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INTRoduCTIoN
As a result of mining that has taken place 
over the last one and a half centuries in 
South Africa, many towns and cities have 
developed around mining hubs, with the 
most significant of these being the city of 
Johannesburg. Over the years, residential 
areas have grown around these mine sites, 
even well after cessation of mining activi-
ties. Mining left a legacy of derelict mining 
infrastructure, such as dormant mine shafts, 
sterilised land and abandoned tailings stor-
age facilities (TSFs), with negative impacts on 
the surrounding environment and communi-
ties. This legacy is probably unique in scale 
compared to any country in the world. In 
an age where great emphasis is placed on all 
industries to become more environmentally 
conscious, mines in South Africa have a 
challenge to undo the negative legacy from 
the past. Environmental laws and regulations 
are becoming increasingly stringent, with the 
intention to mitigate or minimise the envi-
ronmental impacts as far as possible.

A lack of funds and commitment from 
mine owners and regulators have in the 
past resulted in many un-rehabilitated 
decommissioned mines posing negative 
environmental impacts, including potential 
health hazards, on the surrounding com-
munities. According to the Chamber of 
Mines of South Africa (1996), preparation 
for eventual closure should start as soon 
as possible, and the costs of closure should 
be regarded as an integral part of the cost 
of production. However, this has not often 

been the case. Due to the unpredictability of 
liability, risk and costs associated with mine 
closure, South African mining companies 
are reluctant to spend the necessary time 
and money on closure of facilities after years 
of beneficial use. Therefore, an alternative 
method of funding appropriate rehabilitation 
and closure of such facilities is required. The 
ideal first step in the implementation of a 
sustainable closure plan is to find a beneficial 
post-closure land use option.

South Africa currently faces an electricity 
shortage, and consumers regularly experi-
ence controlled load-shedding, i.e. managed 
power interruptions to prevent overload and 
subsequent collapse of the electricity supply 
and distribution network. South Africa is 
highly reliant on coal-fired power stations for 
the bulk of its electricity needs. These power 
stations have detrimental effects on the 
environment, due to high carbon emissions 
and the impact of large opencast coal mines. 
A global shift towards renewable energy, 
in combination with South Africa’s current 
energy shortage, has forced the National 
Energy Regulator of South Africa to encour-
age greener alternatives.

This study examined the following four 
beneficial land use alternatives in an attempt 
to identify potentially beneficial post-closure 
land use options for dormant TSFs:

 ■ Electricity from wind power generation
 ■ Harvesting of rainwater from the TSF 

catchment for raw water supply
 ■ Electricity from photo voltaic solar power 

generation

Electricity generation as a 
beneficial post-closure land 
use option for a dormant 
tailings storage facility
S J van Eeden, S W Jacobsz, M Rust, E Rust

Dormant tailings storage facilities (TSFs) have negative effects on their surrounding 
environments and communities. This study is aimed at determining the financial and practical 
feasibility of generating energy from the ERGO TSF site, near Brakpan, Johannesburg, as a 
beneficial post-closure land use option. The beneficial post-closure options investigated were 
rainwater harvesting and electricity generation from wind power, photo voltaic solar power 
and a pump storage system constructed on the TSF. Wind power generation and rainwater 
harvesting from the site were found to be unviable.
 It was found that a 470 MW (peak capacity) solar photo voltaic plant on top of the ERGO TSF 
will provide the best solution, both from a practical and financial point of view, yielding a potential 
internal rate of return (IRR) of 10.7% over 50 years. A pump storage system yields a maximum IRR 
of 10.3%, but with a substantially smaller generation capacity of approximately 80 MW.
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 ■ Electricity from pump storage system 
power generation.

With the exception of the rainwater harvest-
ing alternative, all options are focused on 
the generation of electricity. Dormant mine 
sites are often more favourable locations for 
the generation of electricity than green-field 
sites for the reasons listed below (Whitbread-
Abrutat & Coppin 2011):

 ■ Large tracts of derelict land have limited 
post-closure land use potential. The 
implementation of an electricity genera-
tion system is therefore likely to have 
little further environmental impact and 
opposition. In fact, the application of 
renewable energy infrastructure might 
mitigate some environmental impacts.

 ■ Existing infrastructure, such as electric-
ity transmission systems and roads, are 
usually in close proximity; therefore less 
capital expenditure is required.

 ■ Obtaining concessions to utilise the land 
is more readily achieved, because this 
land is not normally in high demand, as is 
the case with green-field sites.

 ■ TSFs are typically denuded and exposed, 
making them suitable for solar or wind 
power plants.

This study was aimed at finding the most 
beneficial land use option from the list above 
by examining the financial and practical 
feasibility of the alternatives. The rainwater 
harvesting and wind power generation 

options referred to above were abandoned 
early on in the study, while the two more 
promising alternatives, photo voltaic solar 
power generation and the development of 
pump storage systems, were investigated in 
more detail.

HyPoTHETICAL 
fEAsIbILITy ANALysIs
This study is specifically focused on mitigat-
ing the legacy of dormant TSFs. During 
the mining operation, a TSF is used for the 
hydraulic placement of finely ground rock 
waste. The construction method most often 
employed in South Africa involves deposi-
tion along the perimeter of the dam, where 
the coarsest material settles out first. The 
remainder of the slurry stream (water with 
suspended solids) flows to the middle of the 
TSF where the finest material settles out and 
the water is contained in the TSF pond. The 
surface geometry is usually slightly concave, 
enabling water storage. These facilities are 
often able to contain a significant amount 
of water, with the largest potentially storing 
several million cubic metres.

This study was based on the ERGO TSF, 
situated southeast of Johannesburg (see 
Figure 1). The ERGO TSF currently occupies 
the largest footprint area of all gold TSFs 
in the world. The final footprint area of the 
facility will have a combined area of 1 500 ha 

and is illustrated in Figure 2 (Kleynhans 
2014). The ERGO TSF is used for deposition 
of reprocessed tailings from other TSFs scat-
tered over the Johannesburg area. It is still 
operational and provides storage for between 
three and five million cubic metres of pro-
cess water. A barge pump is currently being 
used to discharge water from the TSF, as the 
gravity penstock decant system was decom-
missioned some years ago. The gold content 
remaining in the ERGO tailings is too low 
to justify further processing, and hence this 
facility will eventually reach closure, cur-
rently envisaged for around 2050. The final 
maximum wall height is planned to reach 
140 m above natural ground level.

This study site was chosen to maximise 
the benefits of economy of scale, as there 
are likely to be advantages in developing 
larger sites. It was the intention to define 
potential electricity generation alternatives 
in sufficient detail to allow a preliminary 
construction cost to be estimated. This, in 
combination with the expected income to 
be generated from the sale of electricity over 
the life of the facility, was used to assess the 
financial feasibility in terms of an anticipated 
internal rate of return (IRR) for the system.

The following assumptions were made 
regarding the power generation options 
investigated in the study:

 ■ According to Kleynhans (2014), the ERGO 
TSF is only due for decommissioning 

Figure 1  Satellite image of the Metropolitan City of Johannesburg showing the location of the ERGO TSF relative to some of the larger suburbs 
(Google Earth copyright acknowledged)
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and closure in 2050, hence a hypotheti-
cal  closure scenario was created. It was 
assumed that the ERGO TSF is decom-
missioned with immediate effect, having 
a height of 140 m above the surrounding 
ground level.

 ■ Hypothetical electricity generation was 
assumed to commence in January 2015, 
i.e. the 2015 ESKOM electricity tariff 
structure and associated increases were 
applied as discussed below to assess the 
system’s financial feasibility.

 ■ Historical weather data over the last 50 
years was used in this study.

 ■ All options were assessed over a 50-year 
operational life cycle. A 50-year life cycle 
is often adopted for hydropower projects, 
as these are usually associated with sub-
stantial capital investment (BHA 2005; 
Breeze 2005).

 ■ Financial feasibility was assessed based 
on the internal rate of return (IRR), 
defined as the discount rate at which the 
net present value of the projected cash 
flow (sum of all expenses and incomes) is 
zero. The IRR was selected as feasibility 
criterion instead of alternatives such as 
the net present value because, during the 
course of the study, it became apparent 
that the optimum scale for a photo voltaic 
solar plant and a pump storage system 
differed by an order of magnitude.

 ■ Eskom Megaflex tariffs (Eskom 2014) 
were used to estimate income. It was 
assumed that electricity produced by the 
hypothetical plant would be sold at the 
so-called ‘Megaflex tariffs’. The Megaflex 
tariff structure is shown in Figure 3 and 
differentiates between seasonal and time-
of-day use of electricity (Eskom 2014). It 
represents 25 ‘peak’ hours, 62 ‘standard’ 
hours and 81 ‘off-peak’ hours per week. 
The electricity hypothetically generated 
from the alternatives investigated (in 

units of kWh) was multiplied with the 
tariff applicable at the time of generation 
to determine the potential income. In 
the case of the pump storage system, 
the amount of electricity consumed was 
taken as the calculated pumping cost.

 ■ An increase in the above-mentioned 
 tariffs of 7.4% per annum to the end 
of the life of the electricity plant was 
assumed, reflecting the envisaged 
tariff increase for the next five years, 
as approved by the National Energy 
Regulator of South Africa.

AssEssmENT of wINd PowER ANd 
RAINwATER HARvEsTINg oPTIoNs
As mentioned earlier, the wind electric-
ity generation and rainwater harvesting 
options were abandoned at an early stage of 
the study.

Wind records from Oliver Tambo 
International Airport, located not far from 
the ERGO TSF, date back to 1958 and show 
an average wind speed of only 3.3 m/s. 
Electricity from wind power can be profit-
ably generated when the average wind speed 
exceeds 5.0 m/s for an onshore site (Breeze 
2005). This indicates that the potential for 
wind power generation at the TSF may be 
insufficient. There are, however, two more 
aspects to consider:

 ■ The wind speed data was recorded at dis-
crete times during each day on record and 
do not reflect the continuously recorded 
wind speed. However, wind speed models 
at 100 m elevation for South Africa also 
show the Gauteng area to have some of 
the lowest potential for wind power gen-
eration in the country (IRENA 2015).

 ■ Blight (2007) reported amplification of 
wind speeds to occur over the crest of a 
TSF, due to the TSF causing an obstruc-
tion in the wind flow path. Blight’s 
models suggest that the amplification 

factor applicable at the crest of the final 
140 m high ERGO TSF could cause wind 
velocities of the order of about three 
times the wind speed typically recorded 
with an anemometer at a weather station 
(typically installed at 10 m above ground 
level). Currently, however, there is not 
enough data available to enable the finan-
cial viability of wind power harvesting 
from high TSFs. Following Breeze (2005), 
it is recommended that a study be carried 
out to measure continuous wind speeds 
on a number of high TSFs for a period of 
one year to further evaluate the available 
wind resource.

The rainwater harvesting option was also 
abandoned at an early stage of the study, 
as calculations indicated that it is not 
financially feasible. If it is desired to supply 
potable water from such a system, the dam 
would have to be lined. The cost of a suitable 
lining is prohibitive. For example, the cost 
of a liner comprising a 1.5 mm thick HDPE 
membrane with nominal base preparation 
is estimated to cost in excess of R165 per 
square metre. Lining the current area of 
856 ha will therefore cost in excess of R1.4 
billion. The cost of importing raw water 
from the Lesotho Highlands Water Project 
(LHWP) was recently reported as only R2.32 
per cubic metre (DWS 2014). Should the 
water from the rainwater harvesting scheme 
be sold at this rate, an IRR of only 2.4% 
would be realised over 50 years.

AssEssINg THE fEAsIbILITy 
of soLAR PHoTo voLTAIC 
ELECTRICITy gENERATIoN

Photo voltaic electricity
Solar cells or photo voltaic (PV) cells con-
vert sunlight to electricity and consist of a 
sandwich of several layers of material. The 
semiconductor most often used in solar cells 

Figure 2  Contour map of the 1 500 ha 
footprint of the ERGO TSF 
(Kleynhans 2014)

Figure 3 Megaflex tariffs (Eskom 2014)
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is silicon, one of the most abundant elements 
on earth, the main constituent of silica sand 
(Zweibel 1990). However, although silicon 
is widely available and therefore cheap, the 
production of pure silicon used in solar cells is 
energy-intensive, requiring up to 90 kWh for 
every kilogram of silicon produced. Therefore, 
a solar cell typically has to be operational for 
two years to produce the electricity required 
to manufacture the cell itself (Breeze 2005). 
PV cells produce direct current (DC) electric-
ity which requires an inverter to convert it to 
alternating current (AC) before it can be fed 
into the electricity grid.

The efficiency of a solar system is 
measured as light-to-electricity conversion 
efficiency (Zweibel 1990). The efficiency of 
commercially available crystalline silicon 
cells is in the order of 15% (Yingli Solar 
2012). The technology behind PV cells has 
improved significantly since its inception 
and is still improving. This results in a 
decrease in cost over time, rendering PV 
electricity generation systems increasingly 
cost-competitive. Between 1973 and 1990 the 
average global cost of PV has reduced about 
20 times, and will likely reduce further in the 
future (Zweibel 1990).

Silicon technology has now been around 
for a considerable time, and its reliability, 
long-term operation, plant lifetime and 
operation are well understood. The power 
generation potential of any site on earth 
therefore can be determined if its solar radia-
tion resource is known (Breeze 2005).

Environmentally, solar PV electricity is 
regarded as one of the most benign renew-
able energies. It does not emit any atmos-
pheric emissions during operation and does 
not create any noise. Solar plants are easily 
erected and can be constructed in a short 
space of time if the components are readily 
available (Breeze 2005).

Single solar cells are arranged into mod-
ules. These modules (solar panels) are then 
grouped into arrays, which make them easier 
to install. Grouping solar cells together can 
generate a significant amount of power. The 
following factors influence the output of a 
solar plant:

 ■ The quality and angle of sunlight
 ■ The orientation of the panels
 ■ The configuration and number of solar 

panels (a function of the area available)
 ■ The efficiency of the panels
 ■ The use of a tracking system allowing the 

panels to re-orientate themselves to fol-
low the sun (fixed, single or double-axis 
tracking)

 ■ The degradation rate of the plant (i.e. 
performance reduction over time)

 ■ The use of sunlight concentration by 
means of mirror systems or not.

determining the available 
solar resource
Masters (2004) presented a series of equa-
tions enabling the potential solar resource 
to be quantified. The equations allow a sun-
path diagram to be calculated, describing the 
position of the sun at any time of the year 
(see Figure 4).

With the position of the sun known, the 
incoming solar radiation flux (kW/m2) can 
be determined. This includes direct beam 
and diffused solar radiation. Radiation 
reflected from surrounding surfaces was 
assumed to be negligible.

The radiation on a horizontal surface 
was calculated and compared to data from 
NASA (2014) to validate the calculated 
values. The NASA data also enabled cloud 
cover to be considered, based on data from 
the International Satellite Cloud Climatology 
Project (NASA 2014). The calculated data 
correlated well with that of NASA.

With the calculated radiation data 
verified and cloud cover taken into con-
sideration, the electricity production from 
inclined solar panels could be determined 
as a function of their orientation. For cost 
reasons fixed panels were assumed, i.e. no 
tracking system.

The layout of panel arrays was determined 
to ensure full sunlight on the panels between 
09:00 and 15:00 during the winter months. The 
shadows cast by adjacent panels on one  another 
early in the morning and late afternoon were 
considered by conservatively assuming that, 
if the sun is at an altitude angle of lower than 
23.6°, production would be zero.

The variation in the calculated solar flux 
is discussed in a later section below.

The proposed system and 
its optimisation
The layout of the plant and the number of 
panels are dependent on the orientation of 

each panel, i.e. its direction and tilt angle. 
This was optimised to provide the highest 
possible IRR. Although the results show that 
production is maximum when the panels 
face directly north, the IRR was found to be 
somewhat higher if the panels are turned 
16.3° east-of-north. The reason for this is 
the current Eskom peak tariffs applicable 
between 07:00 and 10:00 during week days.

The optimisation of the tilt angle showed 
that the panels produce the maximum 
output when orientated at a tilt angle of 22.5° 
with the horizontal, i.e. towards the summer 
solstice position, which takes advantage 
of the long periods of exposure during the 
summer months. However, the highest IRR 
is generated when the panels are placed at a 
tilt angle of 27.6°, closer towards the winter 
solstice, taking advantage of the increased 
tariffs during the high-demand season appli-
cable during the winter months.

The optimum solar panel orientation 
therefore comprises panels orientated 16.3° 
east-of-north and tilting at 27.6° relative to 
the horizontal. Each panel has dimensions of 
1 650 mm by 990 mm. They are arranged in 
arrays of six panels high by 40 panels wide, 
15 arrays per block section, with 535 block 
sections in total. This orientation allows for 
a total of 1.93 million panels to be placed on 
the 726 ha top surface area of the ERGO TSF 
at closure to produce a rated power output of 
472 MWp (MWp refers to ‘Mega Watt peak’, 
the predicted peak power output).

Indicative cost estimates for this project 
were obtained from commercial suppliers of 
large-scale photo voltaic systems in South 
Africa. The cost of supply and installation of 
the complete system, including solar panels, 
mounting structures, direct current cables 
and inverters was estimated at approximately 
R22 per Watt peak of installed generation 
capacity. This rate was used as a first-order 
estimate for the construction cost of the 

Figure 4 Sun path diagram for the ERGO TSF site
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plant. This rate is applicable to large-scale 
projects and is not valid for costing small-
scale projects, and is based on Yingli Solar’s 
YGE 60 Cell 40 mm Series 245 Wp Panels 
(Yingli Solar 2012) with an efficiency of 
15%. A panel’s ‘watt peak’ output is a term 
used in the solar PV industry to standardise 
solar panels according to their performance 
under standard test conditions, as specified 
in IEC 60904-3 (IEC 2006). In this case a 
single panel (size 1 650 mm by 990 mm) with 

an efficiency of 15% produces an electrical 
output of 245 W when exposed to a global 
standard spectrum at 1 000 W/m2 irradiance 
at 25°C cell temperature.

The system described here does not 
include battery storage, an item that requires 
a significant amount of maintenance. Once 
installed, the solar plant will require mini-
mal maintenance. The system can in prin-
ciple be controlled via a remote computer, 
and therefore no personnel are required on 

site (Breeze 2005). Occasional cleaning and 
servicing of panels might be required. The 
costs of these were deemed to be negligible 
compared to the overall cost of installation.

Predicted daily electricity 
production
The daily plant production will vary depend-
ing on the solar declination, the applicable 
cloud cover factor and the duration of 
exposure to sunlight. To illustrate the pro-
jected daily plant output, four dates were 
chosen, i.e. 21 December (summer solstice), 
21 March (autumnal equinox), 21 June 
(winter solstice) and 21 September (spring 
equinox). The results presented apply to the 
first year of operation with no time-related 
deterioration considered.

Figure 5 illustrates the sun’s radiation flux 
per square metre of solar panel, calculated 
using the formulas by Masters (2004), i.e. 
the energy that could be captured with a 
hypothetical 100% efficient solar panel. The 
21 December curve has the longest exposure 
time, corresponding to the longest day in 
Figure 4, but produces the lowest peak value. 
That is due to the tilt angle that was opti-
mised to favour the winter solstice to benefit 
from the high-demand season rates appli-
cable during winter. For the same reason, 
although the exposure time is shorter during 
the winter solstice, the production peak is 
higher than the summer solstice. It is also 
interesting to note that, during the middle 
of the day, around the time of the spring 
and autumnal equinoxes, the sun’s potential 
exceeds that of the standard test conditions 
(1 000 W/m2) under clear sky conditions. 
Hence, the output from a single solar panel 
would theoretically be higher than the nomi-
nal rated power output of 245 Wp assumed 
in the determination of the IRR.

The output of the entire plant (under 
ideal clear sky conditions, i.e. no cloud cover) 
is shown in Figure 6. It can be seen that 
the plant’s generation capacity can exceed 
500 MW under ideal circumstances, although 
the rated power output is 472 MWp. This is 
of the same order of magnitude as the Topaz 
Solar Farm (currently the largest solar PV 
plant in the world), which has a rated power 
output of 550 MWp (PV Magazine 2014).

Electricity production and 
associated income
By integrating the area underneath the 
‘output vs time’ curves in Figure 6, and 
allowing for the cloud cover factor (derived 
from the NASA data) and plant degradation, 
the expected daily production from the plant 
was calculated at an average of 2.6 GWh, 
reducing linearly over the 50-year life of the 
plant to 1.6 GWh. The following degradation 

Figure 5 The sun’s daily clear sky radiation flux at different times of day
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rates, expressed as percentage change in the 
rated output per annum, were assumed to 
account for the degradation of the solar pan-
els’ performance over the life of the facility 
as per the manufacturer’s warrantee (Yingli 
Solar 2012):

 ■ 0 to 10 years of operation: 0.88% per 
annum

 ■ 10 to 25 years of operation: 0.70% per 
annum

 ■ 25 to 50 years of operation: assumed an 
average of 0.70% per annum.

The daily production (kWh) was multiplied 
with the electricity tariffs applicable at the 
time of generation (as illustrated in Figure 3) 
to determine the expected daily income dur-
ing the 50-year life. Table 1 summarises the 
details of the optimal solar plant layout that 
can be built on the ERGO TSF.

The proposed system in Table 1 compares 
well with the largest existing solar PV plant, 
the Topaz Solar Farm in California. The 
Topaz Solar Farm uses smaller and thin film 
technology, which is known to have a lower 
efficiency than crystalline silicone. The 
generation capacity is 550 MWp, and the 
annual electricity production is expected to 
be 1.096 GWh.

Reliability and sensitivity analyses
A reliability analysis was conducted on the 
calculated electricity production data, by 
plotting distribution histograms and fitting 
normal distributions to the data, to assess 
the level of certainty that the solar plant 
will produce a certain amount of electricity 
(GWh) or income on any given day. Figure 7 
presents daily generation capacity and 
associated profit against the associated level 
of confidence. It was found that the solar 
plant will produce 1.25 GWh/day, generating 
R550 000 (in 2014 monetary value, i.e. no 
inflation taken into account) with a confi-
dence level of 90%.

The series of sensitivity analyses were 
conducted to determine the effect of the 
various assumptions made in this study 
on the calculated IRR. The following 
parameters were varied, each around their 
expected range, to determine the sen-
sitivity of the IRR over a 50-year lifetime 
to each parameter, whilst keeping all other 
variables constant:

 ■ Deterioration rate of solar panel efficien-
cy after 25 years (assumed 0.7%/annum, 
varied between 0.6 and 1.5%/annum).

 ■ Unit cost of construction (assumed R22/
Wp, varied between R17 and R25 /Wp).

 ■ Surface area covered by solar plant 
(assumed 726 ha, varied to as low as 
250 ha).

It was found that varying the reduction 
in solar panel performance stated above 

changed the IRR by between only 10.72% and 
10.49%, and that it had a small effect on the 
plant’s total life production, predicted to vary 
between 38.0 TWh and 35.5 TWh depend-
ing on the rate of deterioration. Probable 
deviations in panel-efficient degradation over 
25 years should therefore only have a minor 
effect on the IRR.

The IRR was found to be sensitive to a 
change in unit cost of construction (assumed 
to be R22/ Wp), with an increase in IRR 
of up to 12.4% if the unit price is reduced 
to R17/ Wp. This is positive for the future 
of solar technology, as technology often 
becomes cheaper over time.

Due to the constant unit price of R22/ Wp 
used for calculation, the surface area avail-
able for construction does not affect the IRR, 
hence the plant can be constructed in stages 
and can be applied to smaller TSFs. Note 
that it was assumed that the plant would be 
sufficiently large for the economy of scale 
unit construction cost of R22/ Wp to apply.

fEAsIbILITy ANALysIs of 
PumP sToRAgE sysTEm 
ELECTRICITy gENERATIoN
Pump storage systems entail the accumulation 
of water in an upper reservoir and then releas-
ing it in a controlled manner to drive a hydro 
turbine to generate electricity, usually when 
the electricity demand is high. The released 
water then accumulates in a second lower res-
ervoir located at a lower elevation. This water 
is then pumped back into the upper reservoir 
during so-called off-peak periods, when there 
is surplus electricity available in the national 
electricity grid. The viability of such a system 
requires a surplus of electricity at certain 
times to function (i.e. to pump the water back 
to the upper reservoir). It is therefore essen-
tially a method of energy storage where the 
potential energy of water stored in the upper 
reservoir can be released and converted into 
electricity when needed.

The possibility of converting the aban-
doned ERGO TSF into a pump storage 

Table 1 Summary of optimal solar plant for the ERGO TSF

Number of panels in plant 1 926 000

Rated panel output 245 Wp (15% efficiency)

Rated plant output 471.9 MWp

Annual production 950 GWh (year 1)

Total life production 37.7 TWh

Unit construction cost R22/Wp

Total construction cost of solar plant R10.4 billion (2014 rates)

Total income over 50-year life R171.0 billion

IRR at 50 years 10.7%

Figure 7 Daily output and associated income against the associated reliability
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system was assessed. For this purpose, the 
pond on top of the dam, located at an eleva-
tion of 140 m above the surrounding ground 
level, can in principle be converted to an 
upper reservoir, while a lower reservoir has 
to be constructed below the facility. Inlet/
outlet structures need to be constructed at 
the upper and lower reservoirs, as well as 

the necessary water conduits, turbine/pump 
combinations, generators and electricity 
reticulation systems.

Costing a pump storage system
In order to determine the volume of water 
available for electricity generation, a water 
balance simulation was conducted based 

on the historical rainfall record of the last 
50 years (1964 to 2013). The water balance 
simulation takes the following into account:

 ■ Rainfall runoff from the TSF and lower 
reservoir catchments

 ■ Evaporation from the open water pond 
surface

 ■ Seepage from the pond into the tailings 
material.

The rainfall runoff was calculated by mul-
tiplying the recorded daily rainfall (mm) 
with varying catchment areas and varying 
runoff factors. Daily evaporation was esti-
mated with the FAO-56 Penman-Monteith 
equation (Valiantzas 2013). Seepage was 
taken into account using Darcy’s equation. 
For more detail please refer to Van Eeden 
et al (2014). The water balance simulation 
showed that the volume of water stored on 
the TSF would vary between about 1 and 
6 million cubic metres over the duration 
of the rainfall record (1964 to 2013) in the 
absence of any releases. From the water 
resource available, the release rate between 
the upper and lower reservoirs was varied 
to determine the optimal combination 
of required infrastructure and electricity 
generation capacity that would result in the 
highest IRR. The required infrastructure 
was costed using generic formulas by Saini 
and Singal (2008, modified by Van Vuuren 
et al 2011). This included the capital cost 
of the electro-mechanical equipment, civil 
works and annual cost of maintenance and 
operation. An additional cost of R400/m3 
was allowed for the construction of the lower 
reservoir, based on recent cost estimates of 
another project.

Accounting for the expected income 
from electricity sales was done in a similar 
manner as for the Solar PV option, and a 
maximum IRR of 10.27% was calculated.

Figure 8 presents the results of the 
theoretical optimisation exercise, with the 
blue curve showing the IRR for a range of 
release capacities. The optimum pump stor-
age system will have a generation capacity of 
78.2 MW, with an associated release rate of 
230 000 m3/h (64 m3/s). Table 2 summarises 
the details of the optimal pump storage 
system. The table contains the costs of the 
required infrastructure for the optimal 
system using the generic formulas by Saini 
and Singal (2008, modified by Van Vuuren 
et al 2011).

In order to convey water at such a high 
flow rate of 64 m3/s, a large inlet structure 
and outlet conduit are required. In fact, 
to maintain the recommended 3 m/s flow 
velocity in the outlet pipe, a single 5.2 m 
diameter outlet pipe has to be installed. 
However, due to practical reasons, it might 
be better to split it up into four 2.6 m 

Table 2 Details of the optimal pump storage system at the ERGO TSF

Parameter Result

Release capacity of outlet pipes 230 000 m3/h 

Number and size of outlet pipes Four 2.6 m diameter pipes

Total generation output capacity 78.2 MW

Number and size of turbines Four 20 MW turbines

Electricity generation on a weekday (ET) 391.2 MWh (during five peak hours)

Total production over 50-year life 4.76 TWh

Required pumping power input 60.7 MW

Electricity consumption on a weekday (Ep) 485.3 MWh (during eight off-peak hours)

Total consumption over 50-year life 5.93 TWh

Overall system efficiency (ET/EP) 80.3%

Required lower reservoir volume  
(obtained from water balance simulation) 1 334 000 m3

Total initial capital investment required R1 601 million

Cost of electro-mechanical equipment (CEM) R492 million (31% of total cost)

Cost of civil works (CCW) R642 million (40% of total cost)

Cost of lower reservoir construction (CLR) R467 million (29% of total cost)

Annual cost of maintenance and operation (CMO) R31 million 

NPV of cumulative operational profit R4 028 million

NPV of net profit over 50-year life R2 396 million

IRR over 50-year project life 10.27%

Figure 8 Profit and IRR for various release rates
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diameter outlet pipes, each with its own 
20 MW turbine. Both the pumps and the 
turbines were assumed to have efficiencies 
of 90%. These calculations are based on 
the assumption that the TSF catchment 
can be used as is, i.e. the TSF basin will not 
be lined. The option of lining the basin is 
discussed below.

Reliability of daily plant production 
and associated income
A reliability analysis was conducted on 
the calculated electricity production data 
to evaluate the level of confidence that the 
pump storage system would produce a cer-
tain amount of electricity (GWh) or opera-
tional profit on any given day. The produc-
tion is primarily dependent on the amount 
of water available in the upper reservoir. 
Figure 9 presents daily generation capacity 
and associated profit against the associated 
level of confidence. The calculations show 
that 90% of the time the system will produce 
at least 330 MWh on a weekday (during the 
five peak consumption hours). There is a 90% 
chance that the plant will produce at least 
R120 000 (in net present monetary value) 
on a week day. There is a 25% chance that 
the plant will produce at least R200 000 and 
a 23% chance that the plant will produce at 
least R620 000. This is due to the difference 
in tariffs applicable to the high- and low-
demand seasons, respectively from June to 
August and September to May.

A series of sensitivity analyses were 
conducted to determine the effect of various 
assumptions made during the course of the 
study on the calculated IRR. The follow-
ing parameters were varied within their 
expected ranges, whilst keeping the other 
variables constant, to determine their effect 
on the IRR (over a 50-year lifetime):

 ■ Size of catchment area (assumed to be 
1 500 ha, varied to as low as 100 ha)

 ■ TSF height (assumed to be 140 m, varied 
to as low as 30 m)

 ■ Outlet pipe flow velocity (assumed to be 
3 m/s, varied between 1 and 10 m/s)

 ■ Turbine and pump system efficiency 
(assumed to be 90%, varied between 
75 and 95%).

The IRR was most sensitive to the height and 
the catchment area of the TSF, as these are 
both directly related to the amount of poten-
tial energy available from a specific TSF that 
can be exploited. This indicates that smaller/
lower TSFs might not provide feasible 
post-closure land use options. The IRR also 
proved to be sensitive to the other assump-
tions made (outlet pipe velocity and pump/
turbine efficiencies), but these are control-
lable variables that can be engineered. It is 
therefore important that the assumptions be 

refined if this design is to be implemented. 
The most important aspects to confirm are 
the total contributory catchment area and 
the head which drives the turbines.

Lining the Tsf basin
The most sensitive aspect governing the 
performance of the pump storage system is 
the availability of water for power generation. 
If the runoff from the catchment can be 
improved and seepage limited, more water 
will be available for electricity generation. 
The TSF basin can potentially be lined with 
an impermeable barrier system, such as 
high-density polyethylene (HDPE).

The water balance was repeated, predict-
ing a TSF pond volume varying between 7 
and 20 million cubic metres of water avail-
able for electricity generation. The cost of 
lining the basin was estimated at R165/m2 
and was included in the analysis. The opti-
mal release rate in this case was found to be 
approximately 1.4 million m3/h (or 390 m3/s), 
giving a generation capacity of 478 MW and 
an IRR of 10.14%. That is a release rate six 
times higher than that of the unlined option.

Accommodating a flow rate of 390 m3/s 
from a tailings dam poses significant chal-
lenges. If it is assumed that the release 
system described above (i.e. a series of 2.5 m 
diameter conduits) can be expanded to 
provide the necessary release capacity, a total 
of 27 2.5 m diameter outlet pipes, each with 
its own 18 MW turbine, would be required. 
This may in principle be possible, as there is 
ample space available on top and around the 
facility. However, many engineering chal-
lenges associated with the construction of 
such a system on a tailings dam would have 

to be addressed during the design phase. 
These include, for example, a methodology 
for the installation of the inlet/outlet struc-
tures and water conduits in tailings, and how 
to allow for the settlement that is likely to 
occur. Addressing these practicalities falls 
outside the scope of this study.

vIAbILITy of THE soLAR Pv 
ANd PumP sToRAgE sysTEms
The optimal Solar PV option in terms of 
IRR will cost R10.4 billion and produce 
472 MWp, giving an IRR of 10.70%. This will, 
however, only produce power when the sun 
shines, and its performance will deteriorate 
somewhat with time. In comparison, the 
optimum hydro-power system (in terms of 
IRR) is small, with a generating capacity of 
only 78 MW (17% of that of the photo voltaic 
system). This is due to the limited amount 
of water available for power generation. The 
most significant factor limiting the amount 
of water available on the TSF for hydropower 
generation is seepage losses. These losses can 
be virtually eliminated by lining the facility.

The unlined TSF pump storage scheme 
option will cost R1.6 billion (15% of the PV 
option) and, as long as there is water in the 
top reservoir and sufficient space in the 
lower reservoir, there is 78 MW generation 
capacity that can be utilised at any time of 
day. This results in an IRR of 10.27%. The 
lined TSF pump storage scheme option will 
cost R9.9 billion (95% of the PV option) and 
has a capacity of 478 MW (almost exactly 
matching the Solar PV option), resulting in 
an IRR of 10.14%. However, the construction 
of a hydropower system is associated with 

Figure 9 Daily generation capacity and associated profit against the associated reliability
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numerous technical difficulties that will have 
to be addressed, whereas the construction of 
a Solar PV system is relatively simple, with 
the major challenge probably being a found-
ing solution for the numerous solar panels. 
A system of mini-piles is envisaged.

CoNCLusIoNs
Despite mining activity having benefited 
South Africa on a probably unsurpassed 
scale compared to the rest of the world, it has 
also left a negative legacy in terms of derelict 
land, un-rehabilitated mine sites, impacts 
on groundwater, abandoned tailings storage 
facilities impacting negatively on the envi-
ronment, etc. These impacts result in costly 
mitigation. A number of beneficial land use 
options were investigated to make productive 
use of dormant tailings storage facilities, i.e. 
rainwater harvesting, wind power genera-
tion, photo voltaic solar power generation 
and conversion of a TSF to a pump storage 
system for electricity generation. These 
were evaluated with the large ERGO TSF 
southeast of Johannesburg in mind. Should 
land use options not be economically feasible 
on a facility of this scale, it is unlikely to be 
economical on smaller TSFs, due to factors 
associated with the economy of scale.

Rainwater harvesting was found to be 
prohibitively costly, due to the requirement 
of lining the TSF in combination with the 
low selling price of water. Wind power 
generation was abandoned due to the low 
ambient wind velocities in the Gauteng area. 
However, following Blight (2007) it is recom-
mended that a study be carried out to evalu-
ate the effect of wind speed amplification 
over high tailings storage facilities, as this 
may possibly render small-scale wind power 
generation systems economical.

Both the construction of a photo voltaic 
solar power electricity generation system 
and a pump storage system on the TSFs 
were predicted to offer returns on the capital 
investment in excess of 10%. However, the 
construction of a pump storage system on a 
tailings dam is associated with many engi-
neering challenges, while a large number of 
solar panel arrays can readily be installed on 
the surface of a tailings dam, provided that 

a suitable foundation solution be devised. 
This is not expected to be problematic. It is 
therefore concluded that the most beneficial 
land use option for a dormant tailings storage 
facility from those investigated is the instal-
lation of a solar power electricity generation 
system. With the large number of disused and 
abandoned TSFs scattered around Gauteng, 
their utilisation to house Solar PV systems 
can contribute significantly to reduce their 
negative impacts, while contributing positively 
to the province’s electricity supply.
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