is not available, some customer data is required so that the
appropriate customer type can be assigned. Load research data is essential so that suitably
adequate load models can be derived. Flinn et al [1983] state that “a key link [for loss
estimation using load profiles] is load surveys which provide 24-hour load profiles for each
class of customer throughout the year.”

Chen et al [1994] use a single daily load profile to describe the load variation for loss
analysis. The uncertainty in the load profile is not catered for. Grainger and Kendrew [1989]
and Flinn et al [1983] use statistical clustering to generate normalised daily load profiles for
“significant’ days. When applied to HV/MV transformer loading Grainger and Kendrew [1989]
observe that “a year can be represented statistically by between four and six typical days.”
The techniques used by Flinn et al [1983] and Chen et al [1994] do not include the
uncertainty of the daily load cycle(s). The errors in these methods needs to be assessed
when applied to stochastic loads such as domestic consumers.

Oliveira et al [2001] use normalised daily profiles as the basis for load loss estimation:

« Consumers are represented by typical per-unitised daily mean and standard deviation
load curves. The profiles are based on an extensive load research project described by
Jardini et al [1995].

« LV residential customers (4 categories) are classified based on average energy
consumption. LV commercial (47 categories) and industrial (26 categories) customers
are classified according to their respective activity. 6 MV customer categories are
differentiated.

« The per-unit load profiles are scaled with estimated energy consumption or customer
billing data to derive kW load profiles.

« Load loss calculation for both MV and LV networks is performed via load-flow simulation
using the mean kW load in each time interval.
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. Per-unitised daily load profiles include standard deviation. Load loss calculations are only
based on the mean load. The standard deviation is ignored in load loss calculations
(same as per Flinn et al [1983], Grainger and Kendrew [1989] and Chen et al [1994]).

. Load currents are assumed to be balanced across the available phases.

. Correlation between customers in the same customer category is ignored.

A method utilising a statistical treatment of the loads (as per Herman and Heunis [2002]) for
each time interval using representative daily load profiles (of mean and standard deviation)
should be investigated further and compared with the results of the methods used by Chen
et al [1994] and Oliveira et al {2001].

5.2.12 Uncertainty in expected loss resuits

Loss analysis requires the specification of parameters for which there may be considerable
uncertainly including conductor size, line length, number of customers, customer load
characteristic and connection phasing [Heunis and Herman, 1999b].

By assigning probability distribution functions to the factors influencing the expected loss, the
expected loss can be expressed as a probability distribution function [Herman and Heunis,
2002]. The calculation of the expected loss probability distribution function however becomes
cbmplex and requires significantly more load information [Herman and Heunis, 2002]. This is
demonstrated in the method developed by Fourie [2001] which uses a beta distributed load
model for loss estimation.

A simpler method is to assign a set (low, middie and high) of values to each parameter to
account for uncertainties and the lack of suitable data [Nazarko et al, 2000; Hong and Chao,
2002; Herman and Heunis, 2002]. The loss result is then a fuzzy set (low, middie and high)
showing a range of expected values.

For operational purposes a range of expected loss values is useful. For planning and design
only the expected average value of loss is required. Unlike thermal loading constraints and
voltage drop requirements, the planner/designer does not need to assess the risk of loss
exceedance. In distribution networks numerous similar networks are planned/designed. The
plan/design must be based on expected average loss, with the understanding that the losses
in individual networks will vary from the average. This is supported by the results of Camargo
et al [2001] who compared deterministic and probabilistic approaches to cable sizing. By
providing a range of values for the input parameters, the probabilistic method provides
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information on the risk associated with each option (cable size). However the optimal (least
cost) cable size is the same as for the deterministic calculation.

For the purposes of this research it is not necessary to express the expected losses as a
probability density function or fuzzy set.

5.2.13 Calculation of load losses in future years

A prerequisite to the lifetime costing of losses is the calculation of load losses in each future
year in the evaluation period. The generally accepted approach [IEC 287-3-2, 1995; Willis,
1997; NRS 034-1, 1999; Sellick, 1999] is the extrapolation of the initial year load loss to each
future year using the assumption that the change in load current is proportional to the
change in forecasted load magnitude (the change in load loss is hence proportional to the
change in load magnitude squared), and uses the following parameters:

« Initial year load loss: The load loss in the initial year.

. Evaluation period: Typically the equipment anticipated lifetime.

« Load growth: Usually expressed in % growth per annum (compound growth) but could be
any shape and is not necessarily exponential.

5.3 COSTING OF TECHNICAL LOSSES

The costing of technical losses is important for network planning and design. An optimal
balance must be achieved between the cost of supplying losses and the cost of reducing
losses. Tobin and Glynn [1991] observe that “Expenditure on loss reduction is often regarded
as optional’ resulting in potential underinvestment thereby committing the utility to increased
costs. “Under-valuing the distribution losses diverts investment towards the generation and
transmission system levels, to lesser advantage. This leads to non-optimal system
development overall and to reduced economic efficiency and waste of resources.” [Tobin and
Glynn, 1991]. Conversely over-valuing the cost of losses diverts investment to the
distribution network.
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6.3.1 Traditional approaches to the costing of losses

Four financial analysis methods are in general use for the costing of technical load and no-
load losses [Nickel and Braunstein, 1981]:

« Present worth of annual revenue requirement.
« Levelised annual cost.

« Annual cost.

« Equivalent investment cost.

The 