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Abstract
An investigation was carried out with the primary objective of ascertaining whether it is possible to develop a model for
determining the feasibility of retrofitting hydropower to existing dams in South Africa. The need for such a model is
primarily due to the growing importance of small-scale hydropower projects resulting from the global shift towards renewable energy and the South African energy crisis, the increased price of energy and the introduction of feed-in tariffs for
renewables. The model is intended for engineers, typically working on behalf of a client who would like a simple first order
assessment of feasibility. It therefore takes all technical, environmental, social and financial considerations into account in
order to provide a recommendation on whether or not a project would be feasible.
Achieving the primary objective required an in-depth study of the theory and literature related to the current electricity
situation in South Africa as well as all the different components and considerations of hydropower projects. This theoretical
knowledge could then be utilised to develop a computer model which combines the most important considerations into a
cohesive whole in order to make a recommendation on feasibility. The accuracy and applicability of the model could then be
ascertained through testing, using actual case studies in South Africa. Three test cases were utilised which yielded positive
results.
A number of difficulties were encountered. These related mainly to the development of an accurate means for pricing
the different components primarily due to a lack of response from suppliers. Such issues were solved through the use of
theoretical formulas and studies which provided good results. Ultimately, a model was developed which includes financial,
environmental and social considerations and provides values that are accurate enough as an initial tool in determining
whether or not to continue with a retrofitted hydropower project.
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Introduction
The global shift towards renewable energy and the ongoing
South African energy crisis have created an environment where
small-scale hydropower projects, such as those which are retrofitted to existing dams, are both environmentally and financially
attractive. In the engineering field, as with all professions, time is
money and constant attention is therefore paid to developing easy
ways to solve complex problems as well as improving and refining the existing practices. Retrofitted hydropower, or any form of
hydropower in fact, involves many interrelated inputs and components, and conducting an initial feasibility study can therefore
be time-consuming. An investigation was carried out with the
primary objective of testing the assertion that it is possible to
develop a model to be used as an initial step in the determination
of the feasibility of a retrofitted hydropower project, hence saving time and money in the earliest stage of a project.

energy sector contributing about 15% of the GDP (SpaldingFecher et al., 2003). This has resulted in an energy-intensive
economy. Only 10 other countries worldwide are known to
have higher commercial primary energy intensity than South
Africa (U.S. Energy Information Administration, 2008).
Eskom generates 95% of South Africa’s electricity with the
remaining 5% made up by a small group of private individuals
who generate electricity mainly for their own use (Department
of Minerals and Energy (DME), 2007). Eskom owns 13 coalfired power stations, a nuclear power station, two pumped storage schemes, six hydroelectric power stations, one wind farm
and four gas turbines which are only used for peak demands
(Eskom, 2011). The distribution of power is shown in Fig. 1.
With South Africa experiencing serious electricity shortages in recent years, it has become essential to step up the
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Literature review and technical background
The current energy situation
South Africa has developed over time as a country whose
economic development has been centred on energy, with the
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Figure 1
Percentage contribution to power generation in 2011
(Eskom, 2011)
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hydropower can also be used for recreational purposes
(Frey and Linke, 2002). Different forms of hydropower
including reservoir, pumped storage and run-of-river
systems of various sizes are available and can be used for
different forms of electricity generation (IHA, 2005).
Retrofitted hydropower

Wind (17%)

Hydro power (14%)

Figure 2
Percentage potential contribution of different forms of
renewable energy (DME, 2003)

plans for future electricity development. The South African
Cabinet approved the Integrated Resource Plan (IRP) for
Electricity (2010 - 2030) as the basis for South African power
generation for the next 20 years. The approved plan is geared
towards a low carbon future and aligned with the country’s
long-term mitigation scenarios in line with national government’s aspiration. It is envisaged that 42% of the new-build
programme, excluding Eskom’s current committed capacity
expansion programme, will be from renewable energy sources
between 2011 and 2030 (Eskom, 2011). By 2030, it is anticipated that the percentage of energy generated from CO2-free
sources (including nuclear energy) will be nearly 30% (Eskom,
2011). South Africa has significant potential for renewable
energy production in many forms as shown in Fig. 2.
Although South Africa is a fairly dry country, there is
potential for the development of all forms of hydropower in
specific sites throughout the country, with the Eastern Cape
and KwaZulu-Natal showing the greatest promise (DME, 2002;
DME, 2003). The total technically feasible hydropower potential
is estimated to be 11 000 GWh/year, with an economically feasible potential of 4 700 GWh/year. Of this small potential, 1 400
GWh/year is currently being exploited. South Africa’s potential
for small-scale hydropower generation amounts to 880 GWh/year
of which 16 MW is currently in operation at 6 different plants
(The International Journal on Hydropower and Dams, 2006).
Advantages of hydropower
Hydropower has the following advantages over other forms of
energy production in terms of economics, social and environmental impacts:
• Firstly, hydropower is a form of clean renewable and sustainable energy as it makes use of the energy in water due
to flow and available head without actually consuming the
water itself. Unlike the burning of coal, oil and natural gas,
it does not emit any atmospheric pollutants such as carbon
dioxide, sulphurous oxides, nitrous oxides or particulates
such as ash (Frey and Linke, 2002).
• Secondly, hydropower schemes often have very long
lifetimes and high efficiency levels. Operating costs per
annum can be as low as 1% of the initial investment costs
(Oud, 2002).
• A third advantage is that hydropower schemes often have
more than one purpose. Hydropower through water
storage can be used for flood control and can supply water
for irrigation or consumption, and dams constructed for
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One of the advantages of hydropower, discussed above, is that
it has many different applications, ranging from very smallscale run-of-river projects to the large-scale construction of
dams. This investigation focused on a lesser known form of
hydropower such as retrofitting existing dams and reservoirs
with hydropower plants. Instead of dams being constructed for
the sole purpose of hydropower and then having different functions, reservoirs that are already in existence for other purposes
are fitted with hydropower plants in order to meet base or peak
electricity demands. Obviously the application of this form of
hydropower is limited as there are a fixed number of dams in
existence, but the advantages are numerous because the energy
is there waiting to be harnessed and additional environmental
impacts are minimised. This form of hydropower is particularly beneficial for smaller plants where the construction of a
large dam would be completely unfeasible (ESHA, 2004).
Legislative considerations
Before a hydropower plant can be constructed on a dam, it is
necessary that specific authorisations be obtained from the
relevant authorities. The following should be considered:
• Dam-owner permission: Before a project can commence,
it is vital to obtain permission from the owner of the dam to
utilise the facility for power generation.
• Water-use licence: Permission to abstract water from the
dam has to be obtained from the Department of Water
Affairs (DWA). In general, the generation of hydropower
does not consume water or create an additional demand,
in which case the only applicable costs are the water-use
charge. If, however, it is concluded that the plant has a
negative influence on the quality of the water released, a
water-discharge cost will be incurred once the ‘polluter
pays principle’ is implemented.
• Generation licence: The Energy Regulation Act (No.4
of 2006) gives a very clear outline of the procedures and
regulations involved in the production of electricity. Under
this act, the National Energy Regulator of South Africa
(NERSA) is granted the sole authority to approve applications for the generation of electricity and any person who
generates, distributes, transmits, imports, exports or trades
electricity can only do so with a licence granted by NERSA
(RSA, 2006).
• Power-purchase agreement: Lastly, hydropower can be
generated for a number of reasons and sold to an array of
different people including private enterprises, local municipalities and Eskom. Whatever the case, a power-purchase
agreement must be signed with the authority or purchaser
of the electricity under the supervision of NERSA unless
produced for own use.
Electromechanical equipment and considerations
Basic concepts
The basic concept of hydropower is that hydro turbines convert
water pressure into mechanical shaft rotation which is then
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used to power an electric generator or some other form of electricity generating machinery. The basic mathematical relationship is that the potential power output is directly proportional
to the flow through the turbine and the available pressure head.
This can be stated as follows:

turbine into electrical energy. There are two main types of generator, synchronous or asynchronous, that are used depending
on what is required in terms of network characteristics. Both
types of generator are being constantly improved and the newest generators have efficiencies of almost 100% (Bakis, 2007).
In applications of less than 15 MW, the range to which the
hydropower retrofitting model (HRM) applies, a water-to-wire
system will most likely be utilised. The manufacturer or supplier will therefore typically select the most appropriate generator for the project.

� � �����

where:
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H
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=
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mechanical power output
[W]
hydraulic efficiency of the turbine
[%]
density of water			
[kg/m3]
gravitational acceleration = 9.81
[m/s2]
flow rate through the turbine
[m3/s]
effective pressure head across the turbine
[m]

Turbines
Turbines convert the energy from falling water into rotational
shaft power. They can be classified according to their type of
action as either impulse or reaction turbines.
Impulse turbines make use of runners which operate in air
by the action of a jet of water at a high velocity. There are three
principal types including the Pelton, Turgo and cross-flow or
Banki-Michell turbines. Pelton turbines are used only in high
head applications, with ranges of above 50 m to almost 1 300 m,
and usually have very good efficiencies (ESHA, 2004). Turgo
turbines can operate using smaller-diameter runners to obtain
the same power output as a Pelton turbine (Paish, 2002). They
operate at heads of between 50 m and 250 m and can operate
at flows of 20% to 100% of the design flow which gives them a
high degree of flexibility. The third type (cross-flow or BankiMichell), are applicable over a wide range of heads (2 m to 200
m) but have a lower efficiency than other turbines (ESHA, 2004).
Reaction turbines generate upward hydrodynamic forces
to turn the runner blades by utilising oncoming flow. The
most notable types are the Propeller or Kaplan and the Francis
turbine (Paish, 2002). Kaplan turbines are used in low-head
applications of 2 m to 40 m and are usually large as they are
required to handle large flows in order to make such low-head
projects viable. Francis turbines are used in medium-head situations of 25 m to 350 m (ESHA, 2004).
Turbine design is carried out by the manufacturer and does
not fall within the engineer’s scope of work on a hydropower
project. This design includes sizing, layout of the turbine
housing and, in the case of the compact hydro, design of the
electrical component. The factors to consider in turbine selection and design are the net available head or effective pressure
head across the turbine and the range of flow values which the
turbine must be able to handle. A summary of the applicability
of each type of turbine is given in Table 1.
Generators
Turbines are coupled to generators in a hydropower scheme
in order to transform the mechanical energy produced by the

Control systems and electrical equipment
Turbine design and selection are based on the premise that
operating conditions will be within the turbine’s capacity in
terms of flow and head. It will be necessary to regulate the
conditions using devices such as gates, guide vanes, nozzles
and valves if one of the design parameters changes. Small
hydropower schemes often make use of automated control systems which have three significant advantages in that they can
decrease maintenance costs, increase reliability and increase
turbine efficiency �������������������������������������������
(ESHA, 2004)�������������������������������
. Various other electrical components are necessary, including a plant service transformer;
backup power supply; sensors for the measurement of head and
tail-water levels; and an outdoor substation (ESHA, 2004):
Transmission lines transfer the generated power from the plant
to where the demand for electricity exists. If it is possible to
connect to the grid at a location very close to the transmission
lines, then this will be a minor consideration. If, however, the
site is more remote, the significance of transmission lines can
greatly increase. The cost of transmission lines varies with
distance, terrain and voltage requirements.
Civil works
Housing structure
A turbine-housing structure must be constructed to protect the
electromechanical equipment including the inlet valve or gate,
the turbine, the generator, the control and protection systems,
and the transformer if required. Its size will be determined by
the size and layout of each of the aforementioned components,
the available head and the geomorphological conditions on site
(ESHA, 2004). The factors that must be considered include
location, cavitation, buoyancy forces, water forces due to water
striking the turbine, potential flooding, layout of the components and geotechnical conditions.
Intake structures
An intake structure is required to convey the water from
the dam or reservoir to the powerhouse and turbines. The
intake must be designed in such a way that it minimises head
losses, cost, operational and maintenance requirements as
well as negative environmental impacts. This involves the
consideration of hydraulic and structural aspects, operational

Table 1
Operational ranges of different turbines (ESHA, 2004)
Type of turbine

Kaplan/propeller
Francis
Pelton
Cross-flow
Turgo

Head range (m)

Acceptance of
flow variation

Acceptance of
head variation

Maximum
efficiency (%)

2-40
25-350
50-1 300
2-200
50-250

High
Medium
High
High
Low

Low
Low
High
Medium
Low

91-93
94
90
86
85
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requirements which generally relate to the design flow rate and
environmental issues which will be specific to each project.
Trash racks or debris grids must be placed at the entrance to the
intake in order to prevent plant matter, debris and large stones
from entering the intake structure.
Outlet structure
The outlet part of the system involves the design of the channel
which carries the water exiting from the turbine back to the river.
If the powerhouse is situated close to the river, direct transfer
without any construction is possible (Price and Probert, 1997). If,
however, the exit velocities are high, a tailrace or canal structure must be specially designed in order to minimise erosion,
to ensure that the stability of the powerhouse is not altered, and
to ensure that the operation of the turbine runner is not affected
(ESHA, 2004).
Environmental and social aspects
Every construction project that takes place in South Africa
is subject to environmental regulations under the National
Environmental Management Act of 1998. According to the
Act, plans for the construction of facilities or infrastructure
for the generation of electricity which have a capacity of
20 MW or more or cover an area greater than 1 ha, require
the completion of an environmental impact assessment
(EIA) and are subject to regulations under the environmental authority of the province. If, however, the plant does not
exceed the aforementioned limitations, only a basic assessment report (BAR) is required.
Potential environmental impacts of hydropower
A thorough review of potential impacts of retrofitted hydropower was conducted. The basic areas of consideration
included:
• The actual use of land and the impact of construction
processes
• The impacts of river diversion, both temporary and permanent on the downstream channel characteristics
• Type of power that will be generated and hence the type of
releases that are required
• The impact on aquatic fauna and flora
• Increased noise levels occurring during the construction
and operational phases
• Visual impacts of the final product after construction
• The impact on residents in the area by altering the flow of
water they receive, destroying land that they deem culturally significant, or altering the natural habitat in a way that
they find unacceptable
Despite all the possible negative environmental impacts, there
is one major positive environmental consequence in the form
of greenhouse gas emission reductions which indirectly affects
wildlife, nature and the general public.
Potential social impacts of hydropower
As part of the environmental assessment phase, the interested
and affected parties are identified and provided with opportunities to voice their concerns and objections with regard to the
proposed project. The expectations of the public with regard to
environmental and social impacts of hydropower have grown
significantly over time and are therefore becoming increasingly
important (Klimpt et al., 2002). The general areas of consideration are:
• The cultural heritage of the site
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•
•
•
•

Potential public health threats resulting from changes in
downstream flow regimes or changes in the water quality
Public acceptance by the community and affected parties to
increase buy-in and reduce vandalism
Impacts on downstream agricultural activities
The balance between community upliftment and the preservation of traditional ways of life.

Financial considerations
Determining the feasibility of a retrofitted hydropower project
requires analysing the monetary value of all the different components and works in terms of initial installation costs as well
as maintenance and running costs and balancing these against
potential incomes.
Legislative costs
Legislative costs incurred are as follows:
• Firstly, it may be required to pay a fee to the owner of the
dam in order to use it.
• Secondly, costs are incurred in obtaining a water-use
licence. These include the actual licensing fee and water
use costs that must be paid to the DWA and the new DWA
tariffs (DWAF, 2009).
• Thirdly, the costs involved in obtaining an electricity
generation licence from NERSA must be considered. The
actual licence itself from NERSA is free, but the costs
involved in the preparation of the necessary documents and
proposals to NERSA will have to be included.
Environmental and social costs
The primary environmental and social cost is incurred in
conducting the necessary studies of environmental impacts.
A BAR typically costs between R150 00 and R200 000, and an
EIA between R600 000 and R1 000 000.
Electromechanical equipment costs
Turbine costs can contribute about 30% to 40% of the total
project cost as shown in Fig. 3 (Ogayar and Vidal, 2009).
Generator costs, on the other hand, contribute only about 5% of
the total project cost (Bakis, 2007).
Various authors have attempted to aid engineers by
researching and compiling data from many projects in order to
generate an all-encompassing formula which can be used for
cost determination in the early feasibility stages of a project
before quotes from suppliers are obtained.
Ogayar and Vidal (2009) conducted a best-fit analysis
to determine generalised formulae for the cost of electro
mechanical equipment involved with each type of turbine,
Civil works

22%
40%

Turbo generator set
Construction Engineering and
Management

8%

Electric, Regulation and control
equipment

30%

Figure 3
Cost contribution of different components in a small hydropower
project (Ogayar and Vidal, 2009)
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based on installed capacity and available head. The results,
converted to rands using the 2009 exchange rates, are as
follows:
Pelton: ��� � ������������ ������������ � ���������
Francis: ��� � ������������ ���������� � ���������

Kaplan: ��� � ������������ ���������� � ����������
where:
Cem =
P =
H =

cost of electromechanical equipment		 [R/kW]
installed capacity (power output)				 [W]
effective head									 [m]

The most recent research involved a study of 81 hydropower
projects in 32 countries around the world in order to determine
a trend relating electromechanical costs to power output of the
project. The electromechanical costs include costs of turbines,
valves, cooling and drainage systems, cranes, workshops, generators, transformers, control equipment and auxiliary systems.
The following formula was generated in addition to a number
of graphs and curves for the different turbine types (AlvaradoAncieta, 2009):
��� � ���������� �������� ���� �

where:
Cem =
P =

cost of electromechanical equipment			
[R]
installed capacity (power output)				[W]

The author claims that this formula is applicable within an
error range of 5% to 10%, which is significantly better than that
of Ogayar and Vidal (2009). Finally, Saini and Singal (2008)
proposed the formulas in Table 2, converted to rands from
Indian rupees, based on costs obtained from Indian suppliers,
and P and H as defined above.
Table 2
Proposed formulas for electromechanical costs
(Saini and Singal, 2008)
Component

Cost (R/kW)

Turbine with governing system
(Ca)

7 665 (10 -3P)-0.1902 H-0.2167

Generator with excitation system
(Cb)

9 429 (10 -3P)-0.1807 H-0.209

Mechanical and electrical auxilliaries (Cc)

6 156 (10 -3P)-0.19 H-0.2122

Main transformer and switchyard
equipment (Cd)

2 730 (10 -3P)-0.1817 H-0.2082

Total cost

1.13 (Ca + Cb+ Cc+Cd)

Civil works costs
The cost of civil works can contribute about 40% of the total
cost of smaller hydropower projects, as shown in Figure 3
(Ogayar and Vidal, 2009). Determination of the cost of civil
works as a function of available head in metres and installed
capacity in kW has been studied by various authors. Saini and
Singal (2008) used actual costs of civil works in 2007 and a
method of correlation to generate the following formula for
civil works of retrofitting existing dams with hydropower. The
formulas converted to rands are given in Table 3.

Table 3
Civil works costs per kW (Saini and Singal, 2008)
Component

Cost per (R/kW)

Intake (C1)
Penstock (C2)
Powerhouse building (C3)
Tail-race channel (C4)
Total

2 792 (10 -3P)-0.2368 H-0.0598
952 (10 -3P)-0.3722 H0.3866
12 084 (10 -3P)-0.2354 H-0.0587
5 468 (10 -3P)-0.376 H-0.624
1.13 (C1 + C2 + C3 + C4)

Chenal (2000) compiled an all-inclusive formula, given below,
for small hydropower installations of less than 1 MW based
on available head in meters and installed capacity in kilowatt.
Unlike the formulas of Saini and Singal (2008), Chenal’s
formula applies to small-scale hydropower plants in general
and not to the specific case of retrofitting existing dams with
hydropower, and includes other costs which would therefore
have to be subtracted in order to obtain the civil works cost.
The constants have been converted to rands.
Operation and maintenance costs
The generally accepted practice for the inclusion of operation
and maintenance cost is to take a percentage of the cost of
works as listed in Table 4.
Table 4
Annual operation and maintenance costs as a
percentage of the cost of works
Component

Civil works
Mechanical works
Electrical works

Percentage of cost of component

0.25
2
4

Design fees
Design fees relate to the acceptable percentage of costs to be
paid for engineering consultancy work in the project design.
Recommendations for design fees are given by the Engineering
Council of South Africa (ECSA) as part of the Registered
Professions Act. Fees can be hourly rates, but generally for
feasibility studies, where many assumptions are made, they are
quoted as a percentage of the cost of works (ECSA, 2009). The
total value for design services rendered will be the sum of the
civil, structural, electrical and mechanical components based
on the cost of works of each different type.
Tariffs
One of the major economic problems facing hydropower
development in the past has been the low tariffs that Eskom has
been willing to pay for renewable energy. With South Africa’s
high level of carbon emissions, reliance on coal and severe
energy shortage, the government has been forced to reconsider
the state of renewable energy tariffs in order to reach their
target of 10 000 GWh of renewable energy by 2013 (Flak,
2009). This prompted the announcement of a set of renewable
energy feed-in tariffs by NERSA at the end of March 2009.
The primary aim of these tariffs was to cover generation costs
with allowance for a profit potential that is sufficiently attractive to stimulate investment (NERSA, 2009). The initial REFIT
tariff for small hydropower plants was 94c/kWh which was,
however, reduced to 67.1 c/kWh by NERSA in March 2011.
The Department of Energy (DoE), with the endorsement of
NERSA, introduced the Integrated Resource Plan (IRP) for
Electricity 2010-2030 (DoE, 2011). The Integrated Resource
Plan (IRP) for South Africa 2010 has been subjected to public
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scrutiny and comments and eventually the whole process
manifested into a Final Policy Adjusted IRP 2010: New-build
Technology Mix. The DoE subsequently allocated different
capacities across various renewable energy technologies from
the total development capacity of 3 725 MW. The hydropower
sector has been allocated overall capacity of 75 MW to be commercially operational by June 2014 based on a REBID scheme
where IPPs (independent power producers) would competitively tender to implement projects.
The DWA also decided to charge a fee for the use of water
in small-scale hydropower production up to 20 MW. Upon
suggestions from affected parties a proposal was suggested in
which a rate per kWh was proposed in conjunction with a fixed
cost based on kW installed as shown in Table 5.
Table 5
Proposed DWA tariffs for small-scale hydropower
projects (DWAF, 2009)

Fixed
Variable

Hydropower plant
integrated within DWA’s
infrastructure at the dam

Hydropower plant
developed downstream
of DWA’s infrastructure
and downstream of the
dam wall

R10.00/kW·a

R5.00/kW·a

R0.01/kWh

R0.01/kWh

Carbon credits
Through the signing and ratification of the Kyoto Protocol
(Boom, 2001), industrialised countries are now legally bound
to decrease their emissions by an average of 5.2% of the measured levels in 1990 over the period 2008 to 2012 (Capoor and
Ambrosi, 2008). Besides simply reducing emissions, three
flexible mechanisms arose from this which allow for compensation from emission reductions including Certified Emission
Reductions (CERs) and Emission Reduction Units (ERUs)
which can be sold by developing countries, like South Africa,
to countries who are obliged to meet emission targets. There is,
however, uncertainty on the future of the Clean Development
Mechanism (CDM) after 2012 which is the end of the Kyoto
commitment period.
Important rates and values
The first application of the model was in 2009 and an inflation rate of 8.4% and prime interest rate of 11% (First National
Bank, 2009) were assumed. Exchange rates are based on the
value as of 17 June 2009 which was R8.07/USD.

The hydropower retrofitting model (HRM)
The HRM is a comprehensive, logical and accurate model
which can be used in the initial phases of a project to determine the feasibility of retrofitting existing South African dams
with hydropower. The aim of the model is not to generate an
actual design but rather to ascertain financial, environmental
and social feasibility at pre-feasibility level and make a recommendation about whether or not the project is worth further
investigation.
Technical and civil works costs and considerations
Available head
The velocity head, friction losses in the channel and penstock
as well as secondary losses at the inlet and outlet were ignored
in order to avoid complex initial assumptions. Therefore, only
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the minimum operating level (MOL), full supply level (FSL)
and tail water level (TWL) are required to determine an initial
estimate of the maximum and minimum available heads.
Flow
The user must decide what type of power generation is required
as follows:
• A set amount of flow is drawn off constantly to produce a
constant amount of power
• Peaking power is produced during the peak times of the day
by condensing daily releases into the peak hours
• A variable amount of flow is drawn off up to a maximum
that the turbine can handle.
This decision is left up to the engineer. The HRM requires only
a minimum and maximum possible flow rate as well as the
number of hours of operation per day to be inputted.
Turbine selection and electromechanical costs
Selection charts for compact hydropower were obtained from
BFL (India), Ossberger (Germany), CKD Blansko Engineering
(Czech Republic), UCM Resita (Romania), VA Tech Hydro
(Austria) and Gilkes Hydropower (England), a series of wellknown suppliers mainly based in Europe that supply turbines
for hydropower all over the world. The charts were compared
based on the types of turbines available, the operational ranges
of each and the power output they offer, with VA Tech Hydro
and Gilkes offering the most appropriate charts. The user is
required to enter the MOL, FSL, TWL and minimum and
maximum flow into the model and the turbine type is automatically selected based on the values given in Table 6. The
HRM then refers the user to the selection chart for that specific
turbine type where the appropriate size for the available flow
and head can be determined.
Table 6
Range of values for turbine selection
Turbine type

Vertical Kaplan
Axial
Francis

Head range (m)

Maximum flow (m3/s)

2-12
12-30
30-250

60
65
20

An initial attempt to estimate turbine costs was made by
contacting turbine manufacturers. However, only limited
information could be obtained which resulted in referring back
to the literature and the work of Alvarado-Ancieta (2009) in
particular. Alvarado-Ancienta’s formula for cost determination (converted to rands) of all neccessary electromechanical
equipment for Francis and Kaplan turbines was chosen because
it is straightforward to use, recent, all encompassing and was
recommended by one of the local manufacturers.
Transmission lines
The cost involved with the construction of transmission lines can
become substantial if the power station is in a remote location
thus requiring the lines to cover a large distance. Attempts were
made to find a simplified method for incorporating transmission
line costs. However, the many different variables to consider
made this impossible. Inputting a transmission line cost into the
HRM is thus left up to the user based on past experience.
Civil works cost
Referring to the literature study, equations developed by Saini
and Singal (2008), appeared more appropriate because they are
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applicable up to 15 MW, are recent and clearly indicate the cost
of each different component and how they contribute to the
total civil works cost.
In order to adjust these formulas developed in India for
application to the South African situation, the case studies at
the Vaal Dam and at the Sol Plaatje Dam and Merino Dam near
Bethlehem, which will be discussed later, were used as actual
values for civil works and electromechanical costs are available. The results showed that the civil works costs range from
3.54 to 4.57 (with an average of 3.98) times greater in South
Africa than in India. The average value was used in the model,
and its accuracy will be shown in the discussions of the case
studies.
Political and legislative costs and considerations
The various legislative concerns as previously discussed will
be tabulated in the model as a checklist of the different permissions that must be granted. The costs of obtaining the relevant
licences are assumed constant and the cost involved in preparing the different forms and documents required will be considered in the HRM as a professional fee based on the values
shown in Table 7.

Dam
owner
DWAF
NERSA
Eskom
or
private
buyer

Relevant forms

Permission to use
the dam for power
generation

-

DW760 and
Water use licence
DW788
Application for
Permission to gena licence to generate electricity
erate electricity
Power purchase
agreement over
the sale of electricity produced

Cost (R)

±R10 000*
R50 000 +
R114
R20 000

±R10 000#

Notes:
* Could possibly require a number of hours of negotiating with 		
owner totalling a few thousand rand.
#
Could possibly require a number of hours of negotiating with 		
Eskom or private buyer totalling a few thousand rand.

The only variable cost relates to the proposed DWA usage tariff
outlined in the literature review. The installed capacity of the
works in MW is known; therefore calculations simply involve
multiplying this by the relevant costs as follows:
���� �365��1000��� � �����

where:
ICMW =		 installed capacity						
[MW]
T
=		 operational hours per day					
[h]
F
=		 fractional allowance for outages			
[-]
ICKWA=		
annual generation capacity				[kWh/a]
Potential outages are typically taken as 0.1 (10%) but is left at
the discretion of the user in the model.
����� ���� � �������� �� � ����� ��

where:
FC =
VC =

Environmental considerations
Possible environmental considerations and potential impacts
which could result from a retrofitted hydropower project, based
on the literature study, were identified and separated according
to whether they are likely to occur in the construction or operation phases of the project. A manner in which to weight and
categorise the different considerations was formulated based
on four criteria with a value ranging from 1 to 5 assigned to
each. Guidelines on assigning the values for each criterion were
developed but are not presented here. The criteria include:
• Area (Ae) which can be defined as the space that the environmental impact will affect.
• Duration (De) of the impact with a scale ranging from
short-term impacts during construction to long-term,
permanent impacts which will be considered as most
significant.
• Seriousness (Se) of the impact related to the significance of
the environmental damage.
• Vulnerability (Ve) of the area affected in terms of the value
of the land, ecosystems and natural environment with priority given to more ecologically valuable areas.
These were used to determine the importance of the different
potential impacts using the following formula:

Table 7
Legislative checklist
Authority Reason

Environmental and social costs and considerations

fixed cost								
[R/kW]
variable cost								[R/kWh]

���������� � ��� � �� � �� � � ��

The importance categories are shown in Table 8 and the application of the categories to the considerations is shown in Table
9 and Table 10. Note that the minimum importance value is
based on a vulnerability of one and maximum value on a vulnerability of five.
Table 8
Final range of values for each importance category
Value

3-6
7-18
19-27
28-48
49-75

Importance

Prevention measures

Almost
None – project can continue as
insignificant planned
Unlikely – may be required on a small
Low
scale
Medium
Possibly before project can continue
High
Necessary before project can continue
Very high
Large-scale changes are compulsory

The only required inputs for the determination of the environmental costs are the proposed capacity and area covered
by the project. These determine whether a BAR or EIA must
be conducted. A cost of R175 000 was allowed for a BAR and
R800 000 for an EIA.
Social considerations
A similar weighting system as used for environmental impacts
will be used to determine the importance of each of the social
effects as presented in Table 11. The criteria are as follows:
• Population (Ps) or number of people that will be impacted
by the process
• Duration (Ds) of the impact on the affected population
• Severity (S s) of the impact related to the magnitude of the
impact on the affected parties in terms of changes to their
way of life
• Vulnerability (Vs) of the community or affected party
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Table 9
Importance of environmental effects likely to occur during construction
Process

Affected party

Nature of impact

Minimum
importance

Maximum
importance

Geological surveying
Removal of existing vegetation

Wildlife
Natural vegetation
General public*

Road upgrading or expansion

Wildlife

Noise
Modifying natural habitat
Opportunity creation
Modifying natural habitat
Noise
Modifying natural habitat
Modifying groundwater movement
Slope stability
Modifying natural habitat
Modifying natural habitat
Noise
Noise
Noise
Noise

Insignificant
Insignificant
Low
Low
Low
Insignificant
Low
Low
Low
Low
Low
Insignificant
Insignificant
Insignificant

Medium
Medium
High
Very high
Very high
Medium
Very high
High
High
Very high
High
Medium
Medium
Medium

Excavation and earth-moving
Dredging of watercourse
Temporary river diversion
Use of construction equipment
Presence of humans on site

Vegetation
Local hydro-geology
Local geology
Aquatic habitats
Aquatic habitats
Wildlife
General public
Wildlife
General public

Note: * Positive effects.
Table 10
Importance of environmental effects likely to occur during operation
Process

Affected party

Generation of renewable energy

General public*
Aquatic habitats
Permanent structures in riverbed
General public
Permanent river diversion
Aquatic habitats
General public
New overhead power lines
Wildlife
Aquatic animals
Vegetation
Alteration of flow rates
Farmers
General public
General public
Operation of electromechanical components
Wildlife

Nature of impact

Reduction of pollutants
Modifying natural habitat
Negative visual impact
Modifying natural habitat
Negative visual impact
Negative visual impact
Modifying natural habitat
Modifying natural habitat
Irrigation
Altering recreational activities
Noise

Minimum
importance

Maximum
importance

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Insignificant
Insignificant

Very high
Very high
High
Very high
Very high
Very high
Very high
Very high
Very high
Very high
Medium
Medium

Note: * Positive effects.

An identical formula to that of the environmental section is
used:

���������� � ��� � �� � �� ���

The importance ranges, as shown in Table 11, are slightly
different to the environmental considerations to avoid overconservative estimates of importance. The minimum and
maximum values for each impact are given in Table 12 where
the minimum value is based on the lowest possible vulnerability and the maximum is based on the highest possible
vulnerability.
Table 11
Importance categories for social considerations
Value

Importance

Prevention measures

Almost
3-6
None – project can continue as planned
insignificant
Unlikely – may be required on a small
7-18 Low
scale
19-30 Medium
Likely before project can continue
31-48 High
Necessary before project can continue
49-75 Very high
Large-scale changes are compulsory
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Unlike the environmental impacts, positive social impacts will
be considered separately to the negative ones because they contain considerable weighting. A checklist was developed which
combines the potential benefits of a retrofitted hydropower
project into a simple list of questions to determine whether the
project will promote sustainable development and growth in the
surrounding region. The checklist is as follows:
• Will roads be built or upgraded that can serve the surrounding community?
• Will other types of infrastructure or services be built or
upgraded to the benefit of local residents?
• Will there be potential for electricity provision in local
areas from the power produced, or construction of new
transmission lines that could benefit the community?
• Will the project result in emission reductions?
• Will investment be stimulated in the region?
• Will jobs be created during the construction period?
• Will jobs be created after the construction period?

Potential income
Income is calculated in the case studies based on an average
Eskom electricity price of 51.7 c/kWh and installed capacity.
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Table 12
Importance of negative social impacts
Process

Affected party

Road upgrading or
expansion

Local community

Excavation and earth
moving
Dredging of
watercourse
Temporary river
diversion during
construction

Local community
Immediately adjacent
residents
Local community
Local community

Dependent farmers
Community adjacent to river
Immediately adjacent
Use of construction
residents
equipment
Local community
Operation of electrome- Immediately adjacent
chanical components
residents
Local community
Permanent structures
in riverbed
Community adjacent to river
Local community
Permanent river
Dependent farmers
diversion
Community adjacent to river
New overhead power
Local community
lines
Alteration of flow rates Community adjacent to river
Influx of workers from
Local community
other areas

Nature of impact

Damage to cultural and historical heritage
sites
Damage to cultural and historical heritage
sites
Noise

Minimum
importance

Maximum
importance

Low

Very high

Low

Very high

Insignificant Medium

Damage to cultural and historical heritage
sites
Damage to cultural and historical heritage
sites
Change in available flow
Change in available flow

Low

High

Low

High

Low
Low

Very high
Very high

Noise

Insignificant Medium

Loss of traditional values and practices

Low

Very high

Noise

Low

High

Loss of cultural and historical heritage sites
Change in available flow
Loss of cultural and historical heritage sites
Change in available flow
Change in available flow

Low
Low
Low
Low
Low

High
Very high
High
Very high
Very high

Loss of cultural and historical heritage sites Low

Very high

Health related problems

Low

Very high

Loss of traditional values and practices

Low

Very high

This can, however, be changed by the user of the HRM.
Income can also be generated from carbon credits but this
will only be considered if the project is not viable without
them.
Financial model
The model ends with a financial balance sheet of all relevant
costs and benefits.
The first part is a summary of the total mechanical, electrical
and civil works costs taken as initial costs occurring at the start
of a project. Other initial costs that are included are:
• Legislative costs related to licensing and preparation of
documents and forms
• Total environmental and social costs
• Design fees
• Contingencies taken as 10% to 15% of the cost of civil
works to allow for unforeseen expenditures
• Preliminary and general costs taken as 25% of the civil
works cost
The second part includes all the annual costs involved in the
running of the plant throughout its projected life. The following
costs are included:
• Annual legislative costs payable to DWA
• Insurance costs of between 0.15% and 0.25% of the civil
and mechanical replacement value
• Operation and maintenance costs as listed in Table 4
The third part contains the potential annual income available

from the sale of electricity. Additional income is only added
from the sale of carbon credits if the project is not viable without them. Financing and loan repayments, depreciation, tax and
inflation are also taken into consideration.
The final section of the financial model combines all the
calculated incomes and expenditures into one spreadsheet. The
results are then analysed using the internal rate of return which
can be compared to acceptable values for a civil engineering
project, typically 10%.
Final recommendation
Environmental, social and financial viability is considered
individually returning a value of ‘Acceptable’ or ‘Not acceptable’. If all three read ‘Acceptable’, a final recommendation of
‘Viable’ is returned. The project will be viable as long as all of
the following criteria are met:
• None of the environmental impacts has a rating of ‘very
high’
• Less than half of the environmental impacts have a rating
of ‘high’
• None of the social impacts has a rating of ‘very high’
• Less than half of the social impacts have a rating of ‘high’
• If social upliftment is required, at least half of the requirements in the checklist are met
• The internal rate of return of the project is greater than 10%
It should be noted that the user must consider each of the
environmental and social impacts rated as high or very high
individually, to ensure that these are effectively mitigated.
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Figure 4
View of the Sol
Plaatje Hydropower
Project during
construction

Application of the model
Three case studies were conducted in order to ascertain the
applicability of the model in the South African context. Two
of these are described in detail this paper whilst the third case
study involved an application of the model to the Jozini Dam in
KwaZulu-Natal for an initial feasibility study.
Case Study 1: Bethlehem Hydro
The Bethlehem Hydro Project originally dates back to 1999
when MBB Consulting Engineers informed NuPlanet (Pty)
Ltd of the potential for small-scale hydropower development in
the Bethlehem area. This is due to the large and constant water
flow coming from the Lesotho Highlands Water Project which
emerges in the area. Pre-feasibility and feasibility studies and
various legislative processes took almost 6 years to complete
with construction beginning at the start of 2007 and completed
by the end of 2009.
The project comprises two schemes, only one of which was
considered for application of the HRM. The Sol Plaatje Power
Station is located on the right-hand bank of the Sol Plaatje Dam
near Bethlehem directly downstream from a new intake which
was constructed within the non-overspill section of the dam
(Fig. 4). The power station is a retrofitted, small-scale project
which provided an ideal first candidate for the testing and
refinement of the HRM.
Technical component
The required input data for the site is summarised in Table 13.
Table 13
Inputs required for application of the
model to the Bethlehem case
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Parameter

Value

Full supply level
Tail water level
Average flow released

1 627.26 m
1 615.8 m
27 m3/s

These values are inputted into the model which revealed that
a 2.15 m Kaplan turbine would be most effective. In the actual
project, a 2.1 m Kaplan turbine was selected. The potential
power output from the HRM for the selected turbine showed
only a 7% deviance from the actual value which is a good correlation. The difference can be attributed to a higher assumed
efficiency.
The HRM produced an electromechanical cost of R21
million compared to the actual value of R10 million. The large
difference is due to the fact that the turbines for the project
were sourced from BFL India which offers much more competitive prices than the European suppliers that the formula
used applies to.
The civil works costs were calculated using the method
previously discussed giving a total civil works cost of R26 million. The calculated value compares well with the actual value
for the project of R25 million, with only a 7.4% error.
The cost of transmission lines must be inputted by the user
based on previous experience. The actual cost of R1.3 million,
given by engineers working on the Sol Plaatje Project, was used
for further calculations.
Environmental component
For both the environmental and social components of the
HRM, it is only necessary to select the vulnerability of the
area. It is recommended that all considerations be written down
in a logical way for comparison. A good example of such a
method is the use of a line drawing in which the extremes of
each criterion are defined and the position of the particular
project within the range between the extremes is denoted. The
results are shown Table 14.
Considering the line drawing, a vulnerability of 3 was
selected. The results from the HRM showed that no factors had
very high importance and exactly half are of high importance.
The project should therefore meet the environmental requirements but each of the ‘high’ ranked factors should be considered individually in case mitigation or prevention measures are
necessary.
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Table 14
Line drawing selection of environmental vulnerability for the Bethlehem case
Criterion

Extremely vulnerable (5)

Development
Rehabilitation
Endangered species
Rareness of habitat
Vegetation and wildlife

Completely undeveloped
Impossible
Many
Very rare
Extremely abundant

Low vulnerability (1)

----X-------------------------X--------------------X
-------------X------------X--------

Developed urban area
Definitely possible
None
Common
Very little

Table 15
Line drawing selection of social vulnerability for the Bethlehem case
Criterion

Extremely vulnerable (5)

Education
Historical importance
Cultural bond with the area
Traditional practices
Communication with external sources

Extremely low/none
Very significant
Extremely strong
Prevalent
Non-existent

Low vulnerability (1)

----X-------------------------X------------X ----------------X---------------- X--------

Very good
None
Insignificant
None - modernised
Free and good

Table 16
Financial costs and calculations for Bethlehem case
Cost parameter

HRM value (R)

Technical
Costs
Legislative
during
Environmental and social
construction
Design fees
Annual operation and maintenance
Costs
during
Annual DWAF cost
operation
Annual insurance
Income
Annual income
Evaluation
IRR

58 539 746
70 114
800 000
4 567 211
2 538 781
218 768
106 170
9 886 447
10.87%

Actual value (R)

45 050 000
70 114*
800 000*
Not available
2 314 500*
204 204*
75 000*
9 228 275
11.40%

*Calculated in the model using the actual capital costs and technical information of the project.

In the determination of environmental costs, only the area
and installed capacity are required. The installed capacity is
way under the 20 MW maximum for a BAR but the surface
area is over 1 ha and therefore a full EIA is required.
Social component
As with the environmental component, all that is required for
the user is to select a vulnerability of the surrounding population. The line-drawing analysis used is summarised in Table 15.
Because the Bethlehem area is remote and rural but has a
small town with some level of modernised development, the
line drawing reveals a moderate vulnerability rating of 3. The
results show that only 17% of the factors are ‘highly important’
and none are ‘very high’, thus resulting in an acceptable socioeconomic impact rating.
Financial model
The financial modelling can now be completed based on the
costs calculated in the previous sections of the HRM. A summary of the important costs, obtained using the calculated and
actual values, is given in Table 16.
The actual and calculated rates of return are similar. The
difference is due to the overestimation of the electromechanical costs as these costs are calculated using a formula which
is applicable to European manufacturers whereas the actual
supplier is from India. Using the formula of Saini and Singal
(2008), which is specifically applicable to an Indian context,
an electromechanical cost of R10.8 million is obtained resulting in a rate of return of 15.61% which is higher than the value

obtained using the actual project costs. The model was therefore modified to allow the user to choose between Indian or
European suppliers.
Final recommendation
The environmental, social and financial viability of the project
are considered individually before a final recommendation is
made. The following output is obtained:
Environmental viability ACCEPTABLE
Social viability				ACCEPTABLE
Financial viability			ACCEPTABLE
The cost of electricity sales in the HRM was increased annually by
the 2009 inflation rate of 8.4%. The sensitivity of the rate of return
to the annual increase in electricity sale prices is given in Table
17 using the Indian formula. It is clear from this table that with an
annual increase below 6% the project would not be viable and that
project viability is incredibly sensitive to electricity sale prices.
Table 17
Sensitivity of rate of return to increase in selling price of
electricity

Annual
increase in
selling price
(%)
Rate of
return (%)

2
-

3

4

5

6

7

8

9

10

1.5 5.0 7.9 10.4 12.7 14.8 16.8 18.6
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Case Study 2: Vaal Dam
A second case study examined the feasibility of retrofitting the
Vaal Dam, the largest dam by area in South Africa and one of
the most important dams in the country for the provision of
water. The dam, located to the south of Johannesburg, is the
primary supplier of water to the Gauteng region, the economic
centre of South Africa. A number of different engineering
firms including Aurecon, Goba and SSI have been involved
in pre-feasibility analyses of retrofitting the Vaal Dam with
hydropower and various locations on the dam are being considered. The primary motivation for this is that the dam releases a
constant minimum flow all year round with larger flows occurring during flood periods. This means that there is always flow
available for hydropower production.
Technical component
The key inputs for selection and sizing of the electromechanical
components for the Vaal Dam are listed in Table 18.
Table 18
Measurable inputs for the Vaal Dam
Parameter

Value

Minimum operating level
Full supply level
Tail water level (at minimum flow)
Minimum flow release
Maximum flow release

1 475.5 m
1 485.5 m
1 452.5 m
12.5 m3/s
20 m3/s

Using the average head and flow, a 1.6 m Axial Kaplan turbine would be most appropriate. The Vaal Hydro report suggests
a 1600 or 1770 Axial Kaplan turbine. According to the selection
charts, these would apply under maximum flow conditions over
the entire head range. The selected turbine was compared with
actual values from the Vaal Dam feasibility study. The results as
shown in Table 19 below show excellent correlation.
Table 19
Comparison of results from HRM and actual values for
Vaal Dam
Parameter

HRM –
selected
turbine

Actual values

Turbine type
Turbine size (m)
Overall efficiency (%)
Maximum power output (MW)
Minimum power output (MW)
Average power output (MW)

Kaplan
1.6
90
5.83
2.54
4.02

Kaplan
1.77
90
5.7
2.6
4.03

The HRM assigns an electromechanical cost of R28 million
to the turbine compared to the value obtained from the report
of R34 million. An underestimation of about 17% is apparent
which is significant. On the other hand, the civil works costs of
R34 million were calculated in the HRM which is 12.3% more
than the Vaal Report value.
As explained in the Bethlehem case study, the cost of transmission lines must be assumed and inputted by the user.
A value of R800 000 is given in the Vaal Dam report. This
value will be used for further calculations.
Environmental component
Selection of the vulnerability of the Vaal Dam area was
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conducted using the same line-drawing method as that used in
the Bethlehem case with similar criteria for selection. It was
concluded that the Vaal Dam area is not highly vulnerable and
a value of 2 was therefore selected. This meant that no factors have an importance of ‘very high’ and only 8% are highly
important meaning that the Vaal Dam project will clearly pass
the environmental requirements.
As with the Bethlehem case, installed capacity is much less
than 20 MW and therefore a BAR will be required, provided
that the total area covered is less than 1 ha. According to the
Vaal Dam report, the engineers involved expect that only a
BAR will be required.
Social component
In order to ascertain the social vulnerability of the Vaal Dam
area, the same line-drawing technique and criteria as those
used in the Bethlehem case were utilised revealing a low
vulnerability of only 2 for the area. This resulted in none of the
factors having a rating of ‘high’ or ‘very high’ meaning that no
serious negative social impacts can be expected.
Financial model
Assumed values were taken from the Vaal Dam report, except
that prime interest and inflation were taken as the current values as previously presented. A summary of the results is given
in Table 20.
Table 20
Financial costs and calculations for Vaal Dam case
Cost parameter

Technical
Costs
Legislative
during
Environmental
construcand social
tion
Design fees
Costs
Operation and
during
maintenance
operation DWAF cost
Insurance
Income
Income
Evaluation IRR

HRM value (R)

Actual value (R)

77 454 944
70 114

78 069 700
70 114

175 000

200 000

5 659 565

Not Available

2 877 269

3 006 678

356 888
122 364
16 355 196
18.11%

356 888*
131 503*
16 355 196
17.83%

*Calculated in the model using the actual capital costs and technical
information of the project.

Final recommendation
The social, environmental and economic aspects are considered
individually and together to determine whether the project is in
fact viable. The following results are obtained:
Environmental viability ACCEPTABLE
Social viability				ACCEPTABLE
Financial viability			ACCEPTABLE
The final recommendation is therefore that the project is viable.
If the actual costs are used, a slightly lower rate of return is
obtained because of the underestimation of electromechanical
and civil works costs that occurred when the HRM was used,
and the modelling therefore also indicates that the project is
viable. The actual report uses a different method to determine
viability, through the use of similar assumptions to calculate
the required price that electricity should be sold at for the project to produce a return. According to the report, this value is
47c/kWh. The conclusion that the project is viable based on the
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assumed tariff of 51.7c/kWh therefore agrees with the report’s
conclusion. Note that if the electricity sale price increases by
less than 4.5% per annum the rate of return would be below
10%.
Case Study 3: Jozini Dam
The third case study involves an application of the model to
the Jozini Dam in KwaZulu-Natal where the uMhlosinga
Development Agency (UMDA) has proposed retrofitting the
dam with a hydropower plant to promote development and
investment in the area.
The social, environmental and economic aspects were
considered individually and together to determine whether the
project is in fact viable. The social and financial viability was
acceptable but the environmental viability was found to be not
acceptable.
This should not, however, be viewed as cast in stone but
rather as a guideline. Each of the severe impacts must be
reviewed and mitigation measures can be implemented to minimise the environmental impacts. Reducing the area, duration
or seriousness of an impact will reduce its importance level and
the project can thus become viable. Socially and financially, the
project is acceptable with the calculated rate of return of 23%
significantly higher than the minimum of 10%.

Conclusions and recommendations
South Africa has an extremely energy-intensive economy in
relation to the rest of the world. The current energy crisis has
opened up a window for investors to look into independent
power production. Our reliance on coal as a means of energy
production is not environmentally friendly or sustainable and
new ways of generating electricity are therefore required. There
is potential to move toward renewable forms of energy, with
hydropower being a key focus.
A typical hydropower project would require the consideration of technical, legislative, environmental, socioeconomic
and financial aspects. Each of these has a role to play in the
determination of feasibility at the early stages of a project.
These aspects were successfully combined into a computer
model which requires only a few measurable inputs to produce
a recommendation of viability. These include the costs of electromechanical components and civil works, legislative costs
and general costs associated with any civil engineering project,
which are successfully combined into a financial spreadsheet.
All potentially negative environmental and social impacts
are listed for consideration and a method for weighting their
importance and making a recommendation in their regard was
developed. The model is comprehensive in that it includes all
necessary costs and factors, and simple to use in that the inputs
required by the user are minimal.
In terms of the comprehensiveness of the model, on the
environmental and socioeconomic side, the model is comprehensive and well-constructed without excessive simplification
of the facts. However, on the technical and civil works side, the
ideal method for incorporating these costs into the model would
have been to obtain costs from suppliers and manufactures and
use these in the model. This proved to be impossible. The less
ideal solution of using formulas developed in other countries
therefore had to be used. The formulas were used critically and
altered as needed to suit their application in South Africa and
their use can therefore be justified.
The model was tested using three case studies and its

accuracy and applicability were quantified. The accuracy of the
HRM was ascertained through its application to the Bethlehem
and Vaal Dam cases where actual values were available for
comparison. The two cases clearly highlighted areas where
the HRM is inaccurate and areas in which good results are
obtained. They also highlighted the sensitive areas where good
assumptions are required. In general, the HRM provided good
results. The Bethlehem case revealed the relevance of considering the selection of potential suppliers carefully because of
lower costs, and when the Indian formulas were used very good
results were obtained. In the Vaal Dam case, costs were slightly
overestimated producing a lower rate of return, but being
conservative in this regard is better than substantially underestimating the costs – which could result in money being wasted
in pursuing a project that is not viable.
The applicability of the HRM was determined through
application of the model to the Jozini Dam, a case for which no
data were available for comparison and indicated the model’s
applicability in the earliest project stages.
In conclusion, the following recommendations are made:
• If it is possible to obtain actual costs for electromechanical
equipment and a means of incorporating civil works costs
based on actual South African figures, the model should be
altered to incorporate these rather than the formulas used.
• If a simple method for determining transmission line costs
is developed, this should be included in the HRM to eliminate the need for the user to input a value.
• The HRM should ideally be tested against more cases. This
would require obtaining project information for retrofitted
hydropower cases (most likely in other countries), including costs and components selected, and comparing them to
values generated by the HRM. The more test cases used,
the more accurate the model can become through calibration and adjustment.
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